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Annexel Contexte détaillé (anglais)

1. Background of Whole Genome Sequencing in relation to bacterial food
safety

1.1. What is whole genome sequencing ?

A brief historical account

In 1976, the team of Walter Fiers at Ghent University sequenced the first genome of a living organism,
the Escherichia coli ssRNA phage MS2 (Fiers et al., 1976). Almost 20 years later, the Institute of
Genomic Research (TIGR) in Rockville (MD, USA), led by J. Craig Venter, determined the genome
sequence of the free-living bacterium Haemophilus influenzae (Fleischmann et al., 1995) and soon
after, that of the first Archaeon Methanococcus jannaschii (Bult et al., 1996). At about the same time,
the very first eukaryotic microbe, the yeast Saccharomyces cerevisiae, had its 16 chromosomes fully
sequenced through a worldwide collaborative effort orchestrated by André Goffeau from UCLouvain
(Goffeau et al., 1996). Almost twenty-five years later, the DNA sequences of more than 200,000
individual microbial genomes have been determined (Lopera et al. 2020).

DNA sequencing and Next-generation Sequencing

DNA sequencing is the process by which the sequence of nucleotides, the building blocks of DNA, in
the genome is determined. The original methods that were used for DNA sequencing are the Sanger
dideoxy synthesis (Sanger & Coulson, 1975; Sanger et al., 1977) and the Maxam-Gilbert chemical
cleavage approach (Maxam & Gilbert, 1980). The Maxam-Gilbert method is based on chemical
modification of DNA and subsequent cleavage of the DNA backbone at sites adjacent to the modified
nucleotides. Sanger's sequencing uses specific chain-terminating nucleotides (dideoxy-nucleotides)
that lack a 3'-OH group. Thus, no phosphodiester binding can be formed by DNA polymerase, resulting
in the termination of the growing DNA chain at that position. The dideoxy-nucleotides (ddNTPs) are
radioactively or fluorescently labelled and provide the specific detection. Sanger sequencing was the
first commercialized method for DNA sequencing.

Next-generation sequencing (NGS), also known as high-throughput sequencing, is the collective name
used to describe a number of different modern sequencing technologies. These technologies allow
DNA and RNA to be sequenced much faster and cheaper than Sanger sequencing, and have
revolutionized the study of genomes and molecular biology as a whole.

NGS, which has been on the rise since 2005, uses "Sequencing by synthesis" technologies (i.e. upon
incorporation of a new nucleotide in the elongating strand, simultaneously the emitted signal and
sequence is read). Individual DNA molecules whose sequence needs to be determined are distributed
over millions of individual wells or chambers, or attached to specific locations on a solid substrate.
Many creative technologies have been developed to enable the generation of millions of DNA
sequences in a single sequence run. The DNA molecules are amplified by PCR or by isothermally
modified "rolling circle" amplification methods (e.g. based on the polymerase of Bacillus subtilis Phi29
phage - reviewed in Salas et al., 2008), referred to as Whole Genome Amplification (WGA). They are
then subjected to DNA synthesis reactions in which labelled nucleotides, or chemical reactions based
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on the uptake of a particular nucleotide, can be detected. During sequencing by synthesis, base
additions can be done using DNA polymerization or ligation and the visualization is with
chemiluminescence (454 or pyrosequencing chemistry), fluorescence (NGS platforms of lllumina;
SOLiD system) or with pH changes (lon Torrent).

However, more recent technologies have embarked on sequencing of the DNA molecules without prior
amplification. They are either based on the PacBio (PacBio, USA) or Oxford Nanopore (MinlON, UK)
platforms.

A comparison of the different sequencing platforms (Chiu and Miller, 2016) is detailed in Table 1.
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Method Sequencing Instrument Accuracy (| Read length | Reads per Run time Instrument/ Advantages Drawbacks
or method percentage (bp) run sequencing cost
company of correct
basecalls)
Sanger Dideoxy chain 3730XL 99.9% 400 - 900 NA 2h +/++++ Long reads, Lowest throughput
termination fast run
454 Pyrosequencing GS FLX+ 99.9% 700 1x 108 20 h +4/+++ Long reads, Low throughput,
Roche * fast run homopolymer errors
SOLID * Sequencing by 5500 SOLID 99.9% 35-50 1x10° 1 to 2 weeks +++/+ Low cost per Very short reads,
ligation base slow
lon lon lon PGM 318 98% 100 - 200 5x 108 4to5h ++/++ Fast run Homopolymer errors
Torrent semiconductor Dx system
llumina Reversible HiSeq 2500 98% 50 - 300 2x10° 6 h to 11 days ++++/+ Highest yield, Instrument cost
terminator low cost per
sequencing base
MiSeq 98% 50 - 300 2x107 6to55h ++/+ Low cost per Lower throughput
base
NextSeq 98% 50 - 300 8 x 10" 6to40h +++/+ Low cost per -
base
Novaseq 75-90% 50-250 bp 2x10"° 13to44 h ++/+ low cost per -
base, multiple
flow cell
configurations
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PacBio Single molecule PacBio RSII 87% 10-15kb 5x10* 2h ++++/+ Long reads Instrument cost, Error
real time rate
Oxford Nanopore MinION 60-80% 0.1-10 kb 5x104 6 h +/+ Long reads, Error rate, low
Nanopore sequencing portable throughput

Table 1: Overview of past and current sequencing platforms, their devices, sequencing method, advantages and disadvantages (Modified from Chiu and Miller,
2016).This list is not exhaustive and reflects available technology at the moment of publication. Very short reads (max. 300 bp) are considered as a drawback and
long reads (up to 2 Mb) as an advantage; reads of average size are not mentioned as advantage or drawback. * Method no longer in use.
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The lllumina sequencing platform produces short reads of max 300 bp but results in a high accuracy of
the sequencing. A disadvantage of this technology is that repetitive sequences may hamper the
assembly of the whole genome sequence. This disadvantage of the repetitive regions can be spanned
by the long reads generated by using long reads sequencing technologies like the Oxford Nanopore
technologies (ONT) (MinlON) which produce reads of up to 2 Mb in length. The big disadvantage of
this technology is the lower accuracy but the new version 10 flow cells utilizes a new type of nanopore,
and ONT claims this flow cell can deliver up to 99.99% base-calling accuracy (Petersen et al., 2020).

Although the sequencing technology is still improving, the current technologies and their constraints
are not hampering the actual usefulness of WGS for foodborne outbreak investigations and bacterial
risk assessment.

WGS in food microbiology

Whole genome sequencing (WGS) is the process of determining the DNA sequence of an organism's
genome using total genomic DNA as input. Over the past decade, WGS, using next generation
sequencing technology, has been transformed from a pure research tool to a methodology that is
routinely applied in many areas related to food quality and safety, including human and veterinary
diagnostics, outbreak investigation, antimicrobial resistance, forensic investigation and food
authentication (Allard et al., 2016; Goodwin et al., 2016; Quainoo et al., 2017). As mentioned above,
the technology is developing at a rapid pace, with continuous quality improvement and cost reduction
and, as a result, gains application possibilities in food microbiology.

WGS is performed in two laboratory processes. A first "wet-lab" part dedicated to the selection and
culturing of isolates, DNA extraction, library preparation and sequencing that will generate fastQ files
(Table 2). Then, a second "dry-lab" part where different bioinformatics tools are used for the assembly
of the genome (Table 2 and Fig 1). This assembly can be done by de novo genome assembly or by
alignment to a reference genome. De novo genome assembly will use the pieces of sequenced DNA to
build up, by the overlapping area, the genome of the isolate without knowledge of a priori reference
sequence. Alignment to a reference genome is, when available, another possibility for realizing
genome assembly.

Afterwards, different software tools, pipelines and databases can be used to characterize the genome.
This step will provide information on both the identification of the type of bacteria and the type of
genes that characterize the relevant features of the isolate, including phenotypic traits related to
virulence and resistance to antimicrobials or to determine a serotype. Outbreak investigation will
include two extra steps, the comparative genomics and inference of phylogeny or phylogenomics.
Comparative genomics using bacterial typing techniques will retrieve the extent to which the isolate is
closely related to other isolates retrieved from the outbreak investigation or from other sources. At
this point, it is possible to pinpoint the clonal strains and identify the possible source of the outbreak.
Phylogenomics will detail and predict possible evolutions occurring in the outbreak isolates reflecting
genomic changes that are possible to occur during the transmission between food/environmental
sources and the different patients. The phylogenomics analysis will strictly relate to the pathogen
considered and its capacity to genetically evolve along passages in various hosts, contexts and
environmental conditions in a timely defined outbreak. As example, L. monocytogenes has a high
genomic stability (very low mutation rate) and differences between outbreak strains is expected to be
low, however, an increase of differences is depending on the outbreak duration.
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Figure 1 : An overview of a typical bacterial sequence data analysis pipeline (modified from Vilne et al.,
2019). The white boxes represent the different chapters, within this opinion, regarding the scientific

background of Whole Genome Sequencing in relation to bacterial food safety.
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Table 2: Schematic representation of the different processes involved in WGS in the laboratory.
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There are two main approaches to analyze genomic data to determine the relatedness between
strains, namely Single Nucleotide Polymorphism (SNP)-based and the gene-by-gene-based approaches
(allele-based allelic profiling) (Jagadeesan et al., 2019). In the SNP-based approach, sequencing reads
are aligned or mapped to a known sequenced reference genome, and the nucleotide differences in
both coding and non-coding regions are determined. For each isolate, every SNP relative to the
reference genome is recorded and used to quantify the genetic relatedness between strains.

For the analysis of WGS data by the "gene-by-gene" based approach some definitions are needed, as
they are essential to understand the obtained results. The pan-genome is the entire gene set of all
strains of a species or a clade. The pan-genome or whole genome (wg) includes genes of the core
genome, the accessory genome and singleton genes. The core genome (cg) is the set of genes shared
by all analyzed microorganisms (of the same species, clade or genus). Most of these genes are involved
in vital roles for bacterial survival. However, genes of the core genome may also be involved in
pathogenicity and virulence in some bacterial species. The accessory or dispensable genome is
composed by the set of genes that are present in two or more genomes, but not in all. Singleton genes
such as species- or strain-specific genes are those present in only one genome (Fig. 2). Usually,
accessory and singleton genes are acquired by horizontal gene transfer (HGT) and are often associated
with Mobile Genetic Elements (MGE) such as plasmids, transposons, integrons or (pro-)phages (See
for instance Firth et al., 2018 for Staphylococcus aureus, or Gillis et al., 2018 for Bacillus thuringiensis).
They are commonly related to a specific metabolism, virulence, antibiotic resistance mechanism, or
other environmental adaptation (Costa et al., 2020).
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Figure 2: Graphical visualization of the terms pan-genome, core-genome, accessory-genome and

singleton genes, when the sequence is compared within a species. Genome 1 to 5 represents the
genomes of different strains of the same species. Comparison of these genomes reveals common parts
(‘core genome’), parts unique to only one strain (‘singleton gene’) and parts common to some strains
(‘accessory genome’). The Pan-genome covers all genetic elements of all strains.

Concluding remarks

e Whole genome sequencing has the highest discriminatory power compared to the traditional
typing methods.
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e After it was mainly used in research, WGS is ready to be used in routine outbreak
investigation and surveillance activities.

1.2. Possibilities of whole genome sequencing for typing (including serotyping) of pathogens

Overview of bacterial identification and typing methods

Bacterial isolates are assigned to specific species or subspecies via identification through different
techniques. These techniques used to range from conventional phenotypic assays such as biochemical
panels to genotypic assays, such as specific PCR and 16S rRNA Sanger-sequencing (Ruppitsch, 2016).
While the latter method has been the gold standard for accurate identification of microorganisms, in
the last years the rapid, phenotypic identification based method, matrix-assisted laser
desorption/ionization-time-of-flight mass spectrometry (MALDI-TOF MS), has significantly increased in
importance in bacterial identification (De Bruyne et al., 2011).

After the identification of the pathogen, typing methods should differentiate the strains below species
or subspecies level to verify whether the strains can be linked based on identity.

Phenotyping techniques detect characteristics expressed by the microorganism. Examples are
serotyping, antimicrobial resistance (AMR) and toxin detection (Table 3). Molecular techniques are
based on the analysis of chromosomal or extrachromosomal genetic elements (such as plasmids) of
the organism. Within the molecular typing methods, a differentiation can be made between non-
sequence-based and sequence-based methods (Table 3). The best known non-WGS based methods
are Restriction Fragment Length Polymorphism (RFLP), Pulsed Field Gel Electrophoresis (PFGE)
(Schwartz et al., 1983), Repetitive-sequence-based (rep)-PCR (Versalovic, Schneider, Bruijn, & Lupski,
1994), Random Amplified Polymorphic DNA (RAPD) (Caetano-Anollés, Bassam, & Gresshoff, 1991) and
Amplified Fragment Length Polymorphism (AFLP) (Vos et al., 1995); and Variable Number of Tandem
Repeats (VNTR) (Britten & Kohne, 1968). The VNTR analysis of several loci is known as Multi-Locus
Variable number of tandem repeat Analysis (MLVA). The PCR detection of a specific toxin or virulence
gene is another often-used non-sequence typing method to assess the hazardous nature of certain
pathogens, but with limited discriminatory power.

In contrast with the aforementioned methods, the sequence-based methods are more advanced and
accurate (Table 3). These methods include the first-generation Sanger sequencing and the next-
generation WGS. Once the whole genome sequence of a strain has been determined it can be
subjected to a number of typing analyses, such as serotyping, virulence typing or antimicrobial
resistance typing. In these analyses, the genomic data can replace many PCR detection methods and
can infer many phenotypic assays.

According to guidelines of the WHO, typing method criteria are typeability, capacity to produce clearly
interpretable results with most of the bacterial species, repeatability (to evaluate how repeatable your
results are under a set of similar conditions), reproducibility (how reproducible your results are when
performed under various conditions including within and between laboratories),discriminative power
(ability to produce enough different profiles between unrelated strains) and practicality (easy to
perform and to interpret the results) (WHO, 2018). Each typing method has its advantages and
limitations that make it useful in some studies and restrictive in others (Table 3, Fig. 3).
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Table 3: Overview of some commonly used typing methods for subspecies discrimination and their specific
characteristics on discriminatory power, reproducibility, complexity to perform and ease to interpret the results.
The different methods and their abbreviations are explained in the glossary. The discriminatory power is a
general indication, valid for most taxonomic groups; it has to keep in mind that the discriminatory power of a
method may differ for a specific taxonomic group.

Discrimination Reproducibility Complexity Ease of interpretation
1. Phenotypic typing

Serotyping low high moderate high
AMR low high low high
Toxin profiling low high moderate high

2. Molecular typing
2. 1. Non-sequence based

RFLP moderate high moderate moderate
PFGE moderate-high moderate moderate moderate
AFLP moderate-high moderate moderate high
VNTR low-moderate high moderate high
MLVA moderate high moderate high
rep PCR/RAPD high moderate low moderate
Toxin/virulence
gene profiling low high low high

2. 2. Sequence based
2.2.1. Sanger sequencing

MLST moderate high moderate high
2.2.2. WGS
moderate-
Serotype-prediction  low/moderate high high Moderate-high
moderate-
AMR-prediction moderate high high Moderate-high
moderate-
Virulence profiling moderate high high high
moderate-
Plasmid moderate high high Moderate
moderate-

MLST moderate high high high
cgMLST excellent high high low-moderate
wgMLST excellent high high low-moderate

SNP excellent moderate-high very high low-moderate
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Figure 3: Methodologies for bacterial identification and typing and the approximate resolution regarding the
taxonomic levels (Modified from Moore, 2010; Vandamme et al., 1996).

Serotype

A serotype or serovar is a specific subtype of a particular microorganism, classified on the basis of the
specific antigens present on the cell envelop. The serotype of bacteria is determined by agglutination
of the bacteria with specific antisera to identify variants of somatic (O), flagella (H) and capsular (Vi)
antigens. This provides an antigenic formula of the strain associated to the name and subspecies of
the serotype. Serotyping is most often an early step in a typing scheme and, although not being highly
discriminatory, it has been of importance during preliminary investigations and surveillance of
pathogens worldwide and it has been incorporated in EU regulations for Salmonella and Shiga toxin-
producing E. coli.

e Salmonella serotyping is based on the antigenic formula as determined in the White-
Kauffmann-Le Minor scheme, which defines about 2,577 serotypes (Grimont & Weill, 2007).
While only a fraction of these serotypes account for the majority of both human and veterinary
infections (Tang et al., 2019), serotypes differ enormously in their host range and infection
syndromes that they cause in humans and animals (Langridge et al., 2015).

e Traditional serotyping of E. coli currently recognizes 182 different somatic O-groups and 53
different flagellar H-types (Joensen et al.,2015). In international legislation, specific E. coli
serotypes important for public health like the serogroups 0157, 026, 0111, 0103 and 0145
are referred.
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e L. monocytogenes serotyping is determined according to the variation in somatic (O) and
flagellar (H) antigens. In contrast to Salmonella and E. coli only limited number of serotypes
have been described (Seeliger & Hohne, 1979). No national or international legislation makes
specific reference to the L. monocytogenes serotypes.

Tang et al. (2019) have recently reviewed the subtyping methods used for Salmonella, including the
use of WGS as alternative for the phenotypical serotyping. The determination of serovars based on
WGS, has relied on two main approaches: (1) indirect determination using genetic markers associated
with particular serovars like the Metric Oriented Sequence Typer (MOST) tool developed by Public
Health England (PHE) (Ashton et al., 2016) and (2) direct determination using genes responsible for the
expression of the somatic O (rfb gene cluster) and flagellar H (fljB and fliC) antigens. In contrast to the
indirect method, the direct method is realized on the same genetic information that results in the
phenotype assessed by traditional serotyping. Therefore, this method is mostly used via two main
databases, namely SeqSero (Zhang et al., 2015) and SISTR (Yoshida et al., 2016). Both databases
perform serotype prediction with an accuracy of ca. 92 and 95%, for 93% and 85% of the serotypes
described in the White-Kauffmann-Le minor scheme, respectively. The two approaches can also be
combined for more reliable serovar prediction. Both the Salmonella in silico Typing Resource SISTR
database (Yoshida et al., 2016) and SamonellaTypeFinder® (Inouye et al., 2014) are commonly used for
Salmonella serotyping and are freely available via an open web-accessible tool (table 4).

WGS-based serotyping of E. coli was enabled by the development of the SeroTypeFinder tool and
database. SerotypeFinder performs a serotype (O:H) prediction based on an accurate detection of the
O-processing genes WzX, wzy, wzm and wzt and the flagellin-associated genes. While the tool could
confirm some doubtful phenotypic results, some O-processing gene variants are by nature identical
(e.g. 0153/0178, 042) and difficult to distinguish using WGS because influences from other genetic
elements could play a role in the production of the O-antigen (Joensen et al., 2015). SerotypeFinder is
a web-based tool developed by the Center for Genomic Epidemiology (CGE)
(http://www.genomicepidemiology.org) that requires little to no expertise in bioinformatics to
operate and is freely available. Other databases, such as EcOH, have also been developed. While the
CGE tools depend on a comparative search of the assembled genome against all database alleles , ECOH
uses Short Read Sequence Typing (SRST2) to screen WGS reads directly against the database alleles
without genome assembly (Ingle et al., 2016). More details are also available in the EFSA opinion (EFSA
BIOHAZ Panel et al., 2019).

Since the development of a conventional multiplex PCR method by Doumith et al. in 2004, most of the
13 descripted serotypes of L. monocytogenes have been regrouped into four molecular serogroups
and one non-typeable group. These serogroups correspond with the five phylogenetic lineages that
divide L. monocytogenes (Burall et al., 2021). Molecular serotyping can also be performed on WGS
data using these loci (Moura et al., 2017).

Phenotypic and WGS-based data exhibit a high level of agreement for Salmonella and STEC serotyping.
Overall, there is good evidence that the majority of Salmonella or E. coli isolates, previously untypeable
by conventional serotyping, can be correctly serotyped using data derived from the genome
sequencing. For resolving the mismatches related to the Salmonella serotyping EFSA recommended to
update the White— Kauffmann—Le Minor scheme integrating genetic (i.e. seven genes MLST typing)

6 https://cge.cbs.dtu.dk/services/SalmonellaTypeFinder/
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and phenotypic information. They also concluded that it would be appropriate for the relevant
regulations to be revised considering the benefits of WGS-based typing (EFSA opinion, 2019). This
indicates that future serotyping will increasingly rely on WGS methodology.

MLST, wgMLST, cgMLST, agMLST

MLST examines the genome at multiple well-conserved genes, also called “housekeeping” genes.
Conventional MLST methods commonly use seven MLST genes. For each bacterial species to be typed
by MLST one (or two) well-curated reference database is available in order to link each “housekeeping”
gene sequence to a nomenclature scheme. Each gene variant or allele is assigned a unique number,
forming an allelic profile of seven numbers expressed as a sequence type (ST) (Fig. 4.a) (Maiden et al.,
2013).

While most classical MLST methods are limited to these seven genes, the method can be expanded to
many more genes of the core (cg), accessory (ag) or pan (or whole) genome (wg), each with a
nomenclature scheme containing particular reference sequences. (Sheppard et al., 2012). With the
introduction of WGS it became easier to extract information from a multitude of genes. Several web-
accessible platforms for storage, retrieval and analysis of MLST data are available with Bacterial Isolate
Genome Sequence Database (BIGSdb) amongst the first to allow WGS data to be used (Jolley &
Maiden, 2010). Furthermore, the BIGSdb software powers the well-known PubMLST.org, which hosts
databases for over 100 species or genera of bacteria, some eukaryotes and plasmids (Jolley, Bray, &
Maiden, 2018). Because of these databases the different MLST methods are highly standardized and
easily globally exchanged. These databases are constantly curated, updated and synchronized
between the different web platforms, allowing for a user-friendly analyses of WGS data. While for most
of these species specific MLST schemes are freely available (e.g. PasteurMLST or EnteroBase) via these
web platforms, other MLST schemes like the wgMLST scheme for certain species require a
commercially licensed software (e.g. BioNumerics) (table 4).

Core genome MLST is the most used method for the retrieval of subtyping information from WGS data
for foodborne pathogen within the EU. The sequence type is based on an allelic profile of > 1000 core
genes, a subset of the genes defined in the whole genome MLST scheme. This type of MLST is preferred
since the loci chosen reflect the true genealogy within the species and should in theory not change
presence over time, which makes them applicable on current and historical data (Pearce et al., 2018;
Tang et al.,, 2019).
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Figure 4: Generalised representation of (a) the allele-based MLST approach, which uses genes ranging from a
limited number of “housekeeping” genes to a high number of gene across the entire genome; (b) the SNP-based
approach, which identifies a variation on a single nucleotide level at a specific point in the genome.

MLST is an allele-based approach, meaning that each gene variant or allelic change is counted as a
single genetic event, regardless of the number of nucleotide polymorphisms involved. (Fig. 4a) This
approach is an effective way to correct the influence of a horizontal genetic transfer, which is
responsible for many nucleotide polymorphisms. On the other hand this approach will only detect
variations in the loci that have been defined, sequences outside of these loci will not be taken into

account (Sheppard et al., 2012).

Table 4: Overview of some commonly used platforms to analyse WGS data for MLST, serotype/serogroup

prediction and AMR prediction (Modified from ECDC, EFSA 2019).

Platform Main re_qun5|ble MLST schemes Serotype/_se_rogroup AMR prediction
organisation(s) prediction
BIGSdb University of Oxford ves No Yes, for
Campylobacter.
BioNumerics* Applied Maths Yes + own schemes. yes Yes, for E. coli.

(Biomerieux)

Danish Technical

CGE University
European Bioinformatics
COMPARE Institute, Danish
Technical University
ENA Eurgpean Bioinformatics
Institute
EnteroBase University of Warwick
RO
Scicom

yes

yes, for Salmonella

No

Yes, for E. coli,

Salmoenlla,

Clostridioides, Vibrio and
Yersinia

Yes, for E. coli and
Salmonella.

Yes, for E. coli and
Salmonella.

No

Yes, for E. coli and
Salmonella.

Yes, for
Campylobacter, E.
coli and Salmonella.

Yes, for
Campylobacter, E.
coli and Salmonella.

No

No
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Yes, for
. Campylobacter, E.
INNUENDO  University of Lisbon Yes, for Campylobacter, - Yes, for E. coli and coli, L.
E. coli, and Salmonella. Salmonella.

monocytogenes and
Salmonella.

IRIDA Public Health Agency of yes Yes, for Salmonella. No

Canada
SeqSphere* Ridom GmbH Yes + own schemes. Yes, for L. No
monocytogenes.
*product belonging to private company
SNP

Beside the allele-based approach, SNP calling is also an often-used approach. This approach is more
flexible since it does not need a predefined organism-specific typing scheme and theoretically it is the
most discriminatory approach for molecular subtyping. SNP calling can be reference-independent or
reference-dependent. The latter is the best-known form that uses a closely related reference genome
to identify single nucleotide changes between strains in order to infer their relatedness (Fig. 4.b). In
brief, the WGS reads are mapped to a well-chosen reference genome and all single nucleotide
differences with the reference are identified as SNPs. The SNPs are used to perform a multiple
sequence alignment in order to deduce the relatedness (Katz et al., 2017). As a consequence of
mapping the WGS reads to a specific reference genome, only the DNA sequences shared between the
strains and the reference genome can be examined on SNPs. Therefore, all regions that are divergent
from the reference genome will not be taken into account. However, a high-quality reference genome
may not always be available. When a suboptimal reference genome is chosen with inaccuracies on
base pair-level the resulting SNPs may be false positive (Coipan et al., 2020; Li & Lin, 2020).

Since the SNP calling approach employs multiple steps to achieve the final result, several SNP calling
workflows or pipelines have been developed. Most of the work has been done on eukaryotic data and
this expertise has been translated into a limited number of bacterial SNP calling pipelines. Most of
these pipelines are free-of-charge, but require some specialized knowledge. Comparison of these
different pipelines have shown that they may produce similar results if all parameters and filtering
criteria are optimally set. However, the biggest bottleneck in comparison with the eukaryotic SNP
calling remains the selection of an appropriate reference genome. Therefore, the accuracy of SNP
calling for a given species is strongly correlated with the intra-species diversity (Bush et al., 2020).
These factors have a great impact on the inter-laboratory reproducibility of this method and require
information about the parameter settings and reference genome to be communicated.

MLST-based vs. SNP-based approach in the framework of phylogeny

Since both MLST and SNP-based approaches are used to quantify relatedness of isolates, the
robustness of these methods is of great importance. This can have a significant impact on case
definitions and cluster composition during outbreak investigations and surveillance. The comparison
of several WGS typing workflows using either SNP-based or MLST-based analyses has shown high
concordance when assessing the number of clusters identified, even though SNP-based analyses
showed a higher resolution (Pearce et al., 2018). Besides the used approach, the cluster composition
is often based on the setting of a distance threshold. This threshold defines how many nucleotide or
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allelic differences are allowed between isolates to be still considered as belonging to one cluster.
During outbreak investigations a threshold is set based on prior knowledge on the evolutionary
processes of the bacterial population in a given environment. However, this threshold should not be
absolute, but remain adjustable based on reevaluation of all WGS data, the bioinformatics workflow
used and the linkage between WGS data and epidemiological information (Coipan et al., 2020; EFSA
BIOHAZ Panel et al., 2019). For both MLST and SNP-based approaches the relatedness of the different
strains can be visualized using dendrograms as used for non-sequence based tying methods like PFGE.
But the pairwise difference of the allelic profiles can also be displayed by minimum spanning trees
(MST) (Tang et al., 2019).

New vs old typing data

In most EU countries, the surveillance of many foodborne pathogens has been based on conventional
typing methods for many years, often a general method like serotyping whether or not followed by an
analysis with a higher discriminatory power, such as PFGE or MLVA. While these methods lack the
discriminatory powers of WGS and often do not reflect the phylogeny of the isolates, the compatibility
of different techniques have been investigated. Currently most WGS is based on the production of
high-quality short-sequence read lengths. These short reads prohibit the analysis of long repeat
regions and therefore WGS data based on this technology cannot predict MLVA results (Kwong et al.,
2016). Increased resolution offered by WGS over PFGE is not straightforward in all outbreak studies
and, in some, a very low concordance has been observed between the two methods (Franz E., 2020;
Halbedel et al., 2018; Chen et al., 2017). However, in the case of L. monocytogenes, a high congruence
between PFGE and MLST has been reported by the respective European Reference Laboratory (EURL),
allowing for mapping between PFGE clusters, clonal complexes and sequence types. This showed a
very useful compatibility for the use of historic typing data with WGS based MLST data (Henri et al.,
2016; Moura et al., 2017; Neoh et al., 2019).

Concluding remarks
e The WGS of foodborne bacteria can be subjected to a number of typing analyses allowing:
o Replacement of all conventional typing methods.
o Prediction of serotyping.

o In-depth characterization of the pathogens using either single nucleotide
polymorphism (SNP) or gene-by-gene analyses (allele-based allelic profiling), like in
MLST, cg MLST and wg MLST. The comparison of SNP-based and MLST-based
workflows has shown high concordance during outbreak investigation.

o Long term storage of data and re-analysing.

e The multilocus sequence typing (MLST) examines the genome at multiple genes using a
predefined organism-specific typing scheme. Classical MLST, core genome (cg) MLST and
whole genome (wg) MLST are based on approximately seven genes, usually> 1000 genes and
usually > 3000 genes, respectively.
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e SNP calling is theoretically the most discriminatory WGS-approach as it takes account of every
nucleotide polymorphisms in the analysis. It uses no typing scheme but is dependent upon a
well-chosen optimal reference genome.

1.3. Possibilities of whole genome sequencing for determining the antimicrobial resistance

Antimicrobial resistance can be caused by one or more mutations in a gene present in a bacterial strain.
It can also be caused by the uptake of a resistance gene. The latter gene can be present on the
chromosome and/or on a mobile genetic element e.g. a plasmid or transposable element. For many
antimicrobial agents, resistance genes are known and for some of those agents a wide range of variants
of the genes can be observed.

Until now, antimicrobial susceptibility testing for AMR surveillance largely relied on phenotypic
methods involving culturing and isolation of bacterial isolates and subsequent disc diffusion, broth
dilution (micro or macro) or other similar gradient-based tests to determine to what extend a bacterial
isolate is susceptible or resistant to different antimicrobial reagents. Whereas the obtained
information is largely limited to the degree of susceptibility, the mechanisms of resistance or
possibilities of dissemination remain largely unknown.

Phenotypic methods can be replaced or complemented with genotypic characterization approaches
using standard, real-time or multiplex PCR, loop-mediated isothermal amplification (LAMP) or even
micro-arrays. Yet none of these methods provide a full picture on the mechanisms responsible for AMR
or with respect to the presence and possible spread of AMR determinants (Anjum, 2015).

WGS can overcome the aforementioned limitations inherent to conventional phenotypic and
genotypic methods, allowing the detection of AMR micro-organisms and AMR determinants and
providing detailed info on the genomic context (Ellington et al., 2017). WGS based tools allow for the
detection of horizontally acquired genes, resistance due to point mutations, transposon-mediated
resistance. Although still limited, its use in a food context also knows a gradually increase. Most WGS
applications for the monitoring of AMR in foods available in the literature deal with studies conducted
in the last five years and are focused on foodborne pathogens, such as Campylobacter spp., Salmonella,
Shiga toxin-producing E. coli, L. monocytogenes or Staphylococcus aureus. For the correct
characterization and the localization of AMR genes, a combined analysis of short and long read
sequencing was shown to be effective in reconstructing accurate, contiguous genomes, including
plasmids containing AMR genes in Bacillus spp. or carbapenemase producing E. coli (Berbers et al.,
2020; Garcia-Graells et al., 2020).

The advantages and disadvantages of phenotypic versus genotypic versus WGS methods for
determination of antimicrobial properties are summarized in Table 5.

Table 5: Overview of advantages and disadvantages of phenotypic versus genotypic versus whole genome
sequencing (WGS) methods of determination of antimicrobial properties.

Phenotypic Genotypic WGS

Culture on (non-) selective agar and purification
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Time-consuming (but can be automated
and high-throughput possibilities)

Information on concentration that is
inhibitory of bacterial growth for different
(classes of) antimicrobials

No information on mechanisms
No information on possible dissemination

Possibility to test the newest antimicrobials

Fast to very fast result
Possibility to multiplex

Genetic info on determinant responsible
for resistance

No to limited info on mechanism
No to limited info on possible dissemination

Novel resistances or new mechanisms
might be overlooked

Slow to fast
High-throughput

Complete info on determinant responsible
for resistance within its genetic context

Detailed info on mechanism
Information on possible dissemination

Relies on info available in databases - only
known resistances

Novel resistances or new mechanism might
be overlooked

The increased availability of genome sequence data — in part due to decreasing costs of WGS — has
contributed to a better understanding of the mechanism and diversity of AMR. In addition, the
increased use of WGS for bacterial typing, paves the way for a more comprehensive WGS-based
monitoring of AMR. As such WGS has the potential to complement phenotype-based resistance testing
methods and is to become a strategic means in our battle against AMR (Schiirch & van Schaik, 2017).

Successful WGS-based prediction of antibiotic resistance profiles has been reported, with an accuracy
of the prediction very similar to the reported phenotypes. For example, in a study evaluating WGS for
AMR monitoring, for 640 Salmonella isolates spanning 43 different serotypes (536 retail meat and 104
human isolates), in 99% of the cases the resistance genotype correlated with the phenotypic
susceptibility observed (McDermott et al., 2016). A 99.2% concordance between WGS and phenotypic
based resistance profiles was observed for 114 Campylobacter isolates (Zhao et al., 2016). Moreover,
prediction of the resistance profile can be performed faster than phenotypic testing contributing to a
timely informed decision. Observed differences could be attributed to the absence of resistance
determinants or readily identified AMR mechanisms — also at the level of gene expression — in the
consulted databases (at that moment) or because a gene of interest remains undetected due to a
fragmented genome (either at the chromosomal and/or plasmid level).

A successful prediction of the AMR phenotype requires a comprehensive and curated catalog of known
resistance genes and mutations. Herein lies one of the most important weaknesses. Only ‘known’
resistance determinants can be searched for as unknown or novel resistance genes or mutations are
not present in the database (Schiirch & van Schaik, 2017). Yet, continuous sequencing efforts
combined with phenotypic antimicrobial resistance analysis will contribute to expanding our
knowledge on resistance determinants. Also, developments in machine learning approaches might
contribute to an improved prediction according to the genetic information available. The use of short
reads lacks detailed information on the genetic context of a resistance determinant as it does not allow
to generate a completely assembled genome sequence in which chromosome and plasmids - when
present - are. This however can be complemented with long-read sequencing (e.g. obtained by SMRT
or Nanopore sequencing), but this de novo assembly in turn requires considerable computational
power and time.
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The actual situation allows the use of WGS to predict bacterial AMR with sufficient reliability. Several
public databases are available to screen for AMR resistance determinants. ‘ResFinder 4.0’ constitute
curated and regularly updated databases of acquired resistance genes and resistance due to
chromosomal point mutations, respectively. They allow BLAST-based database queries with either
short-reads or partially or fully assembled genomes using a web-based tool named after their
respective database (Zankari et al., 2012; ResFinder and PointFinder Database and Software’). The
CARD (Comprehensive Antibiotic Resistance Database) is a monthly updated rigorously curated
database of resistance genes, their products and associated phenotypes (Alcock et al., 2020; CARD,
The Comprehensive Antibiotic Resistance Database®). It also offers solutions through different
algorithms to detect unknown variants or new resistances which in combination with phenotypic tests
could allow to screen for new AMR genes (Jia et al., 2017).

The access to such continuous rigorously updated databases also offers the possibility to perform
queries in retrospective to detect resistance genes based on newly discovered antibiotic resistance
mechanisms. For example, for long, colistin resistance was considered to occur via chromosomal
mutations unable to spread to other bacteria. In 2015 however, a transferable colistin-resistance gene,
mcr-1, encoded on a conjugative plasmid in E. coli was described (Liu et al., 2016). Subsequent
retrospective studies confirmed the dissemination of mcr-1 positive strains among different groups of
micro-organisms from animal, human and food origin (Liu et al., 2016; Hasman et al., 2015; Doumith
et al., 2016; den Bergh et al., 2016). Shortly after, in 2016, the mcr-2 variant was described (Xavier et
al., 2016) and currently the counter stands at 10 (Wang et al., 2020). It is without any doubt that thanks
to NGS, the future will reveal novel AMR mechanisms. Querying the existing and ever-expanding
datasets will provide insights in the extend of spread and occurrence.

The limited degree of disagreement found between AMR phenotypes and WGS-based genotypes is
not preventing the introduction of WGS based AMR determination in the harmonized AMR monitoring
plan of the EU as it is recently proposed as alternative AMR detection method for the specific
monitoring of ESBL- or AmpC- or carbapenemase-producing E. coli and Salmonella (see EU legislation
2020/1729 (https://eur-lex.europa.eu/legal-
content/EN/TXT/PDF/?uri=CELEX:32020D1729&from=EN). To provide guidance for this WGS method,
the EURL-AR has produced a technical protocol for bacterial isolation, DNA preparation, DNA quality

and quantity assessment, library preparation, library quality and quantity assessment and sequencing
and for the bioinformatics analysis (EURL-AR, 2021). Furthermore, in 2017 a group of experts of the
Joint Research centre (JRC) have published a number of guidelines to harmonise and standardise the
prediction of AMR from WGS data, focussing on the nature and composition of the samples and their
use and sustainability (Petrillo et al., 2021).

Concluding remarks:

e WGS has been shown to accurately predict phenotypic AMR properties allowing to rapidly
screen isolated strains for a multitude of known genes involved in resistance. The use of WGS

7 https://cge.cbs.dtu.dk/services/ResFinder/ , accessed on Jan. 13, 2021
8 https://card.mcmaster.ca, accessed on Jan. 13, 2021
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for AMR determination would result in extra information on the nature and localization of the
resistance determinants.

e Once sequence information is available, it will be possible to perform retrospective queries to
screen for the presence of resistance genes or mechanisms based on newly discovered AMR
resistance mechanisms.

e Only ‘known’ resistance determinants can be searched for as unknown or novel resistance
genes or mutations are not present in the database. Therefore, it is possible that they are
identified as susceptible to antibiotics while they are actually resistant. A limitation that largely
will be resolved thanks to continuous sequencing efforts combined with phenotypic
antimicrobial resistance and evolutions in data analytics.

e Balancing advantages and disadvantages of phenotypic versus WGS-AMR monitoring, it can be
concluded that the limited degree of disagreement found between AMR phenotypes and WGS-
based genotypes would not prevent their introduction in the harmonized AMR monitoring plan
of the EU as is recently proposed as alternative AMR detection method for the specific
monitoring of ESBL- or AmpC- or carbapenamase-producing E. coli and Salmonella (see EU
legislation 2020/1729 (https://eur-lex.europa.eu/legal-
content/EN/TXT/PDF/?uri=CELEX:32020D1729&from=EN). To provide technical guidance, the
EURL-AR has elaborated a technical protocol to be followed (EURL-AR, 2021).

1.4. Possibilities of whole genome sequencing for the investigation of outbreaks

When an outbreak event occurs, it is important to provide timely assessment of closely related strains
when possible with a high level of discriminatory power. Therefore, during outbreak, three main
aspects will be tackled for investigation:

- Identification of relatedness between outbreak isolates (including source attribution)

- Inclusion of all cases in a considered outbreak and identification of the index-case, which is the first
patient in an outbreak, which makes the health authorities aware that there is an outbreak emerging
(transmission tracing)

- Prediction of the clinical-relevance of strains (virulence, presence of antimicrobial resistances...)

Outbreak investigation based on WGS data analysis, independently of the food-pathogen considered,
follows a typical pipeline divided in four steps: genome assembly, genome characterization,
comparative genomics and inference of phylogeny or phylogenomics (see section 4.1). SNP differences
are possible between a parent strain and a newly subcultured daughter strain. Based on multiple
retrospective outbreak analyses in which isolates were collected from both food and clinical patients,
nucleotide substitutions are random and do not obscure or alter the phylogenetic history or
conclusions drawn from the phylogenetic topology (Timme et al., 2019). An evolutionary rate of
nucleotide substitutions per year is estimated, which can differ following the foodborne pathogen and
the particular outbreak strain (Deng et al., 2014).

Itis not possible to define a clear threshold for the number of genetic differences between strains from
a common source. The WGS-derived data should be combined with metadata informative for the
epidemiological interpretation of the outbreak. These metadata include information about where and
when a sample was collected, the type of environment it came from and the sample’s properties.
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These types of features include, but are not limited to, geolocation data, isolation source, collection
date, the organization performing collection and sample and strain names (Chang et al., 2016).
Furthermore, in order to establish an effective case definition (e.g. threshold) based on WGS, WGS
data should be available on the circulating strains. This will provide a population against which clusters
of potential outbreak strains can be assessed.

L. monocytogenes

Classically, strain typing was based upon serotyping (13 serotypes) but this classification soon
appeared of limited clinical relevance as the majority of serotypes fall upon three types, namely 1/2a,
1/2b, and 4b. Based on the sequencing of the ribosomal sequences (ribotyping), the species L.
monocytogenes was genetically distinct in four lineages (actual classification). The four lineages (I to
IV) are distinguishable by the use of various genotyping methods including ribotyping and PFGE but
not with seven loci-MLST. Because of that, characterization of the strains by PFGE profiling (with
Ascl/Apal enzymes) remained the most discriminant method used over time. The vast majority of
clinical outbreaks fall upon lineages | and Il. WGS confirms the distribution of these lineages while
inferring greater resolution and characterization of L. monocytogenes in progressively more
discriminant genetic subgroups (geno-serogroup (SG) < clonal complex (CC) (7-MLST) < sequence type
(ST) (one allele different within the CC) < complex type (CT)). Table 6 lists examples a series of example
where WGS has been applied in the context of outbreak investigation.

To achieve this progressively increased genetic characterization, there exists two cgMLST typing
schemes particularly suited for outbreak investigation (Moura et al., 2016; Ruppitsch et al., 2015), both
validated at the EU level (Van Walle et al., 2018).

To analyze and compare data among platforms, WGS short reads data will be required to pass specific
quality controls for reads contamination (first of all to eliminate isolates that were incorrectly
identified as L. monocytogenes. The minimum genome coverage of 55x was recommended (Van Walle
et al., 2018) for an Illumina platform, to ensure the reliability of the data and downstream analyses.
However, the same study mentioned also that It is also possible that further improvements through,
for example, internal and external quality assessment exercises and new sequencing technology, could
result in lower coverage yielding the same quality. Differences above the 10 alleles between strains
belonging to the same complex type (CT) is suggested for assignment of outbreak clusters (Van Walle
et al., 2018). SNP typing alone, in absence of any epidemiological link information can lead to biases in
the interpretation of outbreak cases (variation among outbreak strains can be minimal <5 SNPs or goes
above 28 SNPs) (Chen et al., 2017). To achieve substantial and relevant genetic classification, WGS data
have to be gradually treated first by cgMLST analysis to identify clonal complex (CC) and sequence type
(ST) and then, within the same CC or ST, SNP phylogenic analyses will be used to infer microevolutions.

In conclusion, WGS for L. monocytogenes in the context of outbreak investigation is particularly useful
for source tracing. The efforts in harmonization of the bioinformatics workflow analyses between
laboratories following WGS data generation have suggested the difference between outbreak and non-
outbreak strains at 10 allelic differences. However, the uncertainty related to comparison with PFGE
data provides indications that WGS data as stand-alone and in absence of epidemiological data are
insufficient to provide reliable inclusion of all cases and the study of genetic microevolutions within
outbreak strains. This was also concluded in the EFSA BIOHAZ opinion 2019.
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Table 6: list of examples of application and outcome of WGS analysis on outbreak investigation of L. monocytogenes

Reference

Outbreak, source, country (ies)

Methods WGS platform

Outcome on the use of WGS method

Smith et al,
2019

Pietzka et al.,

2019

Halbedel et al.,
2018

Schjgrring et

al., 2017

Chen
2017

et al,

Comandatore
etal., 2017

1060 food-
products from a single facility

cases, various

Retrospective analysis on 95
and 7
human outbreak isolates, meat-

nonhuman isolates,

processing company, Austria
Retrospective analysis

Five cases, cold-smoked salmon,
Denmark and France

Ice-cream production factory

Six human sample and three
cheese samples, goat-Cheese

producing factory, Italy

Isolation, WGS Illumina MiSeq

PFGE, WGS, | lllumina MiSeq
serotyping

PFGE, WGS, | lllumina MiSeq
multiplex PCR

serotyping

Regulation (EC) No | Not indicated

2073/2005, WGS

PFGE, WGS From
GenomeTrakr and
PulseNet data

PFGE, WGS Illumina MiSeq

636 clinical isolates, ST6 cgMLST cluster belonging to serogroup IVb (in silico PCR
serogrouping), <10 SNP differences between clinical and food isolates.

SNP phylogeny based on CSI Phylogeny version 1.4 (CGE).

Strains are of the same serotype and have the same PFGE pattern. The human
strains have zero to two allelic differences (corresponding to 1-4 SNPs), the closest
clinical strain differing by 11-12 SNPs. The food/environmental isolates differ from
the outbreak strain by zero to seven alleles.

424 genomes, the majority clustered in outbreak cases. Discriminatory power of
cgMLST is clearly superior to PFGE (discriminatory power, D, of D= 0.9648 vs
D=0.9579). In case of prophages, PFGE can provide a greater advantage. SNP calling
directly in absence of cgMLST clusterization requires specific SNP filtering.

ST8 distinct cgMLST cluster with 16 allelic differences to the nearest isolates outside
the genetic outbreak cluster and a maximum of nine allelic differences within the
cluster. SNP phylogeny based on NASP and CSI Phylogeny version 1.4 (CGE).

146 isolates, of which 9 human strains. Number of PFGE profiles higher than WGS
but outbreak attribution is more consistent with WGS clustering than with PFGE
profiles. Prophage variations were more discriminatory than PFGE for differentiating
unrelated isolates. Depending the SNP phylogenic tool, high resolution
discrimination can be achieved within same CC.

Same cluster attribution between PFGE and WGS. SNPs difference between cluster
cases between 0 to 2. A closely related strain with <11 SNPs was not considered

among the outbreak cases (no epidemiological link either)



STEC (Shiga toxin-producing E. coli)

Phylogeny for STEC was initially established by adopting phage typing. Subsequently, genetic assays as
MLVA and PFGE had become the preferred methods. However, PFGE did not consistently provide
optimal discrimination, particularly for highly clonal strains, and was supplemented by MLVA (Hyytia-
Trees et al., 2006). Despite the utility of MLVA, isolates demonstrating related MLVA profiles may not
always be epidemiologically related. An univocal reference typing method does not exist and results
should be interpreted by combining different methods, which is labor-consuming and appears
inadequate during outbreak situation.

Examples of applications of WGS in the context of outbreak investigation are fewer than for L.
monocytogenes. WGS helps in generating a robust case definition for case ascertainment, even when
the epidemiological links are obscured by poor patient recall of their history of food consumption
(Jenkins et al., 2019). The added value of WGS over the other methods however seems to be more
evident for STEC considering the rapid evolution of this food-pathogen. Despite this feature, outbreak
clones are extremely similar owing to the limited number of SNPs (Gobin et al., 2018; Mylius et al.,
2018; Wilson et al., 2018). A list of examples of application of WGS analysis for outbreak investigation
involving STEC is presented in Table 7.

In conclusion, WGS of STEC appears to be particularly useful for inclusion of all cases within an outbreak
cluster (also in absence of epidemiological data). For STEC the threshold difference between outbreak
and non-outbreak cases is not defined, but studies have suggested an indicated borderline of five SNPs.
However, the number of studies using WGS for STEC analysis is yet limited to provide a strong
comparison with traditional methods.



Table 7: list of examples of application and outcome of WGS analysis on outbreak investigation of STEC

Reference Outbreak, source, country | Methods WGS platform | Outcome on the use of WGS method
(ies)
Nouws et al., | Retrospective analysis of | Serotyping, Illumina MiSeq | Undistinguishable patterns obtained with 1S629-typing method and PFGE better
2020 two outbreaks, various | virulence genes resolved with WGS. Discordant results between 1S629-typing method and PFGE better
sources, Belgium typing, 1S629-typing resolved with WGS. WGS allowed a clear identification of outbreak cluster and
method, PFGE, inclusion of more index cases.
WGS >6-8 cgMLST allele differences separate unrelated strains.
Jenkins et al., | Retrospective analysis of | MLVA, WGS [llumina MiSeq | Isolates of STEC 0157:H7 greater than five SNPs different were less likely to be part
2019 nine outbreaks, various of the same temporally linked outbreak. WGS analysis of data provided inclusion of
sources, England cases in absence of epidemiological data.
Rumore et al.,, | Retrospective analysis of | PFGE, MLVA, WGS | lllumina MiSeq | Outbreak-related isolates differed by less than 10 SNVs/ wgMLST alleles. WGS helped
2018 eight STEC 0157:H7 to include index cases not previously identified by MLVA nor PFGE. Inter outbreak
outbreaks, various sources, variability was measured on average of 18 SNVs/ 24 wgMLST alleles or more.
Canada
Mylius et al., | Participant to a ski-school | Serotyping, PFGE, | lllumina MiSeq | Identical genotypes or separated by only one or two alleles in the WGS-profile for
2018 trip and location in a specific | WGS outbreak human cases. Animal cases were identical to human cases for cattle
hotel, STEC 0103:H2 samples. WGS data analyzed with Enterobase v0.5 cgMLST scheme.
outbreak, raw cow milk,
Austria
Gobinetal., 2018 | 165 human cases of STEC | Virulence gene | lllumina MiSeq | All isolates from 165 confirmed cases belonged to the same 5-SNP cluster.
0157:H7, salad leaves | detection, phage
imported from | typing, WGS
Mediterranean region, UK
Wilson et al, | 15 human cases of STEC | WGS [llumina MiSeq | SNP typing with GATK2. All strain were closely related and identical at the core
2018 0157, 0157, England genome SNP level; one was one SNP different from this genotype. Unrelated strains

differ of minimal 25 SNPs.



Salmonella enterica

Salmonella identification by serotyping is the basis for EU-wide Salmonella control programs and a
reference method (Reg. (EC) No 2160/2003 of the European Parliament and of the Council). Since the
2000s, PFGE has become the gold standard methods used by PulseNet Canada (PNC) for the molecular
typing of foodborne pathogens including Salmonella during outbreak investigations. However, PFGE
cannot fully distinguish background cases from outbreak cases for clonal organisms such as Salmonella
enterica serovars (Deng et al., 2014; Bekal et al.,, 2016; Vincent et al., 2018). PFGE was then
complemented with the MLVA method. In recent time, WGS is gradually replacing PFGE and outbreak
investigation is performed at higher resolution by this method. On the other hand, considering the
high number of serovars present within the S. enterica species, and the variants within the S.
Typhimurium serovar, establishment of a consensus pipeline is challenging.

Gradually, various institutes are discontinuing serotyping of Salmonella by replacing with sequencing
pipelines (Banerji et al., 2020).

WGS has a clear added value for Salmonella enterica serovars. Outbreaks are differentiated by about
5 SNPs, related to the genetic stability observed for S. enterica (see examples in Table 8).

Compared to other pathogens (e.g. L. monocytogenes), there are a lot more food strains routinely
isolated. The necessity and feasibility to sequence all those isolates or a part of them using WGS must
be assessed. This can be done based on epidemiological information.



Table 8: list of examples of application and outcome of WGS analysis on outbreak investigation of Salmonella enterica

Reference Outbreak, source, country (ies) Methods WGS platform | Outcome on the use of WGS method
Smith et al.,  two outbreaks in South Africa | WGS EnteroBase Isolates with epidemiological links to the restaurant (n=10) and day-care center (n=3),
2020 (n=27 in the first outbreak and | cgMLST web-based were shown by cgMLST to be highly genetically related.
n=16 in the second) platform? On food history, eggs and hollandaise sauce were the common food items consumed
by ill restaurant customers. Unfortunately, Salmonella Enteritidis isolated from the egg
and hollandaise sauce were not available for WGS analysis.
Vaughn et al., | 84 isolates in Massachusetts - | PFGE, WGS PulseNet Identification of seven individual clusters within isolates with the same PFGE pattern
2020 isolates not distinguishable from JEGX01.0004. Further epidemiologic investigations linked 1 cluster to the restaurant
Salmonella Enteritidis cluster; the other six clusters could not be linked to a common exposure.
JEGX01.0004 by PFGE testing -
Yousfi et al., | Retrospective analysis of two | PFGE, WGS, | lllumina MiSeq | SNVPhyl pipeline. Genetic distances observed within each outbreak was; 0 and 0-4
2020 outbreaks,  various  sources, CRISP SNVs for the outbreak 1 and the outbreak 2, respectively. Same distribution as PFGE.
Canada WGS allowed to include other strains within the outbreak cluster, as they differ <10
SNVs and they may be outbreak-related.
Rounds et al., | Minnesota PFGE, WGS From WGS was a more discriminatory and useful subtyping method than PFGE. The
2020 Prospective analysis (660 + 150 + GenomeTrakr proportion of WGS clusters that had a confirmed or probable source identified (48%)
35 + 65 isolates) and PulseNet @ was lower than for PFGE clusters (59%). However, WGS detected more than twice as
data many clusters as PFGE, and this translated into a much higher absolute number of WGS
clusters that had a confirmed or probable source identified (n = 44) than was true for
PFGE (n = 23). The benefit of WGS in solving additional outbreaks was seen mostly with
clusters of less than five cases.
Xiang et al., | Outbreak with multidrug resistant | Conventional Illumina MiSeq | WGS indicated that these outbreak strains carried a large number of virulence genes,
2020 Salmonella  enterica  serovar | method (PFGE), including 2 types of Salmonella pathogenicity islands (SPI-1 and SPI-2) and many
Typhimurium — 11 people -China | WGS adhesion-related virulence genes.
Hoffmannetal., | S. Agona, multistate outbreak in | PFGE, WGS Single Numerous clonal strains, a particularly common phenomenon within Salmonella,

2020

the US

Molecule, Real-

Time  (SMRT)

confound epidemiological investigations because PFGE and other traditional molecular
typing tools cannot separate these clonally related strains.
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sequencing Using WGS, all of the S. Agona strains associated with the 1998 and 2008 outbreaks

technology could be traced to the same cereal facility in the United States and the analyses of
genomic data suggests that the same strain from 1998 was responsible for the 2008
outbreak and it was able to survive in the facility. This highlights the persistence of
Salmonella and that it can survive in dry food production environments for years.

Pijnacker et al., | International outbreak, Europe MLVA, WGS, | various WGS- | Usefulness and efficiency of coordinated data collection during international
2019 838 confirmed + 371 probable | (PFGE), other | based methods | outbreaks. The rapid exchange of information between public health authorities and
cases, S. Enteritidis typing methods the traceability information shared through RASFF were essential in finding the vehicle

of infection and in coordinating risk management. Routine use of WGS in salmonella
surveillance and outbreak response promises to identify and stop outbreaks in the

future.
Ungetal., 2019 | S. Dublin, raw milk cheese, France | WGS, MLST, | Hlumina The use of MLVA and WGS subtyping methods allowed the identification of different
MLVA NextSeq 500 clusters and of the potential vehicles of infection, high- lighting the importance of

adequate subtyping methods during Salmonella outbreaks and the relevance of
company internal microbiological monitoring system. As a result, WGS has now been
routinely implemented at the French NRC and findings of this multi-disciplinary
investigation led to a reinforced control plan for processing plants of raw-milk cheeses
to prevent future outbreaks.

Jones et al., | S.Poona, infant formula, France MLST, WGS Illumina Demonstrate the importance of WGS in identifying recurrent outbreaks. Early

2019 NextSeq 500 detection of S. Poona isolates alerted Santé publique France to a potential outbreak,
which resulted in an immediate investigation of subsequent cases and rapid
implementation of control measures, with a recall of the suspected product 6 days after
out- break detection. This outbreak illustrates the sensitivity of the French Salmonella
surveillance system, which is based on routine WGS of human isolates

Séderlund et | S. Typhimurium, Sweden MLVA, WGS Illumina MiSeq | Genetically homogenous group of strains, as indicated by the MLVA analysis, but there

al., 2019 was substantial variation between outbreak isolates on the whole-genome SNP level.
Typing methodologies like MLVA and whole genome sequencing have facilitated data
exchange between veterinarian and public health sectors, as well as the discovery of
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Cibin et al.,
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Fordetal., 2019

Oakeson et al.,
2018

Saltykova et al.,
2018

Gymoese et al.,
2017
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discrete lineages of pathogens, thereby improving the capacity to trace zoonotic spread
of bacteria.

Lessons learned (other points in the study)

Share all types of information (i.e. from official and unofficial sampling as well as typing
results) available on the suspected food through the appropriate channel/system.
Only SNP-phylogeny based on WGS allowed to discriminate between the 2 outbreaks
(differences in SNPs of 54 to 84). High number of SNPs within each outbreak cluster
(31-43 or 19-56). Mutation rate higher in S. enterica serovar Stanleyville than other
serovars?

While MLVA and epidemiological investigations first identified the seven outbreaks and
initiated investigations, WGS was able to provide significantly more discriminatory
detail to show that outbreaks across jurisdictions were related.

The results of WGS and subsequent bioinformatics analysis correlate well with the PFGE
and epidemiological outbreak investigation results. The concordance of these results
indicates that WGS and the analysis applied to this outbreak were able to correctly
resolve the relatedness of all of the isolates analyzed, with greater resolution than
PFGE.

While MLVA and epidemiological investigation have previously identify the outbreak,
three tested workflow used to analyse WGS data showed a 100% epidemiologic
concordance and high discriminative power. However, However, the workflows
differed strongly with respect to the SNP distances between isolates and sensitivity
towards sequencing. Results presented in this study illustrate the importance of using
correct data analysis strategies and to define benchmark and fine-tune parameters
applied within routine data analysis pipelines to obtain optimal results. (see other
points of the study)

SNP analysis is a suitable typing method in relation to surveillance of Salmonella
Typhimurium, with the possible exception of some lineages of the monophasic
variants.
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Evolution and emergence of S. Typhimurium DT160 within New Zealand. The results
suggest that DT160 was introduced into New Zealand on a single occasion before
propagating throughout the country and becoming more genetically diverse over time.
In addition DT160 isolates collected from human, poultry, bovine and wild bird sources
were highly similar, indicating a large number of transmission episodes between these
host groups.

EnteroBase cgMLST (0 to 6 loci difference maximum within the outbreak). The rest of
the strain 15 to 32 loci difference. SNP analysis to disclose higher resolution within
outbreak strains. Outbreak strains within 5 SNPs. Other unrelated strains differ by 23
and 49 base variations. One strains with 6SNPs difference was included in the outbreak
in absence of any epidemiological metadata.

Retrospective WGS analysis, outbreak was caused by cross contamination from raw
chicken,

Use of whole genome sequencing (WGS) to link isolates and the role of the drains in
continued pathogen transmission. Many of the isolates sampled from drains belonged
to one of several genetic sub-lineages which had evolved from the main outbreak
lineage. Several Salmonella isolates sampled from the drains also matched the main
outbreak sequence supporting the hypothesis that the drains were potentially an
important reservoir.

The use of routine WGS strengthened the epidemiological evidence of a point-source
outbreak enabling rapid implementation of control measures.

Lack of accuracy for MLVA and inadequate resolution power for PFGE to be reliably
used for clone tracking. The study provided evidence for the remarkable prevention
potential of whole genome sequencing used as a routine tool in systems that integrate
human, food and animal surveillance.

While the suspected salami was confirmed as the vehicle of infection, similarly to
previous reports, the origin of the contamination upstream from the salami-processing
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facility was not demonstrated. The responsibility of the facility suppliers, initially
suspected based on PFGE and MLVA, was not confirmed by WGS. An alternative
possible cause of the outbreak could have been persistent contamination inside the
facility. The hypothesis of persistence is consistent with the sporadic isolation of the
outbreak clone inside the facility before and during the outbreak.

Investigation of large-scale, long-lasting, cross-border outbreaks calls for highly
discriminatory techniques such as WGS to allow distinct and unambiguous assignment
and classification of isolates.

Retro-inclusion of cases in a unique outbreak. 5 SNP level are considered closely
related. The closest isolate to the outbreak strain was a distance of 36 SNPs. Isolates
from humans and the source retrieved in a mouse given as reptile feed.

The WGS analysis confirmed the link between food and human isolates for each of the
outbreaks and clearly discriminated between the two outbreaks occurring in a same
time period, thereby suggesting a non-common source of contamination. Also, an
additional plasmid carrying an antibiotic resistance gene was discovered in the human
isolate with the variant phage type PT4a.
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Human pathogenic Yersinia

The genus Yersinia include two species associated to foodborne diseases : Y. enterocolitica and Y. pseu
dotuberculosis. The species Y. enterocolitica is divided in 6 biotypes, namely 1A, 1B, 2, 3, 4 and 5. With
the exception of Y. enterocolitica biotype 1A, are all other Y. enterocolitica biotypes and Y.
pseudotuberculosis pathogenic for humans. Y. enterocolitica biotype 4, serotype O3 is the most
common Y. enterocolitica bio/serotype found in human vyersiniosis cases, also in Belgium. Y.
pseudotuberculosis cases are rather sporadic in Belgium. Y. enterocolitica biotype 4, serotype 03 is also
the dominant type found in pigs. Those animals are considered the major reservoir of this pathogen
for human infections.

In order to link human and food/animal isolates genetic characterization is necessary. Available data
indicate that within the human pathogenic Y. enterocolitica biotypes strains are rather clonal, making
differentiation of strains difficult using traditional genetic typing methods. Commonly used typing
methods are pulsed-field gel electrophoresis (PFGE) and MLVA. WGS could therefore be useful to
detect a greater variation between the strains. Currently only a selection of human Yersinia strains are
sequenced which implies that the benefits of using WGS has not been yet intensively reported.

Table 9: list of examples of application and outcome of WGS analysis on outbreak investigation of human

pathogenic Yersinia

Reference Outbreak, source, Methods WGS Outcome on the use of WGS
country (ies) platform method
Inns et al., 2018 | Investigation of one | Culture, Illumina The cases were clustered in time,
cluster in Liverpool, | MALDI-TOF, | HiSeq 2500 person and place. It was then
6 cases WGS possible to combine this
(Y. enterocolitica) epidemiological information with
the WGS results, which indicated
that these cases were not from the
same source.
Castro et al., | Raw milk, Finland, | PFGE, lllumina WGS allowed to highlight multiple
2019 55 cases, Y. | MALDI-TOF, | MiSeq mutations between the “outbreak”
pseudotuberculosis | WGS strain and other farm isolates. The
involved genes were related in
survival and persistence of the strain
in the environment.
Williamson et | 220 cases, Y. | MLST, WGS | Illumina Combination of WGS and clinical
al., 2016 pseudotuberculosis, NextSeq epidemiological evidence strongly
New Zealand, food supported the hypothesis of a single
chain, (carrot?) point-source outbreak, with an as-
yet unidentified host reservoir.
Espenhain et al., | V. enterocolitica, | WGS ? This cross-border outbreak would

2019 Sweden and
Denmark, cross
border  outbreak,
fresh spinach

not have been identified without
good communication lines between
Sweden and Denmark, access to
WGS and early sharing of sequence
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and epidemiological information.
The close cross-border collaboration
with representatives from both the
human and food authorities helped
direct resources and investigations
so that the identification of the likely
source was possible.

Concluding remarks

e WAGS for source tracing and outbreak investigation relies on the comparison of WGS of clinical
and agrofood related strains. Number of allelic differences to define outbreak and non-
outbreak strains are suggested. However, to be reliable the use of WGS must be combined
with epidemiological data and/or traditional phylogeny.

e WGS for L. monocytogenes is particularly useful for source tracing.

e The number of studies employing WGS for STEC analysis is yet limited to provide a strong
comparison with traditional methods for subtyping and the unique use of WGS for outbreak
investigation. Number of alleles difference between outbreak and non-outbreak STEC cases is
not defined.

e WGS of Salmonella for outbreak investigation is gradually replacing traditional methods for
subtyping as WGS provides higher resolution, which is needed because e.g. some serovars are
highly clonal. However, due to the high number of serovars present within the S. enterica
species, establishment of a consensus pipeline is challenging.

e Human pathogenic Y. enterocolitica biotypes strains are rather clonal, making differentiation
of strains difficult using traditional genetic typing methods. WGS could therefore be useful to
detect a greater variation between the strains. Currently only a selection of human Yersinia
strains are sequenced.

e Overall, application of WGS analysis in the context of outbreak investigation provides a great
discrimination of isolates at the genetic level but the success of its use will be related to the
achievement of minimal quality requirements for data between institutes and the
harmonization of pipelines for analysis. A threshold of allelic differences between outbreak
isolates are suggested but with critical appraisal considering the possibility of genomic
rearrangements and consideration of metadata.
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1.5. Possibilities of WGS for bacterial risk assessment in general

Bacterial risk assessment — in a context of food safety — is a structured science-based process to

determine the health risk associated with a specific bacterial hazard in food. Bacterial risk assessment

consists of four steps: hazard identification, hazard characterization, exposure assessment and risk

characterization, and as part of the risk analysis, it has the overall objective to minimise foodborne
risks to the consumers (FAO/WHO, 2007, EFSA®) .

Use of WGS in risk assessment (Collineau et al., 2019):

hazard identification: As WGS provides us with the complete DNA content of a microorganism,
all necessary info is present to describe a bacterial strain at the highest genetic detail, not only
with information at the level of the chromosomal genes (e.g. housekeeping genes or genes that
might be of relevance from a food safety perspective), but also on non-coding regions and
episomal DNA if present. Thanks to this high resolution, WGS can be used to describe in detail
the hazardous profile of the micro-organism. This can include for example the antimicrobial
resistance profile (e.g. AMR gene(s) and genetic background), presence of pathogenicity and
virulence determinants, and growth and survival properties along the farm-to-fork continuum.

. hazard characterization: WGS can help defining the array of adverse health effects or clinical

outcomes to be expected from infection with a specific strain, for example dose-response
relation, or relation with population and environment.

exposure assessment: the high discriminatory power of WGS allows to distinguish isolates of
the same species, contributing to an estimation of the probability and magnitude of exposure
to a given pathogenic micro-organism.

. risk characterization: technological properties of WGS allow a remarkable refinement of the

risk assessment process. Contrary to a more taxonomy-based methodology, in which all strains
from a particular taxonomic unit are considered as being equally able to cause disease, WGS
offers the opportunity to narrow down or stratify the risk assessment to certain strains. WGS
could also contribute to a prediction of the phenotypic behaviour under certain conditions. Yet,
this requires the necessary Genome Wide Association studies to define markers/indicators
predicting phenotypes related to pathogenicity, growth and survival of foodborne pathogens
(EFSA, 2019). This will require thorough scientific investigation as the presence of a gene or
genetic marker does not necessarily mean it will be expressed or functional. Hence again this
stresses the importance of the ‘genetic context’, information that can be provided more easily
with WGS.

Example 1: The case of members of the B. cereus group

1. Because of their spores, they are ubiquitous and present in almost every environment and therefore

it is impossible to eliminate them.

° https://www.efsa.europa.eu/en/interactive-pages/riskassessment/RiskAssessment, accessed Jan. 12, 2021
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2. The group includes both serious pathogens (e.g. B. anthracis and related strains, certain emetic or
diarrheoic of B. cereus or Bacillus cytotoxicus) and "friendly" members such as the biopesticide B.
thuringiensis or strains used in the biocontrol of plant pathogens and/or as plant growth promoters.

3. The challenge is to discriminate (especially in routine labs) the different species and/or strains.

4. WGS can certainly help in the following aspects:

- Discriminate/identify the true pathogens (B. anthracis and alike or emetic B. cereus and B.

weihenstephanensis strains) among the B. cereus sensu lato strains;

- Identify the virulence factors (or combination of) actually involved in the diarrhoeal syndrome

by providing an exhaustive genome database of strains implicated in foodborne cases or
outbreaks;

- Eventually, establish a detailed repertoire of genes associated with both the emetic and

diarrheoic syndrome, for quick, easy and reliable identification of potentially pathogenic
strains.

5. Due to their ubiquitous presence in the environment, it is important to consider the possibility of a

multi-strain or multi-species outbreak. The interpretation of WGS data can be challenging, especially

in the cases where strains of multiple closely related species or subtypes appear to be associated with

an outbreak.

Example 2: The case of L. monocytogenes

1. From afood regulatory perspective, all L. monocytogenes isolates are considered equally virulent.

Yet, certain serotypes and clonal complexes (based on MLST) are more commonly attributed to

human clinical listeriosis cases and others to food (Orsi et al., 2011).

2. Different strains of L. monocytogenes have shown to possess important variations with respect to

virulence - some strains exhibiting even hypervirulence properties, posing an even higher threat

to public health -, growth, survival and inactivation properties and environmental stress resistance

(Maury et al., 2016). This heterogeneity can be reflected in the pathogen’s behaviour upon

exposure to the various conditions along the food chain. Neglecting this variance impacts the

accuracy of risk assessment.

3. WGS can certainly help in the following aspects:

High resolution info obtained via WGS can help to refine the link between the genotype of a L.
monocytogenes strain and its phenotypic properties such as pathogenicity, virulence and
stress resistance, contributing to a more precise hazard identification and characterization.
Several studies confirmed the added value of WGS compared to other molecular typing tools
such as PFGE, MLVA or MLST that cannot for example distinguish hypervirulent isolates.

WGS can provide detailed information on where strains are introduced (e.g. via the food
processing environment or through raw ingredients) to arrive into the final food product.
Genomic information can allow to predict more accurately the response of L. monocytogenes
in its food ecosystem at the strain level, such as properties that confer advantages to survive
stress conditions (Hurley et al., 2019) or how the virulence profile can be impacted by
parameters such as T, pH and osmotic stress, or fat content of a commodity.
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Concluding remarks:

e Thanks to its high resolution, WGS can be used to describe in detail the presence of genetic
markers defining pathogenicity, growth and survival properties. With this, WGS has the
potential to narrow down the risk assessment process and regulatory consequences to certain
strains belonging to the same species.

e The opportunities of WGS for future risk assessment is illustrated by two examples:

o For the B. cereus group, WGS, using genetic markers, would have the potential to
discriminate pathogenic strains (those involved in diarrhoeal and/or emetic syndrome)
from non-pathogenic ones.

o For L. monocytogenes, WGS would have the potential to link certain strains containing
certain genetic markers to properties as pathogenicity, virulence, stress resistance and
to predict how virulence can be impacted for a subset of strains by food parameters
such as temperature, pH, osmotic stress or fat content.

1.6. Inter-operationality of data generation and various data systems

Introduction

During the past decade national reference laboratories (NRL) for the primary and food sector and the
national reference centers (NRC) for public health have built collaborating networks to exchange typing
data. This exchange was possible since the laboratories performed the same internationally
standardized conventional methods (e.g. PFGE, MLVA). A periodic investigation of the data gathered
by both sides allowed the identification of relationships between pathogenic strains. Clusters of human
cases could trigger an outbreak investigation where the interview of the cases led to a selective
sampling of the potential food source. The conventional typing methods were then used to link the
food or environmental isolates to the human cluster. This model was fully based on epidemiological
data. With the introduction of much higher resolution WGS, the detection of a cluster including both
human isolates and food or environmental isolates could trigger an outbreak investigation and thereby
steering the epidemiological investigation, reversing the former model (Timme et al., 2019).

National level

While the introduction of WGS has proven added value over conventional methods, the
implementation in routine surveillance and monitoring applications has not occurred in Belgium in a
harmonized manner. Specific laboratories have introduced the technique, while others were unable.
Since this new type of data is most often not comparable with the conventional methods, the former
(international) data exchange within networks has been hampered or disrupted.

Currently, WGS in the primary and food sector is actually limited and mainly restricted to the NRL
laboratories because of budgetary reasons and lack of WGS capacity (e.g. instruments, bioinformatics,
trained personnel and data storage). Due to the lack of resources and capacity the conventional
methods are still employed as a screening tool to determine a subset of strains of interest for WGS
analyses. Only strains isolated within the official control programs, as organized by the FASFC, and the
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autocontrol program for Salmonella in poultry are analyzed by the conventional non-WGS screening
tools. The other pathogens isolated along the entire food chain are not mandatory send to a NRL for
further characterization and storage.

The current collection of WGS data at the NRL laboratories has already proven its usefulness in the
source tracking during foodborne outbreak investigation and thereby improving food safety and public
health. Already in 2014, a Salmonella Enteritidis outbreak with both human and food isolates that were
indistinguishable using the conventional methods could be identified as two separate outbreaks based
on WGS analyses (Wuyts et al., 2015). However, due to the very selective and targeted approach in
the use of WGS in Belgium, the technique is at the moment mostly used as a high-resolution method
for outbreak confirmation, rather than outbreak detection.

At the moment of writing most WGS data are stored in a local database of the respective laboratories.
Since no centralized WGS database exists in Belgium, only specific data are exchanged between
laboratories in the frame of specific investigations.

International Level
Global

The scientific community realized from early on that specific gaps would hamper the widespread
adoption of WGS. The communication and multi-jurisdictional sharing of the WGS data was one of the
first issues to tackle. To this purpose a multi-sector collaboration was established, namely the Global
Microbial Identifier (GMI) consortium. This consortium aims to develop a global interoperable platform
with standardized databases, typing schemes and bioinformatics analysis tools, to create a global
network to solve political challenges, to provide storage for sequence and metadata and to participate
in method validation and proficiency assurance (Taboada et al., 2017; Global Microbial Identifier).

Several public databases are available for nucleotide sequences, the three best-known and most-used
are the National centre for biotechnology Information (NCBI) GenBank, the European Nucleotide
archive (ENA) and the DNA Data Bank of Japan (DDBJ). In 2005 all three agreed to an International
Nucleotide Sequence Database Collaboration which resulted in a daily synchronization of the three
databases. Countries like the United States and the United Kingdom share all their WGS data obtained
in their surveillance program as “open data” allowing for a truly open global pathogen surveillance. As
more and more laboratories participate in this concept, it is important that only material which meets
quality control parameters for both the metadata and the underlying sequence data is uploaded
(Timme et al., 2020).

Other public databases are available, build to satisfy specific needs. One such a database is Enterobase,
which contains an extended public collection of specific pathogens, namely Salmonella,
Escherichia/Shigella, Clostridioides, Vibrio, Yersinia, Helicobacter and Moraxella, and a set of
bioinformatics tools that can be used by microbiologists with limited bioinformatic skills (Zhou et al.,
2020). A number of commercial systems are available, such as Ridom SeqSphere+ (Ridom GmbH,
Minster, Germany) and BioNumerics (Applied Maths, Sint-Martens-Latem, Belgium), which combine
private and open-source analysis pipelines and databases. The focus of all these applications is the
user-friendly approach to WGS analyses to facilitate the end user in the introduction of these analyses
in surveillance and outbreak investigation (Taboada et al., 2017).
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In 2012, the US Food and Drug Administration (FDA) started a WGS database called GenomeTrakr,
originally for historical food and environmental isolates of Salmonella. But the database was extended
to L. monocytogenes, pathogenic E. coli/Shigella, Campylobacter jejuni, Vibrio parahaemolyticus, and
Cronobacter isolated from food produced in the US and abroad. The collection has grown by both
national and international contributors. The centralized data are constantly monitored for cluster
detection, especially clusters including food and environmental isolates, thereby greatly increasing the
importance of these types of isolates. In an effort to include even more of these isolates the database
was transformed to an open, public database, by submitting in real time all sequence data of sufficient
quality and a minimum of accompanying metadata to a short-read archive (SRA) at NCBI. These
sequences have all undergone a quality check and WGS-analyses via a highly standardized pipeline.
Furthermore, all sequences are subjected to a daily cluster analyses by NCBI and made public. These
clusters are reviewed by the FDA and depending on the nature of the cluster, appropriate stakeholders
are contacted for follow-up (Timme et al., 2019). This clearly demonstrates the advantage of setting
up interoperable systems that allow communication between the main three public database and data
in other databases, such as BioNumerics (Applied Maths, Sint-Martens-Latem, Belgium) or Enterobase
(Timme et al., 2020). In order to further increase the effectiveness of the GenomeTrakr database, the
FDA has launched a user-friendly bioinformatics platform, GalaxyTrakr, to encourage smaller
laboratories to use WGS data (Gangiredla et al., 2021).

Within Europe

In the aftermath of the EHEC crisis of 2011 in Germany, the importance of taking foodborne outbreak
investigation across national borders has become clear. The European Commission has therefore
tasked EFSA and ECDC to establish a joint database for molecular (non-WGS) typing data of Salmonella
Typhimurium, Salmonella Enteritidis, L. monocytogenes and Shiga toxin-producing E. coli of human and
non-human origin. This database should improve crisis preparedness and management within the
European Union and was ready to be tested by the member states at the end of 2015. Belgium was
amongst the first member states to sign the collaboration agreement and share data from official
control programs.

By the time or before the time the database became operational the importance of WGS in both public
health and food safety laboratories had increased drastically. While WGS data can be communicated
between public health laboratories using the ECDC database Tessy, no such database exists yet for
food isolates. Currently these data are communicated at an “ad hoc” basis via the European Reference
Laboratory (EURL) networks or via ECDC’s Epidemic Intelligence Information System on Food- and
Waterborne Diseases and Zoonoses (EPIS-FWD) network. While both platforms are highly efficient,
only a few people per country have access and all on a voluntary basis only. Moreover, they are
hindered because the WGS data are analyzed and stored locally by the member states and not in one
central database. As a consequence, the source of a multi-country outbreak linked to L monocytogenes
ST6 in 2017 took up to three months to be identified.

Therefore, the European Commission recognized the need to develop a jointed ECDC—EFSA database
for WGS data, an evolution essential to ensure the integrated analysis of typing data from foodborne
pathogens across different countries and sectors (CDC, EFSA, 2019). In 2022 this new database should
be operational, allowing the member states to submit data to either EFSA’s WGS database or ECDC’s
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Tessy. In 2022, both databases are planned to be able to communicate and available to query the data
(1SS, 2020).

Some major challenges are being tackled, such as the standardization of WGS analyses, working out
procedures, communication of results, protecting data and ownership of data. Moreover, the
laboratories of the member states require sufficient WGS capacity and expertise in order to
successfully contribute to the database. Therefore, the EURLs are tasked to organize annual workshops
and proficiency tests on WGS for the NRLs. Furthermore, the different NRLs will have to share in
addition the required metadata to be able to reach any conclusion during a cluster investigation. To
this purpose a new collaboration agreement will be drafted for all member states to sign (ISS, 2020).

The joint database for molecular typing data was based on the commercial software of BioNumerics,
since this platform integrated all the required functionalities. While several platforms exist to collect
and analyse WGS data, (Table 4) no single platform met all the main requirements. Therefore EFSA is
currently developing a “One Health” WGS system that allows data providers (designated by the
national competent authorities) to upload, analyse and store both WGS data and metadata. This
system will be able to communicate with the already existing ECDC “One Health” WGS system Tessy
(Fig. 5). These two interoperating systems will query data and perform comparisons on the stored data.
The EFSA data provider will be able to search the EFSA “One Health” WGS system for similar strains
and submit a request via the EFSA system to search for similar human strains in the ECDC “One Health”
WGS system. The data providers will be under no obligation to share their data, it will depend on their
good will to fill the database. Since the effectiveness of this joined WGS database is dependent up on
collaboration of all member states, data ownership rights has been defined to encourage the sharing
of data. All data providers will remain the owner of the submitted data and can withdraw the data
from the database. Several platforms exist to collect and analyse WGS data, and has been investigated
by EFSA and ECDC (Table 4).
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Figure 5: Graphical summary of the future set-up of the joined EFSA ECDC WGS database as currently
presented to the member states.
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Concluding Remarks

e Collaborating networks to exchange conventional typing data between primary, food and
public health sectors has been disrupted with the introduction of WGS since specific
laboratories have introduced the technique, while others were unable. Given that in most
cases, WGS data is not comparable with data from the conventional methods.

e Due to the very selective and targeted approach in the use of WGS in Belgium, the technique
is at the moment mostly used as a high-resolution method for outbreak confirmation, rather
than for outbreak detection.

e Since no centralized WGS database for agrofood isolates exists in Belgium, WGS data are
stored in local databases, only used for specific data exchange between laboratories in the
frame of specific investigations. Currently, in the frame of outbreak investigation European
WGS data are communicated via the European Reference Laboratory (EURL) networks or via
ECDC’s Epidemic Intelligence Information System on Food- and Waterborne Diseases and
Zoonoses (EPIS-FWD) network. In 2021 a new jointed ECDC-EFSA database for typing data,
focusing on WGS, should be operational, allowing the member states to submit data to either
EFSA’s WGS database (for agrofood related strains) or ECDC’s Tessy (for human clinical strains).

e Globally, several public databases are available for nucleotide sequences, such as the National
center for biotechnology Information (NCBI) GenBank, the European Nucleotide archive (ENA)
and the DNA Data Bank of Japan (DDBJ). It is important that only material which meets quality
control parameters for both the metadata and the underlying sequence data is uploaded.

e Other public (e.g. Enterobase) and private (Ridom SeqSphere+, BioNumerics) database are
available to facilitate the end user in the introduction and use of WGS analyses.

e In the US both public health (CDC’s PulseNet) and primary and food (FDA’s GenomeTrakr)
sectors have already made the transition to WGS surveillance, setting up inter-operable
systems between agencies and with publicly accessible databases.

1.7. Persistence of pathogens in food producing environments

Food products can be contaminated by pathogenic bacteria due to the intake of contaminated food
ingredients or due to contamination from the food producing environment. Intake of food
contaminated ingredients in the food production unit may lead to contaminated food end products if
the further food processes would not be able to kill or remove the pathogen. This kind of
contamination has to be managed by controlling the intake of the ingredients. In contrary, the
contamination of food products from the food producing environment is under the control of the food
business operator and can be in many cases the origin of a recurrent contamination. This recurrent
contamination may occur if the pathogen is persistent in the food production environment and if it is
able to contaminate the food product on a regular basis. The strains responsible for these recurrent
contaminations are called persistent strains and the process is called persistence.

As the linking between human and food isolates through WGS gains importance, food business
operators will experience pressure to eliminate persistent strains in the production environment.
Therefore, it is especially important that they achieve to discriminate persistent and non-persistent
strains and, if persistent strains are identified, consequently achieve to eliminate them from the
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environment. Eliminating persistent strains is challenging for food business operators and includes

extensive environmental testing to find the source of these persistent strains combined with

eradicating and mitigation actions (Malley et al., 2014).

This is illustrated by different examples; mostly on L. monocytogenes, well known for its possibility to
persist in the processing environments.

Examples of studies using WGS molecular typing methods to study pathogen persistence in food

industry and linking some of them to an outbreak:

In Austria an outbreak of L. monocytogenes was discovered with a total of seven human clinical
isolates from 2015 till 2017; the strain characterised by WGS (cgMLST) as CT 1234 (Pietzka et
al., 2019). The strain matched with 83 food/environmental isolates from one meat processing
company; one isolate originated from the company’s industrial slicer. The company eliminated
this persistent strain from the food processing environment by intensified environmental
disinfection, installation of a new slicer and continuous investigation of environmental swabs.

In frozen vegetables derived from the same processing plant the same L. monocytogenes strain
was isolated in three successive years (2016-2018) as was defined by WGS (EFSA and ECDC,
2018). This strain caused 47 defined human clinical cases including 9 deaths spread over
different EU countries and from 2015-2018. This persistent strain was isolated in 2018 also
from the food processing environment after thorough investigation.

Fagerlund et al. (2020) also used WGS to study diversity and transmission of L. monocytogenes
ST9 isolates in the meat processing industry in Norway. Persistence of clones in high-risk zones
was found during a 4- to 6-year period and even over a 9-year period within the same
production room. The WGS analyses did not only estimate the persistence of strains but also
successfully distinguished between different contamination scenarios both between and
within factories.

Using WGS and MLST, Stoller et al. (2019) showed that several clonal populations persisted in
a Swiss meat processing facility for at least four years.

The Irish research group of Hurley et al. (2019) also used WGS to study not only the persistence
but also sources and routes, persistence characteristics and virulence of L. monocytogenes
from food processing environments (meat and vegetables) collected over a four-year period.

Examples of studies using non-WGS molecular typing methods to study pathogen persistence in food

industry:

Using PFGE, Demaitre et al. (2020) found in a Belgian beef slaughterhouse a persistent carcass
contamination with L. monocytogenes originating from the slaughterhouse environment.

A study by Peccio et al. (2003), using PFGE indicated environmental persistence of L.
monocytogenes in an ltalian cattle slaughterhouse during 16 months.

In a Spanish study of D’Arrigo et al. (2020) the persistence of L. monocytogenes was studied in
ten dry-cured ham processing facilities using serotyping and PFGE. Potential persistent strains
were isolated in 9 out of 10 facilities. Two pulsotypes were detected in different processing
facilities, both before and after cleaning and disinfection.

©@®

SciCom 82/93



AVIS 18-2021 Whole Genome Sequencing

e Autio et al. (2002) characterized with PFGE the L. monocytogenes strains isolated from
different food products from Finland, Belgium, Denmark, Estonia, France, Hungary, Norway,
Poland and Spain. Results showed some recurrent pulsotypes recovered from the same
product type of the same producer, suggesting a possible persistence of these strains in the
processing plant.

e PFGE was also used by Castro et al. (2018) to study the occurrence, persistence and
contamination routes of L. monocytogenes on Finnish dairy cattle farms. The prevalence of
persistent predominant genotypes varied between farms by 4 to 16%.

e Lundén et al. (2003) found persistent and nonpersistent L. monocytogenes contamination in
meat and poultry processing plants using PFGE. Processing machines were frequently
contaminated with persistent L. monocytogenes PFGE types, indicating the role of the
processing machines in sustaining the contamination.

e In a 3-year surveillance of an Iberian pork-processing plant also persistent L. monocytogenes
was found using PFGE and accounted even for 73% of the isolates (Ortiz et al. 2010).

e Also, Prencipe et al. (2012) also found recurrent PFGE pulsotypes of L. monocytogenes during
Parma ham processing and indicated the processing environment as main source of L.
monocytogenes contaminations in Parma ham processing.

e Lundén et al. (2002) compared L. monocytogenes isolates collected over a period of 3 years
from a dicing machine using PFGE. Over this period an identical PFGE type was observed from
the machine and the diced meat product. During this period the machine was transferred twice
to another meat plant.

e In the frame of an outbreak of L. monocytogenes serotype 3a in Finland during the period
1998-1999 butter was found to be the source of infection (Lyytikdinen et al., 2000). Isolates
from patients, packages of butter and packing machines belonged to the same PFGE pulsotype.
Already in 1997, a L. monocytogenes strain belonging to the same pulsotype was isolated from
butter of this dairy company.

e The carcass splitter in a pig slaughterhouse was identified as the source of a Salmonella Ohio
outbreak by comparing human and slaughterhouse isolates using PFGE (Bertrand et al., 2010).
Notwithstanding the daily cleaning and disinfection of the machine, the Salmonella Ohio strain
was detected from the machine on different sampling occasions during three months. The
strain could finally be removed by heat treatment of the machine by a specialized company.

For the identification of persistent strains the food business operator can apply different typing
methods and would not necessarily rely on WGS. Several examples with non-WGS molecular typing
methods (see above) support this conclusion. These non-WGS molecular typing methods have still
some advantages to be used over WGS as a lot of them still are cheaper and the results can be obtained
quicker. Using WGS instead of non-WGS molecular typing methods has the advantage that potential
human cases related to the persistent strain can be retrieved from consulted (inter)national databases,
informing the food business operator (FBO) on the severity of the situation.
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Identification of persistent strains in the food processing environment offers the FBO operators the
opportunity to clean the food processing environment and eliminate these strains, leading to less
recalls, food loss and negative publicity.

Concluding remarks

e Recurrent contamination of a food product may occur if a pathogen is persistent in the food
production environment.

e WGS methodology is especially competent in discovering food contaminations with persistent
strains due to its competence to link strains over time and over large geographical regions.

e To eliminate persistent strains in the production environment, food business operators need
a performant sampling plan for processing environmental monitoring, a methodology to
detect and identify persistent strains and a strategy to eliminate them from the food
processing environment.
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