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Shared genome analyses of notable listeriosis outbreaks,
highlighting the critical importance of epidemiological evidence,
input datasets and interpretation criteria
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Abstract

The persuasiveness of genomic evidence has pressured scientific agencies to supplement or replace well-established
methodologies to inform public health and food safety decision-making. This study of 52 epidemiologically defined
Listeria monocytogenes isolates, collected between 1981 and 2011, including nine outbreaks, was undertaken (1) to
characterize their phylogenetic relationship at finished genome-level resolution, (2) to elucidate the underlying genetic
diversity within an endemic subtype, CC8, and (3) to re-evaluate the genetic relationship and epidemiology of a CC8-
delimited outbreak in Canada in 2008. Genomes representing Canadian Listeria outbreaks between 1981 and 2010 were
closed and manually annotated. Single nucleotide variants (SNVs) and horizontally acquired traits were used to
generate phylogenomic models. Phylogenomic relationships were congruent with classical subtyping and epidemiology,
except for CC8 outbreaks, wherein the distribution of SNV and prophages revealed multiple co-evolving lineages.
Chronophyletic reconstruction of CC8 evolution indicates that prophage-related genetic changes among CC8 strains
manifest as PFGE subtype reversions, obscuring the relationship between CC8 isolates, and complicating the public
health interpretation of subtyping data, even at maximum genome resolution. The size of the shared genome
interrogated did not change the genetic relationship measured between highly related isolates near the tips of the
phylogenetic tree, illustrating the robustness of these approaches for routine public health applications where the focus
is recent ancestry. The possibility exists for temporally and epidemiologically distinct events to appear related even at
maximum genome resolution, highlighting the continued importance of epidemiological evidence.

DATA SUMMARY

The data sets supporting the results of this article are
included within the article and additional files. The draft

INTRODUCTION

Innovations in, and the cost-effectiveness of, DNA sequenc-

and finished genomes are available at http://www.ncbi.nlm.
nih.gov under BioProjects PRINA167872-PRJNA167908,
PRJNA215182-PRJNA215193, PRJNA36361 and
PRJNA36363 (see Table S1, available in the online version
of this article, for isolate-specific accession numbers).

ing technologies have quickly tipped the scales to favour
bacterial genome sequencing as the inevitable replacement
of conventional subtyping for infectious disease surveillance
and outbreak response. Public health laboratories now face
the conceptual leap and technical challenges associated with
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the upheaval in well-established protocols, guidelines and
expertise that have been the foundation of laboratory sur-
veillance for decades [1, 2]. Due to the strength of existing
listeriosis surveillance programmes and food regulatory
activities associated with Listeria species, an international
consortium of public health laboratories has chosen Listeria
monocytogenes as a proof-of-concept pathogen for the
application of whole-genome sequence (WGS) subtyping,
bioinformatics analyses and inter-laboratory coordination
of bacterial disease surveillance and response systems [3].

L. monocytogenes is the causative agent of listeriosis, a
severe and often invasive illness comprising clinical
manifestations of febrile gastroenteritis, bacteraemia and
meningitis, with associated hospitalization and mortality
rates of 60% and 11-42 %, respectively [4, 5]. Listeria
species are opportunistic pathogens ubiquitous in the
natural environment, present in up to 5% of healthy
human carriers, and of particular concern to public
health authorities and the food production industry as
they are difficult to control using traditional food pres-
ervation means (salt and low temperatures). Listeria-
contaminated food can result in large food product
recalls, severe illness and high-profile fatal outbreak
events [5-7].

The occurrence of outbreaks and sporadic listeriosis
cases in Canada are relatively rare, with reported esti-
mates of more than 200 domestically acquired cases
per year in Canada (1600 annually in the United
States) [8]. However, heightened surveillance and food
safety control measures exist for Listeria species in
both countries because of the high morbidity and mor-
tality associated with listeriosis and because of the
potential for significant impacts on the international
trade of food commodities and overall health of food
production economies. In other words, a small reduc-
tion in listeriosis cases saves lives and has a large
impact on the food production industry and food safety
regulatory activities [9].

Routine, real-time and integrated laboratory surveillance
of listeriosis cases and L. monocytogenes is fundamental
to public health and food safety systems at local to
global scales. PulseNet Canada, a national network of
regional public health and food safety laboratories and
a founding member of PulseNet International, routinely
subtype clinical, food and environmental isolates of
foodborne bacterial pathogens using classical antigen
serotyping and PFGE to detect subtype clusters/out-
breaks and enable public health and food safety investi-
gation and response activities. Other subtyping methods
such as multilocus sequencing typing (MLST) and mul-
tiple-locus variable number tandem repeat analysis
(MLVA) have also been applied as supplemental tools
or to investigate the molecular epidemiology and evolu-
tion of bacterial pathogens including L. monocytogenes
[10-12].

IMPACT STATEMENT

Implementation of whole-genome sequencing (WGS)
technology for foodborne disease management is pro-
ceeding rapidly with continued development and refine-
ment of interpretation guidelines, knowledge of
limitations and development of informatics tools. Pub-
lished WGS analyses of foodborne bacterial outbreaks to
date are based on the analysis of raw WGS data. This
study provides a thorough investigation of notable epide-
miologically defined listeriosis outbreaks, based on man-
ually annotated, closed and finished genomes, capturing
all phylogenetic information through evolutionary model-
ling. This unique dataset, and companion epidemiological
analyses, provides absolute inter- and intra-outbreak
genetic distances and relationships to use as a calibra-
tion dataset for public health application, and as a bench-
mark dataset to test new bioinformatics tools. Our
analysis of this dataset revealed three key observations:
(1) our single nucleotide variant-based analytical
approach is flexible and robust, yielding the same results
despite variations in platform, read length, data quality,
user and equipment — a necessary validation for decen-
tralized surveillance systems such as those used for
foodborne illness; (2) close genetic distances between
epidemiologically related isolates are minimally affected
by the size of the shared genome analysed; and (3) epide-
miological support is paramount as WGS matches can be
found between isolates known to have no epidemiologi-
cal relationship.

The vast majority of human listeriosis cases are caused by
two of four defined evolutionary lineages of L. monocyto-
genes that correspond to traditional serotype groupings,
with genetically distinct lineages I (serotypes 1/2b and 4b)
and II (serotype 1/2a) largely differing in epidemiology and
ecology [3]. L. monocytogenes population structure is fur-
ther characterized into clonal complexes (CCs) using a glob-
ally recognized MLST scheme [10, 13]. Although the
prevalence and epidemiology of disease-causing L. monocy-
togenes lineages and subclones often differs significantly by
region, many outbreak-causing clones are globally wide-
spread [14, 15]. Historically, lineage I strains have been
responsible for the majority of severe disease and large out-
breaks while lineage II strains have been observed mostly as
sporadic clinical cases [3]. While this is still the case in some
regions, many countries are observing a trend indicating the
emergence of lineage II as a significant cause of clinical dis-
ease cases and outbreak events (6, 14, 16].

The world’s first listeriosis outbreak definitively linked to a
food source occurred in eastern Canada in 1981 (sequenced
in this study) [17]. Deaths of 17 pregnant women, fetuses
and newborn babies were reported among a total of at least
41 confirmed outbreak cases exposed to coleslaw
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contaminated with a lineage I CC1 strain, and made from
cabbage fertilized with diseased ovine faeces.

One of the largest listeriosis outbreaks on record
occurred in Canada in 2008; nationally distributed
ready-to-eat (RTE) delicatessen (deli) meats contami-
nated with a lineage II CC8 strain caused one of the
deadliest listeriosis outbreaks, and initiated Canada’s
largest outbreak and food safety investigations to date
[5, 7]. Although the reported number of listeriosis cases
had been on the rise since 2005, the magnitude of the
2008 event was unprecedented in Canada and resulted
in at least 57 illnesses and a mortality rate of 42 % [2].
Notably, the subtype clone determined to cause the
2008 outbreak, CC8, in Canada is largely represented by
common L. monocytogenes PulseNet Canada PFGE pat-
terns LMACI.0001, LMACI.0040 and some highly simi-
lar variants [16]. Intriguingly, CC8 had commonly been
recovered from food products and sporadic clinical
cases, yet was rarely associated with outbreak events
prior to 2008 [18] although lineage II, including CCS8,
was responsible for causing a significant proportion of
sporadic human illnesses and smaller temporal case clus-
ter events within Canada [18, 19].

Traditional subtyping methods have historically targeted
genetic or phenotypic traits that evolve at a rate that balan-
ces the need for high discriminatory power while maintain-
ing epidemiological concordance and have known
resolution limitations in that they only capture a small pro-
portion of the genetic information and are occasionally, and
inherently, subject to subtype reversions [20]. Consequently,
epidemiologically unrelated isolates are not always distin-
guished; this occasional low discriminatory power results in
reporting of predominant, unresolved subclones within L.
monocytogenes surveillance programs [14, 18, 19]. Subtype
clones have a confounding effect on outbreak investigations,
as contemporaneous isolates that have no true epidemiolog-
ical or biological linkage may be indistinguishable if they
have the same subtype designation [14, 21]. Highly preva-
lent subtype clones are also problematic for outbreak detec-
tion and defining outbreak limits as the endemicity of these
clones limits the recognition and resolution of temporal
subtype clusters as one cluster of disease cases drifts into the
next, with no apparent lag between case clusters. In this
capacity, traditional methods that achieve high discrimina-
tory power such as PFGE and MLVA are subject to poten-
tial losses in epidemiological concordance when higher rates
of evolution and/or horizontal gene transfer events obscure
genetic relatedness between closely related strains involved
in the same outbreak event.

WGS has already shown potential as a replacement subtyp-
ing tool for highly clonal organisms such as Salmonella Hei-
delberg where three outbreaks caused by indistinguishable
and highly prevalent PFGE subtypes were easily distin-
guished using SNVPhyl [22, 23] as well as genetically
diverse organisms such as Escherichia coli [24]. The latter
study also indicates that WGS can provide faster resolution

of subtype clusters than traditional methods such as MLVA
— thus inclusion of WGS into case cluster definitions would
improve efficiency by more accurately focusing investigative
resources and uncomplicating food exposure analyses. We
hypothesize that informative genomic diversity remains
unsampled in conventional subtyping methods applied to
subtype clones, and that this diversity could be uncovered
with a comprehensive approach such as WGS to enhance
strain discrimination for public health investigations. Fur-
thermore, we hypothesize that the phylogenetic inferences
based solely on vertically inherited markers can simplify the
interpretation of outbreak events where convergent evolu-
tion via horizontal genetic transfer may be obscuring the
genetic relatedness between isolates. Public health agencies
around the globe have begun to implement genomic
approaches to their routine listeriosis/L. monocytogenes sur-
veillance and monitoring activities; it is now prudent and
urgent to conduct comprehensive and validated surveys of
the genomic diversity of both retrospective and contempo-
rary foodborne disease isolates, including L. monocytogenes.
These genomic epidemiological ‘calibrator studies’ using
closed finished genome data and bioinformatics tools are
the crucial first step to fully understand the power and lim-
its of WGS and to inform data interpretation criteria and
guidelines within the contexts of food safety and epidemio-
logical investigations of infectious disease events [25].

METHODS

Isolate selection and surveillance

L. monocytogenes isolates included in this study are listed in
Table S1. Isolates from the Public Health Agency of Canada
- National Microbiological Laboratory (PHAC-NML) cul-
ture collection representing Canadian historical listeria out-
breaks occurring between 1981 and 2010 were selected for
WGS. Specific emphasis was placed on selection of isolates
from a nationwide 2008 RTE deli meat outbreak as this
event represented the largest and most diverse listeriosis
outbreak in Canada [5, 7]. Additional isolates were selected
to provide a cross-section of lineage I and lineage II clinical,
food and environmental isolates from provincial and multi-
provincial outbreaks and smaller case clusters spanning
over 30 years.

For isolate selection, representative isolates from human-
derived L. monocytogenes received by PHAC-NML between
1998 and 2011 (1n=1075) were included in the MLST clinical
sample pool based on the source type/illness severity
(declining order of preference: fetal-maternal > cerebrospi-
nal fluid > blood >stool > other). In cases where two or
more isolates were associated with mother and newborn/
fetus, the latter isolate was selected. Isolates were identified
as CC8 according to the following sequence type (ST) pro-
files: 8, 120, 232, 289, 292, 387, 551 (www.pasteur.fr/mlst;
2011-12-12). Isolates in this CC8 group (15.8 %, n=170)
belonged to the following PFGE types: LMACI (0001, 0002,
0035, 0040, 0096, 0098, 0122, 0128, 0203, 0618); and
LMAAT (0001, 0002, 0003, 0097, 0214, 0322, 0414).
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DNA extraction and culture conditions

Genomic DNA was extracted from cultures grown over-
night in brain-heart infusion (BHI) medium at 37 °C with
the Qiagen DNeasy Blood and Tissue Kit (Qiagen) or the
Epicentre Metagenomic DNA Isolation Kit for Water (Epi-
centre Technologies) following the manufacturers’
instructions.

Serotyping and PFGE

Isolates included in this study were serotyped using antisera
agglutination and multiplex PCR methods [10]. PFGE pro-
filing was performed using restriction enzymes Ascl and
Apal according to PulseNet protocols and BioNumerics
v6.5 [10].

Multi-locus variable number tandem repeat
analysis

Multiplex PCR of nine variable number tandem repeat
(VNTR) regions was performed as described [11, 12] with
modifications. Each 10 ul PCR consisted of 20 ng genomic
DNA, 2.5mM MgCl, and 0.2 mM dNTPs (Roche), 1.5 U of
Platinum Taq polymerase (Invitrogen) and HPLC purified
primers (Biosearch Technologies) at the following concen-
trations: R1 reaction: LM2 (0.02uM), LM8 (0.075uM),
LM10 (0.03 pM), LM11 (0.04 M) and LMV09 (0.315 uM);
R2 reaction: LM3 (0.0375uM), LM15 (0.15uM), LM23
(0.11 pM), LM32 (0.044 uM). Forward primers were labelled
with FAM, HEX or CalR590. PCRs were run on an Applied
Biosystems GeneAmp 9700 PCR system (Applied Biosys-
tems) under the following conditions: 95 °C for 5min; 35
cycles of 94°C for 20s, 50°C for 20s and 72°C for 20s;
72°C for 5 min. Amplified PCR products were diluted 1:20
with sterile distilled H,O, and 1yl of diluted product was
mixed with 8 ul of Hi-Di Formamide (Applied Biosystems)
and 1pl of GeneFlo 625 ROX DNA size standard (Chi-
merx). Following denaturation (95°C for 3 min), reactions
were cooled to room temperature and analysed by capillary
electrophoresis using an ABI 3130x] Genetic Analyzer
(Applied Biosystems) and POP7 polymer (Applied Biosys-
tems) at 60 °C for 30 min with an injection voltage of 1.6 kV
and a run voltage of 15.0 kV. Peaks were manually analysed
to determine the VNTR copy number within each amplified
region according to PulseNet protocols (www.cdc.gov/
pulsenet).

Multiple locus sequence typing

MLST data were obtained through a combination of tradi-
tional PCR and in silico methods. For in silico MLST analy-
sis, finished or draft L. monocytogenes genomes were used
to query locus-specific BLAST+ databases populated with alle-
lic sequences from the Institut Pasteur L. monocytogenes
MLST database (www.pasteur.fr/mlst). Hits with 100 %
identity and 0 % gaps were used to assign an allelic number
to each locus, and novel alleles were confirmed by PCR. ST
numbers were assigned according to established guidelines
(www.pasteur.fr/mlst). Molecular MLST was performed as
described [10] using modified primer sequences (Table S8)
based on an alignment of 16 L. monocytogenes genomes

(08-5578, 08-5923, 08-6997, 08-7669, 10-0933, 10-1046,
10-4754, 10-4758, 10-5026, 81-0861, 98-2035, 99-6370,
Clip81459, EGD-e, F2365, HCC23). PCRs were performed
at an annealing temperature of 50°C; the amplicon was
purified by ultrafiltration (Amicon Ultra-0.5 Centrifugal Fil-
ter Unit with Ultracel-30 membrane; Millipore) and Sanger-
sequenced using Big Dye v.3.1 chemistry on an ABI3730XL
sequencer with a 50 cm array (Applied Biosystems).

Whole genome shotgun sequencing

WGS pyrosequencing (GS-FLX-Titanium) was performed
according to the manufacturer protocols (Roche Diagnos-
tics) yielding 8 kb paired-end reads. Illumina 2x 100 paired-
end WGS was performed on a GAIlx at Eurofins MWG
Operon and/or locally using TruSeq DNA Sample Prep v2
and TruSeq SBS v5 kits (Illumina). These methods provided
>99 % genome coverage at an average depth of >20x and
>500x, respectively, for 52 genomes. In addition, paired-
end Illumina data (2x250 cycles) were obtained using Nex-
tera XT DNA Library Preparation and MiSeq Reagent V2
(500 cycles) kits on a MiSeq instrument according to the
manufacturer’s instructions (Illumina) yielding >100x
coverage.

Genome assembly

For 454-Tllumina hybrid assemblies, pyrosequencing reads
were assembled de novo (Newbler v2.5.3); Illumina-only
assemblies were generated using GAIlx data and Edena
v3.120626 [26]. Contigs were ordered using the Staden gap4
package [27] and ABACAS [28] using the closed genome
most closely related to the sample as reference (08-5578
and 81-0861 for serotypes 1/2a and 4b, respectively).
Genomes were closed using PCR and Sanger sequence-
based bridging of contigs. For error correction, GAIIx reads
were mapped using CLC Genomics Workbench v4.8. Single
nucleotide variant (SNV) conflicts were identified with
MUMmer v3 [29] and resolved manually and/or by PCR
and Sanger sequencing in CLC Genomics Workbench.

Genome annotation

Genomes were annotated using a custom version of GenDB
as described [30]. Annotations from strain 81-0861 were
manually curated and used to transitively annotate other
genomes by BLAST N against all regions in each query
genome (reciprocal best BLAST hits >80 %identity and
>80 % high scoring segment pairlength). Following transi-
tive annotation with 81-0861, a new representative genome
(08-6997) was used to manually curate functional annota-
tions not transitively annotated. This iterative process was
carried out until all regions in all genomes were annotated
in full.

SNV calling and phylogeny analyses

The SNVPhyl pipeline [31] commit £132bf6 was used to call
SNVs and provide a maximum-likelihood analysis. For this,
Mlumina data were mapped to a genomic reference using
SMALT v.0.7.0.1 (smalt_index: -k 13 -s 6; smalt_map: -f sam-
soft -r -1 -y 0.5) [32] and variants were called using
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FreeBayes (pvar 0; ploidy 1; min-mapping-quality 30; min-
base-quality 30; min-alternate-fraction 0.75) [33] and SAM-
tools v0.1.18 (mpileup>=15) [34]. Variants identified using
both methods were included for downstream analysis. Calls
within potential problematic regions including dinucleotide
variants, indels and repetitive regions, predicted phages and
genomic islands were identified manually using MUMmer
v3.23 [29] PHAST v6.7 [35] and IslandViewer v3 [36]. Shared
SNVs (SNV loci present in all isolates of the population ana-
lysed) were merged into a single meta-alignment file for
phylogenetic modelling using PhyML v.20120412 (GTR+-
G substitution model; best tree topology search; initial
BioN]J tree) [37]. Branch support values were estimated
using the approximate likelihood ratio test to generate max-
imum-likelihood phylogenies. For minimum spanning
trees, all CC8 isolates were arbitrarily assigned to a pseudo-
ST based on profiles identified using SNV results from the
SNVPhyl pipeline. In total, 32 isolates were assigned to one
of 27 pseudo-STs. Predicted relationships were visualized as
minimum spanning trees using PHYLOViZ v3 [38].

RESULTS AND DISCUSSION

In order to provide the foundation for the genomic epide-
miology of L. monocytogenes, we surveyed and compared a
broad selection of L. monocytogenes genomes relevant to
public health in Canada and globally (Tables S1 and S7).
Retrospective isolates were selected to cross-section the pop-
ulation structure implicated in epidemiologically well-char-
acterized listeriosis outbreak events, as well as to conduct an
unprecedentedly thorough genomic characterization of a
predominant subtype clone in Canada, LMACIL.0001, MLST
ST 292 and related variants, referred to herein as CC8
(Table S1) [18, 19].

Validation of hqSNV bioinformatics pipeline using
different sequencing platforms and Sanger
confirmation confirms robustness of analytical
approach

Shared genome SNVs are frequently exploited genetic
markers informatically harvested from WGS data to mea-
sure genetic distances and infer phylogenetic relationships
[23, 24, 39, 40]; however, the robustness of variant calling
approaches are rarely sufficiently validated with biological
and informatic error rates are largely unknown [41].
Genetic relationships measured using our hqgSNV bioinfor-
matics pipeline were consistent between two redundant
datasets from the same 39 isolates, acquired 4 years apart,
utilizing different sequencing platforms, library preparation
methods, operators and laboratories, and resulting varying
read qualities (Tables S1, S2). Data set 1 was acquired in
2010 and for all 39 isolates included Roche 454 mate-pair
and single end reads, and Illumina GAIIx 150bp length
paired and single end data acquired at a combination of
NML and different contractor labs. All 39 isolates were rese-
quenced at the NML in 2014 using the Illumina MiSeq plat-
form (250 bp paired end) with minimum average coverage
depth of 50x; this comprises data set 2. In 2010-2011,

dataset 1 was used to close and finish all 39 isolates; this
closed finished dataset is referred to as dataset 3. Phyloge-
netic tree topology and genetic distances between outbreak-
related isolates were consistent between datasets 1 and 2
(Fig. S1). Genetic distance values between highly related iso-
lates were additionally supported by Sanger-confirmed
SNVs in the closed finished genome data (data set 3), fur-
ther validating the robustness of our hqSNV bioinformatics
approach. Our finding supports smaller previous studies
concluding that sequencing technologies and read quality
are of little consequence in the application of WGS for dis-
tinguishing disease outbreaks with moderate genetic simi-
larity [42], although such technical robustness has not been
previously validated for highly clonal groups as is reported
in this study.

Overall, hqSNV results indicate that robust informatics can
moderate the effect of non-standardized input datasets of
varying quality, platform origin and file format inputs for
both diverse and highly clonal datasets. Despite these prom-
ising results, larger scale testing of these hypotheses and val-
idation of our bioinformatics approach for other bacterial
pathogens, development of data quality and informatics
standards, and inter-laboratory validations are required
before next-generation sequencing (NGS) can fully replace
conventional subtyping methods in public health and food
safety laboratories.

Effect of genomic diversity on shared genome size
and phylogenomic discriminatory power

The scope of diversity of the input strains set did not signifi-
cantly alter the genetic distances measured between related
isolates (as would be expected by a shared genome region
defined by the input dataset) (Table 1), nor the topology of
the phylogenetic trees. This observation was relevant to
both highly divergent outbreak strains (in the context of the
overall disease-causing L. monocytogenes population struc-
ture) as well as outbreak strains belonging to highly clonal
groups of L. monocytogenes, an observation that further
supports the suitability of our SNVPhyl bioinformatics
pipeline and approach for the investigation of listeriosis out-
breaks and shows promise for other bacterial pathogens of
diverse or clonal population structure.

The shared genomes of L. monocytogenes lineages I and 1II
were measured to be 2720701 bp (equivalent to 94.5% of
the reference genome 81-0861 and based on 11 isolates
from four outbreaks) and 2709893 bp [equivalent to 96.9 %
of the reference genome 08-5578 and based on 41 isolates
from five outbreaks, sporadic cases, and isolates recovered
from the food processing environment (FPE) but not associ-
ated with disease], respectively. A larger amount of variation
was observed within lineage II (53859 SNVs or 1.98 % of
the region compared) compared to lineage I where 0.61 %
(16 364 SNVs) or more than a third less SNV variation was
observed. These results are consistent with previous reports
that lineage II encompasses a wider genetic diversity and
that lineage I strains represent a highly clonal, homogeneous
population, with reduced susceptibility to horizontal gene
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Fig. 1. Shared hgSNV phylogenies for lineage | and lineage Il L. monocytogenes isolates. Shared hgSNV phylogenies of (a) lineage | iso-
lates (n=11, four outbreaks) maximum-likelihood tree based on 15435 hqSNVs and a shared genome of 2720701 bp (reference: 81-
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transfer and recombination compared to their lineage II
cousins [6]. For all epidemiologically unrelated events stud-
ied, from either the same or differing MLST clonal

complexes, the genomic variation acquired from both the
species-specific and the lineage-specific shared genomes
considerably improved genetic discrimination of isolates
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compared to conventional subtyping, revealing relationships
congruent with epidemiological evidence (Figs 1, S2-S4;
Tables S3-S6). However, increasing the size of the shared
genome analysed to neither lineage-specific nor CC8-spe-
cific shared genetic content revealed significant additional
hqSNV diversity among epidemiologically unrelated isolates
(Table 1). In other words, the number of hqSNVs harvested,
and thus the discriminatory power of hqSNV analysis, did
not improve by increasing the size of the shared genome
compared.

We speculate that the nearly consistent number of hqSNVs
measured by all shared genome analytical approaches is a
function of the relatively constant (as measureable) evolu-
tionary rate of vertical inheritance targeted by the SNVPhyl
approach and hence an approximately equal evolutionary
rate for the entire collection of isolates studied. The genetic
signature of vertical inheritance targeted probably repre-
sents the ‘true’ genetic core (i.e. highly stable, non-plastic
regions of the genome), resulting in a highly accurate esti-
mate of genetic relatedness, despite the amount of genome
sampled. Additionally, the small handful of SNVs that dis-
tinguish outbreak-related isolates have a lower probability
of being excluded from analysis as the shared genome sam-
pled decreases; for instance, when reducing the analytical
nucleotide set from 2.8 Mb to 2.6 Mb there is a low probabil-
ity [(2.8-2.6)/2.8=7.1 %] of excluding the region containing
a particular SNV. Thus the number of SNVs differing
between two isolates from the same outbreak changes very
little even though the region analysed, and the distance
measurement, is determined by the input data sets. This rel-
atively moderate effect of the input dataset on genetic dis-
tance (and therefore relatedness interpretations) is
reassuring when faced with the non-standardized input
datasets required for maximum genetic resolution and to
support outbreak response decisions. Furthermore, SNVs
between isolates belonging to a single outbreak are likely to
be recently acquired, thus contributing to tail branch length
and not divergence within the estimated phylogeny.

These observations are particularly relevant and timely to
inform hqSNV and genomics-based MLST schemes for
genomic epidemiology currently under development by
public health and food safety agencies and international
consortia [43, 44]. Large-scale sequencing projects for sev-
eral bacterial pathogens are currently underway in Canada
and globally to establish the role of shared genomes in the
measurement of hqSNV distances and genetic relationships
for recently diverged bacterial isolates.

Population structure of clinical L. monocytogenes

Critical to the evaluation and comparison of bacterial sub-
typing schemes is an understanding of the overall diversity
and prevalent clones for which the scheme is to be applied
[20]. This large-scale survey to estimate the population
structure of disease-causing L. monocytogenes in Canada
was achieved by applying a well-defined and globally recog-
nized MLST scheme for L. monocytogenes on a representa-
tive sampling of 536 retrospective clinical isolates recovered

between 1981 and 2011 [10] (Fig. S5). During this period,
16 % of human listeriosis cases in Canada were caused by
CC8, confirming the predominance of CC8 among listerio-
sis cases reported in prior smaller-scale studies [18, 19].
Whereas several MLST STs belonging to CC8 have been
observed globally, in Canada CC8 isolates are predomi-
nantly observed as either ST 120 or ST 292 (Fig. S5). The
resultant MLST datasets provided context for selection of
outbreak-associated and sporadic isolates for our whole-
genome characterizations (Fig. S5).

Genetic relatedness revealed by WGS analyses
correlate with conventional subtyping results

To assess the general concordance of traditional molecular
typing schemes with whole-genome-based phylogenies, we
performed phylogenetic analyses of 39 Canadian isolates
combined with publicly available L. monocytogenes genomes
using Mauve [45]. The resulting phylogenies placed the
newly sequenced Canadian isolates as expected within the
L. monocytogenes global phylogeny and validated the distri-
bution of L. monocytogenes serotypes into three major phy-
logenetic clades according to evolutionary lineage as
predicted by conventional serotyping (Tables S1, S7 and Fig.
S6) [6, 10]. Although representing only a rudimentary esti-
mate of phylogenetic relationships, this whole-genome den-
drogram also supported relationships predicted by routine
subtyping methods: PFGE (Fig. S7) and seven-gene MLST
(Fig. S5), as well as relatedness determined by past tradi-
tional epidemiological investigations of outbreak events,
except for isolates belonging to MLST CC8 (Table 1).

Switching to a reference-mapping approach and hqSNV
analysis and reducing the comparison to include only L.
monocytogenes-specific shared genetic content (2,790,598 bp
representing 87.6 % of the reference genome 08-5578) did
not improve discrimination of two CC8 outbreaks but con-
tinued to discriminate seven of nine studied outbreaks
(Tables 1, S3 and Figs 1, S2) - comparable to PFGE and
MLST which were also unable to distinguish these two CC8
outbreaks occurring 2 years apart (linked to RTE meats in
2008 and prosciutto in 2010). Next, reducing the genetic
diversity of the input isolate set to only lineage II, and thus
increasing the genetic content sampled to all sequences con-
sidered shared to lineage II strains (2709 893 bp represent-
ing 97 % of the reference genome 08-5578), did not yield
additional SNV capable of distinguishing the two CC8 out-
breaks based on the original case definitions (Fig. 1,
Table S5).

To further resolve the two epidemiologically distinct
CC8 outbreaks we compared isolates from these out-
breaks against a diverse set of sporadic and cluster-
related CC8 isolates from clinical cases representing a
span of 24years across Canada. This approach did not
yield useful discriminatory information based on genetic
distance alone (Fig. S4, Table S6). The pairwise genetic
distances between isolates of known epidemiology were
0-35 and 0-5 hqSNVs for isolates belonging to the
2008 deli meat and 2010 prosciutto outbreaks,
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shared genomes of study isolates belonging to (a) L. monocytogenes; (b) lineage I; (c) lineage II; and (d) CC8.

respectively. The pairwise genetic distance between the
2008 and 2010 outbreaks ranged from six to 34
hgSNVs and did not distinguish these CC8 outbreaks
from each other. Expanding the input dataset to
include a set of geographically and temporally diverse
(presumably epidemiologically unrelated) sporadic iso-
lates, the range of pairwise genetic distances of isolates
with no known epidemiological relationship (n=412
pairs) was 2-183 hqSNVs (mean=37.5; median=24;
mode=26) (Fig. 2, Tables S3, S5 and S6). Of these 412
pairs, 5.8% of isolates were fewer than five hqSNVs
apart. Similarly, 12.1 and 52.4% of isolates were fewer
than 10 and 25 hqSNVs apart, respectively. Notably the
size of shared genome compared had little influence on
the genetic distances observed between epidemiologically
related pairs (Fig. 2). Consequently, the choice of refer-
ence sequence for read-based mapping approaches is
more flexible than originally hypothesized.

Many of these historical isolates have very close genetic
distances (<5hqSNVs) from isolates recovered across
Canada and years apart (Fig. S4, Table S6). For exam-
ple, two hqSNVs were observed between isolates recov-
ered 4 years apart in different provinces (04-5457 vs
08-5578) (Table S1, Fig. S4). Unfortunately, the epide-
miological evidence for these retrospective sporadic
cases is unknown. It is possible that the Canadian CC8

L. monocytogenes clonality tests the limit of resolution
even for WGS-based typing approaches to infer epide-
miological relatedness (Fig. 3). Alternatively, genetically
close CC8 isolates may share an un-investigated epide-
miological relationship as was recently uncovered in an
ice cream outbreak spanning 5years [46]; or both may
be linked to the same food establishment where listeria
had colonized the processing facility over several years
such as was observed by Orsi et al. [47].

This observation emphasizes that caution is needed to
avoid inferring epidemiological relationships based on
laboratory data alone. WGS is not the perfect subtyping
tool negating the relevance of epidemiology. Epidemio-
logical evidence is crucial and this premise remains
unchanged from current and previous subtyping meth-
ods, wherein interpretation of results is performed
using strict guidelines that must account for temporal
and other epidemiological contexts [20, 48, 49]. For
example, we know that FPEs can be colonized by L.
monocytogenes over decades, causing sporadic cases that
may go unlinked to a source and that the resulting L.
monocytogenes food and clinical isolates may acquire as
few as one confirmed canonical SNV in their entire
shared genome over a span of 12years [47]. Yet the
expected genetic distance between epidemiologically
related isolates remains to be defined, and the CC8



Reimer et al., Microbial Genomics 2019;5

KEY
YEAR int ASC1 Sporadic Isolates
;‘:)k( m)) CDALFI\’Z\(I,Z e  RTE delimeat
ST120  ®LMC3 ® RTE prosciutto ham
LGH ' inversion
*  alternative integration site
wt  wild-type

fs  frame shift

1SNV e S )
Aaa amino acid deletion
® phage
1990
int”
LGIT*
35NV,
1995
) LGI1
int
ST292
-LGI
OLMCT 85NY, 15NV
ASCMOK
APAI
’ “buk(fs)  AsClos ST387 1SNV TSNV
TSNV it APAI81 APAI3
int! +0
TSNV -OLMC2
2000 -OLMC3
gltX(7haa)
25NV
ASCI573
APAI214
int —%M(B
2005 —5imcr 1
APAIN 1SNV int 45NV
-OLMC2
ST8
g2
- 3 %
08-F04 'APAI1 08-F02 08-E02 08-C18* OLMCT 08-C16
STRAIN 208-C15 STRAIN 3 83582 STRAIN5 ™ +O STRAIN 6 int
08-E01
08-F05 STRAIN 4
STRAIN 1
2010 10-C24 10-C22

10-F03 10-C23

Fig. 3. Chronophyletic model of CC8 evolution. Tree topology based on PCR-verified SNVs and macrodiverity for 32 CC8 L. monocyto-
genes isolates including two outbreaks and 15 sporadic cases. Time scale (left) and horizontal gene transfer events are indicated.
PFGE (Ascl) pattern and MLST classifications are listed for each isolate/strain. Branch labels show the number of canonical SNVs
between isolates. Isolates from sporadic (light teal), 2010 prosciutto (brown) and 2008 deli meat (dark teal) investigations are indicated
(inset). An asterisk (*) denotes cases that were probably not exposed to deli meat. CC8 strains described in Table 1 are indicated (bot-
tom). MRCA, most recent common ancestor; int, integrase; buk, putative butyrate kinase; wt, wild type; gltX, putative glutamyl-tRNA
synthetase; ¢pLMC1/¢pLMC2/¢pLMC3, putative bacteriophage-related coding sequences; LGI1, listeria genomics island (50 kbp); ST,
sequence type; aa, amino acid; fs, frame shift; A, deletion; ~", inversion; ¥, alternative integration site; SNV, single nucleotide variant; C,
clinical isolate; F, food isolate; E, food processing equipment.




Reimer et al., Microbial Genomics 20195

outbreak examples explored in this study illustrate the
challenge of distinguishing isolates even at maximum
genetic resolution offered by closed finished genome
evolutionary modelling.

Indistinguishable PFGE patterns are susceptible to
subtype reversions and cannot be assumed
monophyletic

To elucidate why shared genome analyses could not distin-
guish two temporally and epidemiologically distinct CC8
outbreaks, we expanded our comparison to include all
genome content in an evolutionary model containing his-
torically recovered clinical CC8 isolates to inform diver-
gence of the CC8 clone (Fig. 3). This CC8 chronophyletic
evolutionary model, based on the full complement of evolu-
tionary changes identified among all CC8 isolates sampled -
from SNVs, multinucleotide variants (MNVs) and indels, to
horizontally transferred elements — accounts for the strain
delineations observed by the whole genome comparisons,
and shared genome hqSNV analyses.

This model infers that all CC8 isolates are presumed to have
descended from a most recent common ancestor (MRCA),
harbouring a specific set of genetic traits. This encompasses
wild-type alleles of gltX and buk that were identified in a
previous comparison of 08-5578 and 08-5923 and used to
generate the initial 2008 CC8 outbreak evolutionary model
[7]: presence of LGI1, 9pLMC2 and ¢LMC3, a PFGE Ascl
macrorestriction pattern LMACI.0001, and MLST ST120.
This ancestor is also presumed to have harboured a single
indel: a phage integrase carried within the genome of 08-
5578 but absent in 08-5923.

Fig. 3 demonstrates the parsimony-inferred evolutionary
relationship between CC8 isolates and reveals several inter-
esting linkages. Firstly, the 2010 prosciutto outbreak isolates
share a close genetic relationship to each other, and are well
delineated from the other CCS8 isolates. As shown in Fig. 3,
the MRCA initially branches into two lineages based on a
single canonical SNV between two sporadic clinical isolates
from 1988 (88-1059 and 88-0478). All other CC8 isolates
analysed in our study are presumed to share a recent ances-
tor with 88-0478, descending via one of two ancestral line-
ages that emerged between 1988 to 1995 and was driven by
SNV diversification and phage acquisition and loss.

Conventional epidemiological evidence also indicates that
PFGE subtype reversions have obscured the true genetic
relationship between PFGE-matching isolates belonging to
CC8. A predicted evolutionary relationship of CC8 isolates
from two outbreaks, seven PulseNet Canadaclusters and six
sporadic cases indicates that associated PFGE patterns,
LMACI.0001 and LMACI.0040, are not monophyletic
(Fig. 3). PEGE pattern reversions have occurred during CC8
evolution due to prophage acquisition and loss, obscuring
the true phylogenetic relationship between CC8 isolates/
strains, and this challenges the interpretation of laboratory
evidence during public health/food safety
investigations. Thus caution must be applied when

including horizontally acquired elements to infer phyloge-
netic relateness.

The primary restriction enzyme, Ascl, yielded two variant
patterns among isolates recovered from the implicated
products and FPE [5]. In the 2008-2010 genomics investi-
gation of the 2008 RTE deli meat outbreak, Gilmour et al.
[7] demonstrated that ¢LMCI1 integration into the tRNA-
Ser gene in 08-5578 accounts for the observed shift in Ascl
restriction pattern (from LMACIL0040 to LMACI.0001)
between 08-5578 and 08-5923; otherwise these isolates
were genetically highly similar at the SNV level (in 2008
estimated to be roughly 28 SNV apart) [7]. These key find-
ings and the available evidence in 2008 supported the out-
break response to include both LMACI.0040 and
LMACI0001 in the clinical outbreak case definition. The
majority of clinical cases yielded isolates with LMACI.0040
while only a few clinical cases had LMACI.0001 [5]. Expo-
sure to the implicated product was not documented for
three of four patients from whom LMACILO0001 isolates
were recovered, but these clinical cases were included in the
investigation based on the recovery of contemporary
LMACI.0001 isolates directly from the implicated products
and FPE. A PFGE-Apal variant was also observed in the
investigation; however, as Apal is the secondary enzyme
and the Apal results did not alter interpretation of the out-
break scenario, the Apal variant was not investigated
further.

Phylogenetic analysis of CC8 based on varying genetic con-
tent and differing methodologies yielded the same results: at
least six distinct strains were associated with the 2008 out-
break investigation, but it appears that a single strain caused
all clinical cases associated with the contaminated product
(Table 1, Fig. 3). The main 2008 outbreak strain ‘Strain 1’ is
represented by all LMACI.0040 clinical case isolates sam-
pled along with some PFGE-matching RTE meat isolates; all
‘Strain 1’ isolates shared the molecular subtypes
LMACI.0040 and seven-gene MLST ST292. Three addi-
tional variant strains were recovered from the implicated
product and/or the FPE (all were LMACI.0001 and ST292/
ST120), but by all analyses presented in this study, the
LMACI0001 isolates recovered from the implicated food
and FPE in 2008 are not genetically related to the
LMACI.0001 clinical isolates associated with the 2008 out-
break (designated ‘Strain 5’, represented by isolate 08-7669,
and ‘Strain 6’, represented by isolate 08-5923). Maximum-
parsimony analyses (goeBURST), presented as MSTs, pro-
vide additional visualization of the studied CC8 datasets
and further evidence to support the strain delineations
observed by each level of shared genome analysis (Figs 1c, 3
and S4). Taken together, this new evidence does not corre-
late with the laboratory evidence in 2008 and challenges a
reinterpretation of the epidemiological evidence.

All levels of WGS analyses supported the close genetic rela-
tionship of ‘Strains 1 to 4’ (the main 2008 outbreak strain
and isolates recovered from the implicated product and
FPE) and could be considered a single strain with an
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allowable variation of 0-4 hqSNVs (Table 1). The chrono-
phyletic analysis in this study suggests that these strains
have been coevolving in the food processing facility since
the 1990s - alternatively, a common source has repeatedly
reintroduced strains 1-4 and/or their common ancestors
over the last two decades (Fig. 3). The approaches presented
in this study use genetic distance measured in SNVs, and
attempt to identify a distance threshold of relatedness for
defining WGS clusters for public health interpretation and
response. However, the CC8 outbreak challenge described
in this study warrants investigation in supplementing the
SNV distance parameter with clear delineations for (1)
SNVs indicating divergence (canonical SNVs) and (2) SNVs
that contribute to branch length within a clade. Such SNV
distinctions could improve the discriminatory power and
epidemiological concordance for investigations of clusters
or outbreaks caused by highly clonal bacterial pathogens.

Taken together, these results clearly demonstrate that indis-
tinguishable PFGE patterns (or even highly related
genomes) alone do not unequivocally support that an epide-
miological relationship exists, an already well-established
limitation of foodborne molecular epidemiology [20, 48]
and further inform the replacement of conventional subtyp-
ing with WGS-based evidence to support outbreak response
decisions.

MLVA had the lowest discriminatory power of all
subtyping methods applied

In an attempt to genetically distinguish two otherwise sepa-
rate CC8 outbreaks we surveyed an altogether different
genetic target, VNTRs, measured by capillary electrophore-
sis as repeat regions are known to be problematic to WGS
acquisition and analysis. MLVA for foodborne pathogens
such as shiga-toxin producing E. coli (STEC) is a highly dis-
criminatory subtyping method, with strain resolution com-
parable to PFGE and possibly WGS (http://www.
pulsenetinternational.org/protocols/mlva/). The MLVA
scheme for L. monocytogenes, however, was not able to dis-
tinguish between CC8 outbreaks, nor between isolates
belonging to the same CC. Six isolates belonging to CCI,
from two distinct outbreaks 21 years apart, shared identical
MLVA profiles (Table 1). Similarly, 16 isolates belonging to
CC8 from two distinct outbreaks 2 years apart shared iden-
tical MLVA profiles; furthermore, all CC8 isolates tested
dating back to 1988 shared identical MLVA profiles with
the exception of a single 2002 clinical isolate differing from
the main CC8 MLVA profile by a single repeat at a single
locus.

Reinterpretation of the 2008 epidemiological
evidence supports genetic relationships identified
by WGS

The inability of each of the applied methods to distinguish
two CC8 outbreaks is based solely on isolates from two clin-
ical cases (08-5923 and 08-7669). These isolates exhibited
PFGE pattern LMACI.0001, a single band variant of the
main outbreak pattern LMACI.0040 (Fig. S7). Only one of

four cases exhibiting isolates with the LMACI.0001 subtype
ate/probably ate the implicated product, compared to 50 of
54 (93 %) of cases exhibiting isolates with the main outbreak
pattern LMACI.0040 [5]; however, inclusion of the variant
PEGE cases into the outbreak case definition during the
2008 investigation was based on established guidelines, dur-
ing a simultaneous public health crisis caused by a strain of
highly similar PFGE pattern. Additionally, this was the first
application of WGS to a real-time public health investiga-
tion and while a single prophage and approximately 28
SNVs differentiated the PFGE variant strain from the main
outbreak strain, at that time, there was no previous public
health experience or scientific understanding of what differ-
ences to expect between inclusion/exclusion outbreak iso-
lates [7, 20].

For the purposes of this retrospective study, removing the
two clinical isolates without solid food exposure evidence
from this outbreak allowed resolution of all nine outbreaks
by seven-gene MLST and all levels of hqSNV analyses. The
case of two nearly indistinguishable outbreaks presented in
this study underlines the critical role that epidemiology
plays in the interpretation of laboratory evidence. When
interpreted together, genetic and epidemiological evidence
create a powerful synergy to infectious disease surveillance
and control.

Single strain definition in the WGS era is complex
and subjective

Foodborne disease laboratory surveillance systems rely on
the initial assumption that an outbreak is caused by a single
strain (as defined by conventional subtyping) resulting from
a single contamination event and brief exposure, leading to
the observation of indistinguishable or highly similar ‘vari-
ant’ subtypes that are more likely to have originated from a
common point source and ancestor compared to strains
with differing subtypes [48, 50]. However, in defining the
‘outbreak strain’, outbreak investigators are often challenged
with a background of sporadic cases of varying relatedness
to the ‘outbreak strain’ and a barrage of often highly geneti-
cally related strains recovered from suspected foods and
FPEs. We have naively expected WGS to resolve all of our
highly clonal, problematic subtypes but this study highlights
that that may not always be the case — even at maximum
genetic resolution.

Overall, the absolute genetic distances observed in this study
between fully closed and finished genomes of epidemiologi-
cally related food and clinical L. monocytogenes isolates sup-
port this default single strain theory of foodborne disease
investigation for eight of nine outbreaks in this study
(Table 1; Fig. 3). For four of nine outbreaks, the related food
and clinical isolates were 100 % identical across their entire
closed finished genomes; and for two additional outbreaks,
the full extent of genetic difference between the closed fin-
ished genomes of the related food and clinical isolates was
three SN'Vs or less (Table 1). The 2008 and 2010 outbreaks
attributed to CCS8, after a close scrutiny of CC8 micro- and
macro-genetic differences and re-review of epidemiological
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data, also revealed very close genetic distances between the
clinical and food isolates, differing by <2and <5 hqSNVs
in their shared genomes, respectively (Table 1). Additional
strains represented by food and FPE isolates recovered dur-
ing the 2008 investigation had a genetic distance from the
clinical strain no greater than 21 shared genome hqSNVs.
In only one of the nine outbreaks studied was the number
of hqSNVs between the clinical isolate(s) and attributed
food isolate(s) greater than three hqSNVs (Fig. 2); the 1981
outbreak revealed a genetic distance of 11-18 hqSNVs
amongst the shared genomes of three clinical isolates and a
single coleslaw isolate. The sole food isolate (81-0861) asso-
ciated with this significant outbreak has a variant but highly
similar PFGE-Ascl pattern; however, this preliminary WGS
analysis of the 1981 outbreak challenges how we define the
limits of acceptable variation for a single strain/WGS match
in the NGS era.

WGS evidence may generate epidemiological
hypotheses about source

Considering the membership of the coleslaw outbreak strain
(s) to a globally recognized clonal complex (CCl) it was sur-
prising to observe a relatively large amount of hqSNV varia-
tion compared to the other eight outbreaks in this study,
which each contained less than three confirmed SNVs
across their entire finished genomes (Table 1). In addition
to underlying genetic diversity among the 1981 coleslaw
outbreak isolates, this outbreak differs from the other eight
outbreaks studied by the source of contamination. One
could argue that the age and storage conditions of the 1981
isolates contributed to the diversity observed; however, sub-
sequent sequencing of all outbreak isolates, including genet-
ically identical fetal-maternal isolate pairs, showed this not
to be the case (data not shown). The food, cabbage, was
almost certainly contaminated with L. monocytogenes at the
cabbage field, a natural and inherently microbially diverse
environment. Weller et al. [51, 52] found that irrigation
with ground or rainwater yielded point source contamina-
tion events but that agricultural samples were contaminated
with higher microbial diversity after treatment with manure
and that the diversity effect persisted even years after
manure was applied. Thus, the application of manure to the
cabbage field could have led to an outbreak with more
diversity than would be expected for a point source event.
Furthermore, lineage I strains are more often associated
with agricultural soil and cattle watersheds compared with
other L. monocytogenes lineages [6].

By comparison, the remaining eight outbreaks in this study
were most likely contaminated at the food production level
(industrial production facility or private kitchen) which
would, by comparison, be expected to harbour a smaller,
less diverse population than the natural soil environment of
a cabbage field and thereby result in a more clonal outbreak.
The 2011 cantaloupe outbreak in the United States is
another example where contamination that probably began
in the field or during shipping yielded gross food contami-
nation and clinical cases with an enormous range of genetic

diversity, including several strains from both lineages I and
IT [53, 54]. Notably, however, two of the cheese outbreaks
studied (attributed to cheeses A and D, in 2002 and 2008,
respectively) were associated with aged raw milk cheese.
Thus, L. monocytogenes could have entered the cheese via
milk contaminated at the bovine/farm level although most
RTE foods are contaminated post-processing [4, 5, 15].
Only two isolates were sequenced for each of the raw milk
cheese outbreaks with none and three confirmed SNVs
across their entire finished genomes. Expanded studies are
required to confirm the ‘contamination scope — SNV diver-
sity correlation’ hypothesis.

Resolving multi-strain events is an ongoing public health
challenge and is reliant on good epidemiological data com-
pared to more typical point source, single strain outbreaks.
However, if confirmed, the ‘contamination scale - SNV
diversity correlation’ hypothesis could be useful during a
temporal or variant subtype cluster investigation, where the
underlying diversity within a cluster of disease cases may
help focus the epidemiological investigation towards possi-
ble source types (i.e. foods contaminated in the natural envi-
ronment such as produce, fruit and vegetables — cantaloupe
and cabbage; or food contaminated in a production facility
environment — processed meats and cheeses).

Knowledge of gene content at the whole genome level has
the potential to assist public health and food safety investi-
gators to (1) generate source hypotheses during outbreak
investigations and (2) provide useful information about
source attribution. For example, the 2008 deli-meat out-
break strains each contained a genomic island coding for
tolerance to quaternary ammonium compounds, common
sanitizers used in food processing facilities [55]. Future
genomic studies of gene content may reveal additional bio-
markers that hint at a strain’s host and/or ecological envi-
ronmental history and help to guide public health response
activities [50, 56].

WGS sequencing can significantly assist foodborne
outbreak investigations involving multiple variant
subtypes wherein the epidemiology is inherently
more challenging

The genetic distances between epidemiologically related
food and clinical L. monocytogenes isolates, measured at the
whole genome, L. monocytogenes shared and lineage-spe-
cific shared levels indicated a very close genetic relationship
(0-18 hgSNVs) for 75 isolate pairs belonging to the same
outbreak despite PFGE and MLST variation observed in
some outbreaks (Table 1). The genetic distances measured
between outbreak-related isolate pairs are significantly less
than genetic distances measured between 390 isolate pairs
known to have no epidemiological relationship and belong-
ing to different MLST CCs (4256-74370 hqSNVs). How-
ever, distinct outbreaks belonging to the same CC may be as
close as 7-9 hqSNVs apart, such as for the 2008 and 2010
CC8 outbreaks, or may be separated by as much as 91-169
hqSNVs, such as for two CCl1 outbreaks, 21 years apart. It
should also be noted that while epidemiologically unrelated
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isolates belonging to the same CC may appear to be closely
genetically related by hqSNV analyses, further assessment of
the differences in the accessory genomes of isolates during
public health and food safety investigations could readily
provide the discriminatory resolution necessary to geneti-
cally distinguish strains within CCs [43] (as shown in
Fig. 3). For example, mobile genetic elements acquired prior
to the contamination/outbreak event and vertically inher-
ited by isolates associated with the same epidemiological
event could also yield clues useful for genomic epidemiology
investigations. L. monocytogenes isolates that share elements
of accessory genome are more likely to share genetic ances-
try [57] and this may be exploited in cases where the resolv-
ing power of vertically inherited SNVs is limited, such as
the Canadian CC8 story described in this study. Thus,
implementation of WGS for routine surveillance may pro-
vide substantial improvements to both sensitivity and speci-
ficity of outbreak response and allow hypotheses about
outbreak strain history or success based on specific genetic
content that is often horizontally acquired [50].

The genetic distance values measured in this study for L.
monocytogenes are consistent with values measured for
other foodborne bacterial pathogens such as E. coli with a
common source threshold estimated to be less than or equal
to five SNVs [24], and common clonal serovars of Salmo-
nella Enteritidis (0-1 hqSNV) [23], among others [58].

Genetic distances, measured in shared genome hqSNVs
extracted from WGS data, are a useful biological indicator
to estimate genetic relatedness that may show excellent con-
gruence with epidemiological relatedness. Thus, the analyti-
cal approach and hqSNV distance values measured in this
study will support the development of PulseNet-specific
interpretative criteria for L. monocytogenes WGS cluster
detection and outbreak response during the next generation
of food safety and public health investigations. Critically, as
with all subtyping methods preceding WGS analyses, con-
clusions on epidemiological relatedness can only be
achieved collectively, and on a case-by-case basis with care-
ful consideration of all available information. For example,
future investigations may further challenge SNV distance as
the most accurate marker to imply epidemiological
relationships.

Moving forward, large-scale retrospective and prospective
WGS studies, driven nationally by PulseNet Canada and
internationally by public health and food safety agencies
and consortia (P. Gerner-Smidt and S. Brisse, personal com-
munications [59]), are in progress to populate public health
databases and provide continued refinement of WGS
markers and interpretive criteria for L. monocytogenes and
other bacterial pathogens, providing imperative confidence
in WGS results for responsible food safety and public health
application. This study provides the scientific community
with a unique dataset (2010, 2014, and closed finished quali-
ties) with which to test WGS-schema alternatives to hqSNV
analyses, such as ‘whole genome MLST’ approaches based
on the L. monocytogenes shared or pangenomes [60, 61].

These latter approaches offer potential resolution compara-
ble to hqSNV analysis by capturing single-base mutations
while moderating the effects of horizontal gene transfer and
homologous recombination events through allele-based
cluster analysis, and more importantly for real-time public
health surveillance, they facilitate rapid data sharing for
inter-laboratory communication of WGS subtype results.
The high-quality datasets generated by this study provide a
means of method calibration needed to interpret WGS data
for responsible public health and food industry decision-
making.

Conclusions

Harnessing the synergistic power of epidemiological and
genomic data is the next revolution in the public health
management of infectious disease. The critical role of epide-
miological data interpretation is highlighted by the CC8
story outlined in this study - in such cases of highly clonal
organism groups, harnessing the power of that synergy
requires flexible yet robust informatics tools capable of
high-quality phylogenetic inferences [58, 62]. Integration of
analysis tools that combine high-volume laboratory and epi-
demiological data will allow for unprecedented evidence
generation supporting endemic and outbreak disease
investigation.

Opverall, the comparative analyses presented in this study dem-
onstrate that listeriosis outbreaks are typically monophyleti-
cally distinct events with very few SNVs present between
isolates from the same event, although an unusually high level
of SNV diversity within an event might be due to the micro-
bial diversity inherent to the source of contamination (e.g.
soil) and/or the investigative environment sampled. Further-
more, standard molecular subtyping methods, PFGE, MLST
and MLVA, predict relationships that are highly concordant
with those predicted by WGS and NGS analyses in most cases;
however, in the case of a highly prevalent PEGE/MLST clone,
e.g. CC8, indistinguishable PFGE patterns are not monophy-
letic, resulting from repeated acquisition and loss of prophages
that obscure genetic relationships estimated by vertical inheri-
tance trait acquisition. In these cases WGS analysis is able to
provide both higher resolution and higher epidemiological
concordance. Moreover, we have clearly demonstrated a role
for WGS, and specifically hqSNV analyses based on vertical
inheritance, in informing an outbreak event by providing
genetic evidence to support the epidemiological data in the
2008 deli meat outbreak. Although strains with different
MLST and PFGE types belonging to the same MLST CC were
recovered, the SN'V-variant-based and macrodiversity analysis
revealed that a single strain led to the outbreak, and that three
additional highly related strains were recovered during the
food safety investigation. Furthermore, expanded analysis of
CC8 isolates recovered over a 30-year time span has revealed
genetic events underlying the evolution of this clone and iden-
tified SNV-level changes as the main driver of clonal evolution
leading to the emergence of a clone with the capacity to cause
large-scale foodborne outbreaks [43].
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The sequences generated and phylogenetic analyses presented
in this study will provide the base evidence for interpretive cri-
teria and guidelines for WGS typing to support routine public
health and food safety surveillance and response activities.
Furthermore, the bioinformatics tools [22, 63] developed in
support of, and parallel to, this study provide a means of
robust phylogenetic analyses in support of public health and
food safety activities.
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