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Abstract

Listeria monocytogenes is the causative agent of listeriosis, a serious disease affecting both
humans and animals. While listeriosis outbreaks in humans are commonly investigated in detail,
routine typing of L. monocytogenes is generally not performed in animal outbreaks. Here, seven
presumable listeriosis outbreaks in small ruminants were retrospectively identified based on the
pulsed-field gel electrophoresis (PFGE) profiles. Outbreaks were further characterised using
three different analytical approaches based on the whole-genome sequencing (WGS) data: core-
genome multilocus sequence typing (cgMLST), whole-genome MLST (wgMLST) and whole-
genome single nucleotide polymorphism (wgSNP) typing. A monoclonal pattern of all seven
outbreaks was identified using all three approaches, indicating common-source outbreaks. The
outbreak strains belonged to sequence types (STs) 1 (n=3), ST18 (n=1), ST21 (n=2) and ST184
(n=1). Two epidemiologically linked ST1 outbreaks with indistinguishable PFGE profiles
showed a polyphyletic nature and differed in >78 SNPs; thus, they were classified as separate
outbreaks according to WGS. In ST184, the outbreak strain was also found in faeces of
apparently healthy ruminants, silage and water collected from the trough, which were the most
likely source(s) of infection. The outbreak-associated isolates differed in 0—7 cgMLST alleles,
0-12 wgMLST alleles and 1-13 SNPs. The minimum genetic diversity between outbreak-
associated isolates and epidemiologically unrelated isolates of the same ST was low in all
analysed cases, approaching the maximum diversity within the outbreak cluster. The results
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suggest that a fixed threshold to define the outbreak cluster should only be considered as a guide
and highlight the role of epidemiological data for outbreak confirmation. The identified
cgMLST clusters may be further investigated by wgMLST and/or wgSNP typing to increase
confidence during investigations of outbreaks caused by highly clonal L. monocytogenes
groups. This study gives an overview of the inter- and intra-outbreak genetic diversity of
L. monocytogenes strains involved in animal outbreaks, hence improving their investigation.

Keywords: whole-genome sequencing (WGS), single nucleotide polymorphism (SNP),
multilocus sequence typing (MLST), Listeria monocytogenes, outbreak, animal

1. Introduction

Listeria monocytogenes is ubiquitously present in the natural environment including the
decaying vegetation, soil, surface water and the farm environment (Linke et al., 2014; Vivant
et al., 2013). It is the causative agent of listeriosis, a potentially fatal infection in both humans
and animals (Vazquez-Boland et al., 2001). Although the disease usually occurs sporadically,
outbreaks are occasionally reported (Borucki et al., 2004; Walland et al., 2015). In animals,
listeriosis outbreaks are primarily described in small ruminants (goats, sheep) and cattle
(Akpavie and Ikheloa, 1992; Bundrant et al., 2011; Dreyer et al., 2015; Garcia et al., 2016;
Vandegraaff et al., 1981; Wagner et al., 2005; Wardrope and MacLeod, 1983; Wiedmann et al.,
1999).

Genotyping is an indispensable part of the surveillance of infectious diseases; however, there
are only a few publications available on the animal listeriosis outbreaks that employed high-
discriminatory genotyping methods such as ribotyping and pulsed-field gel electrophoresis
(PFGE) (Bundrant et al., 2011; Dreyer et al., 2015; Stein et al., 2018; Wiedmann et al., 1999).
For the past two decades, PFGE was considered a “gold standard” method for the typing of
L. monocytogenes and other bacterial pathogens (Ribot et al., 2019; Roussel et al., 2014).
Recently, whole-genome sequencing (WGS) has started to replace PFGE due to its
unprecedented discriminatory power and the ability to discern the phylogenetic associations in
comparison with PFGE and other genotyping methods (Jackson et al., 2016; Moura et al., 2016;
Ribot et al., 2019). L. monocytogenes genome has a size of ~3 Mbp and exhibits an evolutionary
rate of ~2.5x1077 substitutions/site/year, indicating its highly stable nature (Moura et al., 2016).

The farm environment is an important reservoir of L. monocytogenes strains, but the knowledge
on their transmission routes in this environment is limited (Castro et al., 2018; Ho et al., 2007;
Nightingale et al., 2005; Nightingale et al., 2004). Apparently healthy cattle frequently shed
L. monocytogenes into the farm environment, contributing to the maintenance and dispersal of
the pathogen (Castro et al., 2018; Esteban et al., 2009; Ho et al., 2007; Nightingale et al., 2005).
Animals, and the farm environment in general, also harbour the genotypes that are associated
with human listeriosis (Borucki et al., 2004; Haley et al., 2015; Nightingale et al., 2004; Rocha
et al., 2013; Vela et al., 2001). However, whether the animal strains are in fact able to cause
disease in humans remains to be confirmed, as a large-scale, WGS-based comparison of human
and animal L. monocytogenes strains has not been performed yet.

Different WGS-based analytical approaches have been widely used for the typing of
L. monocytogenes, including the core-genome or whole-genome data, either at the level of
allelic differences (multilocus sequence typing, MLST) or single nucleotide polymorphisms
(SNPs). Most commonly applied approaches are core-genome MLST (cgMLST), whole-
genome MLST (wgMLST) and whole-genome SNP (wgSNP) typing (Chen et al., 2017a;



Schiirch et al., 2018). These were also used in the present study for the retrospective
investigation of seven presumable listeriosis outbreaks in small ruminants previously identified
by PFGE. Particular emphasis was given to the on-farm source investigation to establish the
genetic relatedness of epidemiologically linked L. monocytogenes isolates of different origin
(clinical, environmental) and to investigate the possible modes of transmission. To the best of
our knowledge, this is the first use of WGS typing to investigate animal listeriosis outbreaks.

2. Methods
2.1. Isolate selection

Database of the Slovenian National Reference Laboratory for L. monocytogenes (SI NRL Lm),
which mostly comprises isolates originating from animals, farm environment and food, was
screened for presumable outbreak clusters based on the associated PFGE data and metadata
(farm owner, year of isolation). In total, 24 isolates from six farms (A—F) were selected (Table
1). All isolates were streaked from frozen stocks onto sheep blood agar plates and incubated for
24 h at 37 °C. To ensure strain purity, a single colony was subcultured on a new plate and used
for PFGE and WGS typing. Outbreaks were defined according to the epidemiological (two or
more geographically and temporally linked, confirmed cases of animal listeriosis; abortion,
neurolisteriosis or septicaemia) and microbiological (>90 % similarity in combined Ascl-Apal
PFGE profiles to the isolate of an index case) criterion. Genome sequences of the genetically
closely related, but epidemiologically unrelated isolates from the SI NRL Lm database and the
NCBI Sequence Read Archive (SRA) database (https://www.ncbi.nlm.nih.gov/sra/) were also
included in the WGS-based analysis.

2.2. PFGE

All isolates (n=24) were PFGE-typed according to the PulseNet standardised protocol (Graves
and Swaminathan, 2001). Briefly, genomic DNA of L. monocytogenes isolates was digested
with Apal and Ascl restriction endonucleases. The generated fragments were separated using
the CHEF-DR Il system (Bio-Rad, USA) according to the recommended electrophoretic
protocol. PFGE profiles were analysed with BioNumerics v7.6.3 (Applied Maths, Belgium). A
combined Ascl-Apal profile analysis was performed as described previously (Félix et al., 2018).

2.3. WGS

All isolates (n=24) were subjected to WGS with the Illumina technology (lllumina, USA).
Genomic DNA was extracted using the DNeasy Blood & Tissue Kit (Qiagen, Germany) with
the recommended pre-treatment for Gram-positive bacteria. WGS libraries were prepared using
the Illumina TruSeq Nano DNA or NEBNext Ultra Il DNA library prep kit. Paired-end
sequencing (2x100 or 2x150 bp) was performed on the NextSeq 500 Illumina platform to a
minimum coverage of 100x. The raw reads were deposited into the NCBI BioProject database
(https://www.ncbi.nlm.nih.gov/bioproject/) under the accession number PRINA532857. In
addition, genome sequences of the 19 most closely related isolates were retrieved from the Sl
NRL Lm and NCBI SRA databases for comparison. Raw read data were available for 18/19
isolates, whereas for the KSM2 isolate (ST21), only the assembled genomes were available;
thus, it was excluded from the wgSNP analysis. See Supplementary Table S1 for isolate
metadata.

2.3.1. WGS-based typing



All isolates were typed with three analytical approaches implemented in BioNumerics v7.6.3
(Applied Maths, Belgium): cgMLST (based on profiles of 1784 coding loci in the BigsDB
Pasteur cgMLST scheme), wgMLST (based on profiles of 4797 coding loci in the BioNumerics
scheme) and wgSNP typing. For cg/wgMLST analysis, assembly-based and assembly-free
allele calling was performed using the default settings and dendrograms based on summary
calls were constructed by applying the categorical similarity coefficient and unweighted pair
group method with arithmetic average (UPGMA). Raw read, de novo assembly and wgMLST
quality statistics were calculated using the quality assessment window implemented in
BioNumerics v7.6.3 and are reported in Supplementary Table S2. For wgSNP typing, a closely
related complete or draft genome of the same sequence type (ST) was used as a reference
genome (Table 2) to maximise the size of the shared genome and the ‘Strict SNP filtering
(closed SNP set)’ template was used with the following settings: minimum inter-SNP distance
of 12 bp, minimum total coverage of 5, minimum forward coverage of 1, minimum reverse
coverage of 1. Positions with ambiguous bases, unreliable bases or gaps were excluded. A
concatenated SNP alignment was used to construct a maximum-likelihood phylogenetic tree
with RAXML v8.1.22 (Stamatakis, 2014) by applying the -m GTRGAMMA -# 1000
parameters. In silico 7-gene MLST typing, which classifies L. monocytogenes isolates into STs
and clonal complexes (CCs), was performed using the Sequence query tool implemented in the
Institut Pasteur BIGSdb-Lm database (https://bigsdb.pasteur.fr/). Prophages were identified
using PHASTER (Arndt et al., 2016); only the intact prophage sequences present in the
outbreak-associated isolates were included into the analysis. The presence of known L.
monocytogenes virulence genes in prophage sequences was examined using VirulenceFinder
v2.0 (https://cge.cbs.dtu.dk/services/VirulenceFinder/). Putative plasmid sequences were
assembled using plasmidSPAdes v3.13.1 (Antipov et al., 2016) and identified by aligning
against the NCBI NT database using BLASTn.

3. Results
3.1. Genetic diversity of the outbreak-associated isolates

All genomes passed the quality check with the BioNumerics software (Supplementary Table
S2). Within each of the seven presumable outbreaks, the outbreak-associated isolates exhibited
indistinguishable Ascl-Apal profiles (data not shown). The isolates were of four STs: ST1
(n=3), ST18 (n=1), ST21 (n=2) and ST184 (n=1) (Table 1). Within a single outbreak, all clinical
and environmental isolates originated from the same farm and all outbreaks were of short
duration (less than one month), suggesting common-source, point outbreaks. The outbreak-
associated isolates differed in 0—7 cgMLST alleles, 0-12 wgMLST alleles and 1-13 SNPs
(Figs. 1-4, Table 3); all presumable outbreaks demonstrated a monoclonal pattern and were
confirmed by all three WGS analytical approaches. The outbreak 1 and 3 clusters encompassed
the ST1 isolates with indistinguishable PFGE profiles (data not shown), which originated from
the same farm and dated to the same year, but exhibited a polyphyletic branching and a pairwise
distance of >78 SNPs. Therefore, they were considered as two different outbreaks.

The wgSNP and wgMLST approaches identified a similar amount of genetic variation within
an outbreak cluster, indicating their comparable discriminatory power. Both approaches had a
higher discriminatory power compared with cgMLST (Figs. 1-4, Table 3). All seven outbreaks
were supported by the associated metadata, i.e. isolates originated from the same farm and were
isolated in the same year (Table 1). The SNP-based phylogenetic trees showed that all seven



outbreaks formed well-supported monophyletic groups; the outbreak 6 cluster was the only one
characterised by a low bootstrap support (Fig. 3).

For outbreaks 1-3 (ST1), the minimum inter-outbreak diversity was higher than in outbreaks 5
and 6 (ST21) (Table 4). The highest intra-outbreak diversity was observed in outbreak 6 (ST21;
cgMLST and wgSNP) and outbreak 7 (ST184; wgMLST) (Table 3). In outbreaks 5 and 6, which
occurred eight months apart in two different farms of the same municipality (Table 1), the
minimum inter-outbreak diversity approached (cg/wgMLST) or surpassed (wWgSNP) the
maximum intra-outbreak diversity (Tables 3 and 4). The observed genetic distances and
geographical proximity of both farms suggest these two outbreaks are part of the same
transmission cluster; however, no epidemiological data were available to reliably confirm their
linkage.

3.2. ST184 outbreak

In outbreak 7, the investigation encompassed the animal clinical (n=5; six animals were
showing clinical signs, but isolates from five animals were obtained) and environmental (n=6)
isolates, including isolates from the faeces of asymptomatic ruminants, silage and water
collected from the trough. All isolates belonged to ST184 and differed in up to 6 SNPs (Table
3). Thus, most likely, the asymptomatic carriers shed the outbreak strain into the environment,
contaminating the silage and water, which were the most likely sources of infection for the
animals (Fig. 4).

3.3. Mobile genetic element distribution

The outbreak 2 isolates (ST1) harboured an identical $tRNA-Lys prophage; a highly similar
prophage (97.5 % identity) was present in one sporadic isolate (L1364). In other ST1 outbreak-
associated isolates, intact prophages were not identified. The outbreak 4 isolates (ST18)
harboured two intact prophages (¢comK and ¢tRNA-Ser), which were identical in all three
outbreak-associated isolates, but absent in all sporadic isolates. In the outbreak 5 and 6 isolates
(ST21), intact prophages were not identified. The outbreak 7 isolates (ST184) all harboured one
identical ptRNA-Arg prophage; a highly similar prophage (96.6 % identity) was also present in
one sporadic isolate (L1174). None of the identified prophage sequences harboured any of the
known L. monocytogenes virulence traits. No plasmid sequences were identified in the analysed
isolates.

4. Discussion

In the present study, cgMLST, wgMLST and wgSNP were used for the retrospective
investigation of seven listeriosis outbreaks in small ruminants. All three approaches indicated
a monoclonal pattern of the investigated outbreaks; the outbreak-associated isolates differed in
up to 7 cgMLST alleles, 12 wgMLST alleles and 13 SNPs. Although these approaches have
been widely used in listeriosis surveillance and outbreak investigations and a high concordance
between them has been shown (Henri et al., 2017), a discordant clustering of closely related
isolates has also been reported (Chen et al., 2017a; Jagadeesan et al., 2019; Li et al., 2017). The
use of multiple WGS analytical approaches maximises the discovery of genetic differences in
closely related isolates and hence reduces the effect of their limitations (Chen et al., 2017a).

Several epidemiologically unlinked L. monocytogenes isolates, which we added to the analysis
of outbreaks on the basis of a close genetic similarity/relatedness, clustered within the outbreak



lineage in the case of ST1 and ST21 outbreaks. In addition, the pairwise genetic distance among
the isolates originating from different outbreaks of the same ST was low (ST1 isolates
associated with outbreaks 1-3, and ST21 isolates associated with outbreaks 5 and 6); the
minimum inter-outbreak diversity approached and even surpassed the maximum intra-outbreak
diversity in the case of outbreaks 5 and 6 (both ST21). A high genetic relatedness and
geographical proximity of outbreaks 5 and 6 suggest their linkage; however, no between-farm
contract data were available to confirm their linkage. Thus, they may be linked through an
undetected transmission network such as feed or animal exchange.

Although fixed allele/SNP thresholds to delineate outbreak clusters of L. monocytogenes have
been proposed, e.g. 7-10 cgMLST alleles or 5 SNPs (EFSA-ECDC, 2018; Moura et al., 2016;
Ruppitsch et al., 2015), their use would lead to a spurious attribution of the epidemiologically
unlinked isolates to the outbreaks in the present study if the epidemiological data had not been
considered. Several publications reported that the genetic diversity of L. monocytogenes
isolates collected during epidemiological investigations may exceed the proposed thresholds
(Chen et al., 2016; Chen et al., 2017b; Jackson et al., 2016), in particular in the long-term
outbreaks and cases in which contamination may originate from different sources and/or
sources with a genetically diverse population of L. monocytogenes, e.g. the natural environment
(Pightling et al., 2018; Reimer et al., 2019). Hence, inherent genetic diversity of the organism
in isolation source and its mutation rate should also be considered. Moreover, the
epidemiologically unrelated isolates (e.g. sporadic cases) may fall into the outbreak cluster,
which in itself does not confirm their association with the outbreak. Therefore, the use of a fixed
threshold to delineate the outbreak cluster should only act as a guide for its identification, but
the diversity of isolates should always be interpreted in the context of a given WGS phylogeny
with a good bootstrap support and epidemiological evidence, as suggested before (Chen et al.,
2017a; Chen et al., 2017b; Pightling et al., 2018; Reimer et al., 2019).

Although WGS has been shown to enable reliable end-to-end typing of L. monocytogenes and
other pathogens, variability might arise at several stages of WGS workflow, including strain
maintenance, DNA extraction, library preparation, sequencing and bioinformatic analysis
(Portmann et al., 2018; Saltykova et al., 2018). Studies investigating the effect of different WGS
analytical approaches and/or technical robustness of WGS in highly clonal L. monocytogenes
groups are limited (Jagadeesan et al., 2019; Li et al., 2017; Reimer et al., 2018). In this study,
a single sequencing platform was applied to a similar depth of coverage. Additionally, an
exhaustive quality assessment of WGS data and standardised WGS workflows implemented in
the BioNumerics software were employed, all minimising the effect of the aforementioned
variables on WGS results. Due to the continuous evolution of WGS workflows, comparisons
of different platforms, analytical approaches, bioinformatic tools and their settings remain
paramount before establishing harmonised WGS-based typing workflows.

In the present study, all three WGS analytical approaches exerted a higher discriminatory power
compared with PFGE. This was particularly evident in outbreaks 1 and 3, which included the
ST1 isolates with indistinguishable PFGE profiles. Furthermore, they were epidemiologically
related, but showed a pairwise distance of >78 SNPs and were thus considered as two separate
outbreaks. The discriminatory power wgSNP and wgMLST was comparable and higher than in
cgMLST, which is in accordance with previous findings (Henri et al., 2017; Jagadeesan et al.,
2019). In prospective outbreak investigation, the use of multiple analytical approaches may be
prohibitively time-consuming and resource-intensive. The cgMLST approach, which favours
data portability, requires less bioinformatics expertise and is computationally less exhaustive
than wgSNP typing, provides a high-discriminatory method, which is in most cases sufficient



for reliable cluster identification (Henri et al., 2017; Jagadeesan et al., 2019). However, the
results presented herein support previous findings that wgMLST and/or wgSNP should be used
on clusters identified by cgMLST to increase the discriminatory power and reliably estimate
pairwise genetic distances, in particular when analysing highly clonal microbial groups
(Jagadeesan et al., 2019; Li et al., 2017). Compared with allele-based approaches, wgSNP
enables the construction of statistically supported phylogenetic trees and estimation of
divergence times, providing an insight into the evolutionary dynamics of the outbreak strain
(Chen et al., 2017c; Jagadeesan et al., 2019).

Outbreak isolates belonged to ST1 (CC1), ST18 (CC18), ST21 (CC21) and singleton ST184.
CC1 is a hypervirulent clone, which is over-represented among the human and animal clinical
isolates (Dreyer et al., 2016; Maury et al., 2016). CC18 and CC21 have also been frequently
associated with human disease (Althaus et al., 2014; Maury et al., 2016). On the other hand,
ST184 is a rare clone and has, to the best of our knowledge, not yet been associated with
listeriosis outbreaks in animals. At the time of writing, no ST184 isolates were recorded in the
Institut Pasteur BIGSdb-Lm database (https://bigsdb.pasteur.fr/listeria/listeria.ntml) and a
single human clinical ST184 isolate was identified in the NCBI Pathogen Detection tool
(https://www.ncbi.nlm.nih.gov/pathogens/). Altogether, because the outbreak strains have the
ability to cause listeriosis and most of the animal outbreak CCs from this study are commonly
associated with human listeriosis, this supports the hypothesis that the animal-associated strains
may have an increased ability to cause disease in humans.

In the ST184 outbreak (outbreak 7), all clinical and environmental isolates belonged to the same
outbreak strain. This outbreak had the highest intra-outbreak genetic diversity in comparison
with other outbreaks, which may be explained by a higher number of analysed samples of
different origin. The presence of the outbreak strain in the faeces of asymptomatic ruminants
underlines the importance of faecal shedding in the transmission of listeriosis, leading to faecal
contamination of the farm environment, including the silage and water collected from the
trough. The contaminated silage was the most likely source of infection of the diseased animals
in outbreak 7, as the association of low-quality silage with ruminant listeriosis has been well
established (Garcia et al., 2016; Nightingale et al., 2004; Wagner et al., 2005). Furthermore, the
contaminated water may have had contributed to the infection dose. These results suggest that
the implementation of targeted preventive measures such as improved control of the animal
feed as well as good silage production and utilisation practices could decrease the incidence of
listeriosis on ruminant farms (Bernardes and do Rego, 2014).

A single clinical form of listeriosis (abortion or neurolisteriosis) was observed in 6/7 outbreaks,
whereas in the ST184 outbreak, neurolisteriosis and septicaemia were both reported. Different
clinical forms rarely overlap in a single animal or during the outbreak (Garcia et al., 2016;
Oevermann et al., 2010; Wagner et al., 2005), which was also supported by the present study.
However, the ST184 outbreak was the only outbreak that also involved young animals and two
different animal species (sheep, goats). Neurolisteriosis was observed in three animals (one goat
and two lambs), whereas septicaemia was noted in two goat kids. This may partially be
explained by additional host and environmental factors, e.g. comorbid conditions, infectious
dose, route of infection and host age, in particular the latter. Namely, septicaemia is the most
frequent manifestation of listeriosis in neonates and lambs, whereas in adult animals,
neurolisteriosis and abortion are most commonly reported (Walland et al., 2015; Wesley, 2007).

L. monocytogenes clones have been shown to differ in their virulence and organ tropism, with
hypervirulent clones CC1, CC2, CC4 and CC6 being strongly associated with a clinical origin



(Dreyer et al., 2016). In the present study, CC1 was responsible for 3/7 outbreaks, which all
included neurolisteriosis cases. This is in agreement with previous findings, in which CC1 has
been shown to be over-represented in bovine neurolisteriosis, suggesting its increased
neurotropism (Aguilar-Bultet et al., 2018; Dreyer et al., 2016). Therefore, the findings presented
herein support the hypothesis that the farm environment is a reservoir of strains with increased
propensity for invasive listeriosis in humans, although additional comparative genomics studies
are needed to confirm this hypothesis.

The present study included a small number of outbreak-associated L. monocytogenes isolates,
as the post-mortem examination is usually performed only for the first few animals involved in
a suspected outbreak. Increased taxon sampling within the outbreak clusters (i.e. larger number
of analysed isolates) may result in a more accurate phylogenetic inference (Pollock et al., 2002).
Nevertheless, in 6/7 outbreaks, isolates showed a well-supported monophyletic grouping,
indicating the presence of individual outbreak strains. The outbreak 6 isolates also showed a
monophyletic grouping, but a low bootstrap support; however, the epidemiological data and the
low pairwise SNP difference (13 SNPs) indicate their outbreak association. As previously
described, temporally and geographically unrelated isolates may appear related even at a
maximum genome resolution, highlighting the importance of epidemiological evidence
(Reimer et al., 2019). In the present study, with the exception of outbreaks 1 and 3, there was
no temporal or geographical association between different outbreaks. However, it should be
noted that a well-conducted contact tracing, which includes the data on animal movements,
farm visitors, feed, vehicles or equipment (Noremark and Widgren, 2014), might reveal
additional associations between the outbreaks.

In this study, prophage distribution was also analysed, but was informative in only 3/7
outbreaks, in which the observed prophage profile was characteristic for the outbreak-
associated strains. The analysis of mobile genetic elements such as prophages and plasmids has
been previously shown useful in the delineation of L. monocytogenes outbreak clusters (Wang
et al., 2015). However, caution should be applied when including the mobile genetic elements
into phylogenetic analyses as they can obscure the true phylogenetic relationships among
isolates obtained during the outbreak investigations, as has been shown for L. monocytogenes
CC8 isolates (Reimer et al., 2019).

In conclusion, the present study adds to our understanding of the genetic diversity of the animal
outbreak-associated L. monocytogenes strains, aiming to facilitate the interpretation of WGS
data in the investigation of listeriosis outbreaks. All three WGS-based analytical approaches
used in this study (cgMLST, wgMLST and wgSNP) were able to confirm the monoclonal
pattern of the outbreaks, but wgMLST and wgSNP had a higher discriminatory power compared
with cgMLST. Genetically most closely related, but epidemiologically unrelated isolates could
not be reliably separated from the outbreak-associated isolates. In addition to the importance of
epidemiological data for the outbreak confirmation, the present study highlights the importance
of performing extensive sampling and employing different WGS-based analytical approaches
to increase confidence in strain associations during outbreak investigation.
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Figure legends

Fig. 1. ST1 outbreaks. (A) Phylogenetic tree based on the wgSNP approach. Maximum-
likelihood phylogeny was inferred from the concatenated SNP alignment (279 SNPs). The
numbers above and below the branches indicate bootstrap values and pairwise SNP distances.
Full squares denote the presence of intact prophages, whereas empty squares denote their
absence. Brighter colour denotes a lower similarity (<98 % identity) of the prophage sequences.
Bar, number of substitutions per nucleotide position. (B) Dendrogram based on the cgMLST
approach. Bar, number of allelic differences. (C) Dendrogram based on the wgMLST approach.
Bar, number of allelic differences. The outbreak strains are labelled in red.

Fig. 2. ST18 outbreak. (A) Phylogenetic tree based on the wgSNP approach. Maximum-
likelihood phylogeny was inferred from the concatenated SNP alignment (217 SNPs). (B)
Dendrogram based on the cgMLST approach. (C) Dendrogram based on the wgMLST
approach. For additional information, see Fig. 1.

Fig. 3. ST21 outbreaks. (A) Phylogenetic tree based on the wgSNP approach. Maximum-
likelihood phylogeny was inferred from the concatenated SNP alignment (139 SNPs). (B)
Dendrogram based on the cgMLST approach. (C) Dendrogram based on the wgMLST
approach. For additional information, see Fig. 1.

Fig. 4. ST184 outbreak. (A) Phylogenetic tree based on the wgSNP approach. Maximum-
likelihood phylogeny was inferred from the concatenated SNP alignment (111 SNPs). (B)
Dendrogram based on the cgMLST approach. (C) Dendrogram based on the wgMLST
approach. For additional information, see Fig. 1.

Tables
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Table 1: Metadata associated with Listeria monocytogenes isolates investigated in this study.

Outbreak Onset time Clinical formt Farm  Affected No. of No. of MLST MLST
animal  affected available ST cC
species  animals isolates

Outbreak 1 January 2018 Neurolisteriosis Farm A Goats ND 2 ST1 CC1

Outbreak 2 March 2008 Neurolisteriosis Farm B Sheep 3 2 ST1 CC1

Outbreak 3 April 2018 Neurolisteriosis Farm A Goats 5 2 ST1 CC1

Outbreak 4 February 2013 Abortion Farm C Goats ND 3 ST18 CC18

Outbreak 5 May 2014 Neurolisteriosis Farm D Goats 3 2 ST21 Ccc21

Outbreak 6 January— February 2015  Neurolisteriosis Farm E Sheep ND 2 ST21 CC21

Outbreak 7 May-June 2013 Neurolisteriosis, g GOAS, 6 11 sTis4  STis4

septicaemia sheep

TNeurolisteriosis was defined as isolation of L. monocytogenes from brain tissue and the
presence of pathognomonic lesions in brain tissue (as determined by histopathology). Listerial
abortion was defined as isolation of L. monocytogenes from the aborted foetus or maternal
reproductive tissues (placenta, amniotic fluid) immediately after the abortion. Septicaemia was
defined here as isolation of L. monocytogenes from visceral organs or brain tissue without
pathognomonic changes characteristic for neurolisteriosis. All clinical isolates derived from
different animals. In the ST184 outbreak, five isolates originated from clinical cases, whereas
six isolates originated from the environment. ND, not defined.

Table 2: NCBI accession numbers of the reference genomes used for wgSNP typing.

ST Strain name NCBI accession number Draft/complete genome
ST1 NTSN NZ_CP009897.1 Complete
ST18 MOD1_LS152 NZ_CP020830.1 Complete
ST21 2KSM JY0100000000.1 Draft
ST184 L1223 (this study) Draft

Table 3: Minimum and maximum pairwise allelic/SNP differences among the outbreak-
associated Listeria monocytogenes isolates (intra-outbreak diversity).

Outbreak MLST ST No. of isolates cgMLST (min-max) wgMLST (min-max) WgSNP (min—-max)
Outbreak 1 ST1 2 0 0 1
Outbreak 2 ST1 2 0 2 5
Outbreak 3 ST1 2 0 2 5
Outbreak 4 ST18 3 1-3 34 34
Outbreak 5 ST21 2 2 5 6
Outbreak 6 ST21 2 7 8 13
Outbreak 7 ST184 11 04 0-12 3-6

Table 4: Minimum and maximum pairwise allelic/SNP differences among Listeria
monocytogenes isolates from different outbreaks of the same sequence type (inter-outbreak

cgMLST (min-max)

wgMLST (min-max)

WgSNP (min—-max)

diversity).
Qutbreak MLST ST
Outbreaks 1-3 ST1
Outbreaks 5-6 ST21

10-25
8-9

21-42
9-14

70-103
12-19
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