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A B S T R A C T

Background: Various molecular typing methods are used for the surveillance of foodborne pathogens and out-
break investigations, differing widely in information content and discriminatory power. Presently, not least
because of the rapid technological development, the focus is shifting to whole genome sequencing (WGS) as an
analytical tool. As a result of globalisation of food trade, a comprehensive understanding of the association
between the occurrence of human infections and causative pathogens has to be established to monitor and to
prevent their spread. In this respect, the accuracy of WGS clearly supersedes that of previous tools.
Scope and approach: Our review describes the status quo of WGS in surveillance and outbreak investigations of
foodborne pathogens through the example of Listeria monocytogenes. It highlights the value of WGS in trace-back
of infections to food sources and provides an overview of methods used for data generation (wet lab) and
analysis (dry lab). Altogether, progress but also challenges in the worldwide practical application of WGS for
bacterial typing are described.
Key findings and conclusions: The current status of WGS differs widely between countries and even laboratory
sites. A consensus has to be found concerning methods, quality measures, thresholds for data generation and
analysis as well as rules for data sharing. International harmonisation is going to be indispensable on the way to
data exchangeability which will finally support global control of foodborne pathogens.

1. Introduction

The gram positive bacterium Listeria monocytogenes (L. mono-
cytogenes) is the causative agent of the infectious disease listeriosis in
humans. Although it is widely distributed in the environment, trans-
mission of L. monocytogenes to humans mainly occurs via consumption
of contaminated food, especially pre-packaged ready-to-eat products.
Its ability to form biofilms paired with its resilience to salt, low tem-
peratures and acidic environments enables survival or growth even in
preserved and chilled food products rendering L. monocytogenes a ser-
ious foodborne pathogen (Swaminathan & Gerner-Smidt, 2007).

In 2015, a total of 2,206 human listeriosis cases were reported in the
EU, corresponding to an incidence rate of 0.46 per 100,000 population
(EFSA & ECDC, 2016). In spite of the low incidence of listeriosis, hos-
pitalisation rates above 90% and mortalities of 20–30% make the dis-
ease a serious public health concern. Infection of otherwise healthy
adults is rare, mostly leading to non-invasive, mild listeriosis (febrile

gastroenteritis) or even absence of symptoms (Aureli et al., 2000).
However, cases may accumulate in risk groups, including elderly,
pregnant or immunocompromised patients. Then listeriosis can be an
invasive disease associated with septicaemia or focal complications
such as encephalitis and meningitis (Vázquez-Boland et al., 2001).

Globalisation of food trade, changing consumption habits towards
highly processed foods and demographic changes with increase of
susceptible populations have augmented risk of foodborne illnesses
(Wang et al., 2016). As a result from the high case fatality rate, lister-
iosis is a notifiable disease in the vast majority of EU member states and
associated countries. Occurrence of disease can either be sporadic or
outbreak-related. Since foodborne outbreaks are of public health re-
levance and also cause tremendous economic losses e.g. due to product
recall, internationally cross-linked surveillance of L. monocytogenes in
humans and food is of crucial importance to identify clusters, trace the
sources of infections and control outbreaks.

In order to identify epidemiologically linked isolates and thus be
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able to determine outbreak strains, differentiation of L. monocytogenes
beyond the species level is indispensable. Consequently, several mole-
cular typing methods have been established that are able to char-
acterise, discriminate and index subtypes of microorganisms (ECDC,
2013). The first subtyping method applied to L. monocytogenes was
serotyping (Seeliger & Höhne, 1979). Allocation to serotypes is still the
initial step to roughly classify L. monocytogenes strains, although
nowadays implemented by identification of serotype-specific genes
through multiplex PCR assay rather than by agglutination (Doumith,
Buchrieser, Glaser, Jacquet, & Martin, 2004). In the meantime, a great
variety of typing methods have been developed, differing widely ac-
cording to their discriminatory power, reproducibility, hands-on time
and cost. In general, two different typing approaches exist, based either
on phenotypic or on genotypic characteristics. Typing and identifica-
tion methods based on the phenotype include e.g. classical serotyping
with antisera, phage typing, multi-locus enzyme electrophoresis or es-
terase typing. A major weakness of these phenotypic methods is that
some captured properties may vary in response to external stress or in
dependence of the bacterial growth phase (Liu, 2006). To overcome
these difficulties, several DNA-based methods have been established
(Brosch, Buchrieser, & Rocourt, 1991). These genotypic methods aim to
investigate DNA fragment length polymorphisms of restriction frag-
ments (e.g. by ribotyping, pulsed-field gel electrophoresis), amplified
DNA fragments (e.g. by random amplification of polymorphic DNA,
repetitive element-PCR) or both (e.g. by amplified fragment length
polymorphism), or polymorphisms that are directly found in the nu-
cleotide sequence (e.g. by multi-locus sequence typing, multiple-locus
variable number tandem repeat analysis, DNA microarray, whole
genome sequencing). Among these techniques, due to its high dis-
criminatory power, a good database and high level of standardisation,
pulsed-field gel electrophoresis (PFGE) is often considered as gold
standard for subtyping of L. monocytogenes. PFGE relies on the analysis
of fragments generated by DNA digest with rarely cutting restriction
enzymes, in the case of L. monocytogenes with AscI and ApaI, and their
separation on an agarose gel applying a periodically changing electrical
field. Comparison of restriction patterns provides information on the
relatedness of different isolates. Harmonisation of experimental proce-
dures and data analysis through the European Union Reference La-
boratory for L. monocytogenes (EURL Lm) and the PulseNet International
Network USA as well as set-up of centralised databases like the EURL
Lm database emphasise the fundamental importance of PFGE for rou-
tine surveillance of L. monocytogenes (Félix, Danan, Van Walle, et al.,
2014; Félix et al., 2013; Graves & Swaminathan, 2001). However, PFGE
is a rather time-consuming and labour-intensive technique. Further-
more, discriminatory power of PFGE profiles is limited as only nu-
cleotide changes in the restriction enzyme recognition sites are de-
tected. Consequently, relatedness of strains may be over- or
underestimated and epidemiologically unrelated isolates may be

assigned to one ‘pseudo’-cluster whereas even highly related strains fall
into distinct clusters.

Thanks to recent developments in next generation sequencing
technologies (NGS), whole-genome sequencing (WGS) as a typing tool
for L. monocytogenes and other foodborne pathogens is gaining in im-
portance (Deng, den Bakker & Hendriksen, 2016; Gilchrist, Turner,
Riley, Petri, & Hewlett, 2015). Sequencing of entire bacterial genomes
provides an unparalleled depth of information. Base-by-base compar-
isons of entire genomes are possible as well as retrieval of additional
information such as virulence or antimicrobial resistance markers. As
opposed to traditional molecular methods like PFGE, WGS provides
comprehensive insight into evolution of bacterial strains.

Comparing Simpson's Indices of molecular typing methods, dis-
criminatory power of WGS-based typing clearly exceeds that of PFGE.
The Simpson's Index is used to quantify the probability that two un-
related strains are assigned to different typing groups (Hunter & Gaston,
1988). Although the Simpson's Index only yields study-specific values
as it depends on the number of identified types and of the isolates that
fall into these types, it is a valuable tool for a relative, quantitative
evaluation of the discriminatory power of typing methods (Fig. 1). In a
study including 188 L. monocytogenes isolates from 30 retail delis in
three U.S. states over 2 years, Simpson's Index for WGS-based single
nucleotide polymorphism (SNP)-based subtyping was 0.95, compared
to 0.91 for PFGE (Stasiewicz, Oliver, Wiedmann, & den Bakker, 2015).
In a comparison between WGS-based core genome multi-locus sequence
typing (cgMLST) and PFGE, Simpson's Indices of 0.987 and 0.944 were
calculated based on the analysis of 100 isolates (Moura et al., 2016). In
both cases unprecedented precision of outbreak investigations became
possible using WGS.

Our reviews aims to demonstrate the value of WGS especially
compared to PFGE in the field of foodborne pathogen surveillance
through introduction into methodical aspects and presentation of ap-
plication examples. We intend to provide an application-oriented
overview on different approaches towards global data exchangeability
and challenges involved, considering differences between the EU, the
USA but also international initiatives.

2. Outbreak investigations using WGS for typing

In the USA, WGS was set up for L. monocytogenes outbreak in-
vestigations by the Centers for Disease Control and Prevention (CDC) in
cooperation with the Food and Drug Administration (FDA), the
National Institutes of Health (NIH) and the United States Department of
Agriculture (USDA) in September 2013 with the long-term aim to
completely supersede the pool of other typing techniques including
PFGE (Jackson et al., 2016). Several independent studies have provided
evidence of the usefulness and value of WGS in outbreak investigations
compared to other molecular typing methods (see below).
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Fig. 1. Comparison of Simpson's indices of WGS-based
cgMLST and SNP analysis, and PFGE.
Discriminatory power of WGS-based typing methods
exceeds that of PFGE typing as shown by comparison
of Simpson's indices. Studies were conducted analysing
100 L. monocytogenes isolates (Moura et al., 2016) and
188 L. monocytogenes isolates (Stasiewicz et al., 2015),
respectively.
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In an outbreak related to contaminated ice cream, listeriosis cases
first accumulated in a single hospital in Kansas from 2014 to 2015
(CDC., 2015a). Although isolates from two of the affected patients
shared a common PFGE pattern, patterns for three other patients did
not, suggesting independence of cases. However, this assumption was
rejected when cgMLST based on WGS data identified four of the five
isolates as highly related and thus allowed their link to the outbreak.
SNP-based analysis of the WGS data confirmed this attribution by
proving a difference of 1–19 SNPs between clinical isolates (Chen et al.,
2017). In another outbreak in 2015, WGS analysis did not only allow
cluster identification that was not possible via PFGE typing, but also
enabled retrospective inclusion of a previously unsolved cluster from
2013 into the outbreak and trace-back to contaminated soft cheese
(CDC., 2015c). Overall, routine use of WGS for typing of L. mono-
cytogenes isolates from clinical and food samples in the USA has proven
undoubtedly successful. The resolution of WGS exceeds the dis-
criminatory power of PFGE and provides more precise and reliable
data. As a result, smaller outbreaks can be recognised that would have
otherwise been considered as sporadic cases. Furthermore, retro-
spective analysis allows grouping of individual sporadic cases over a
longer period of time to one single outbreak and enables to link out-
break strains to a common source. Consecutive regulatory steps like
product recalls or controlled sanitation of production plants can then
prevent further listeriosis cases. Since its implementation for routine
surveillance in the USA in 2013, WGS typing helped solving a variety of
food-related listeriosis outbreaks and also to identify uncommon
sources in a listeriosis outbreak, 2014–2015, linked to pre-packaged
caramel apples (CDC., 2015b). Overall, identification of more outbreaks
with fewer cases per outbreak becomes possible using WGS-based
typing (CDC., 2016).

In the EU and associated countries, as opposed to the USA, WGS has
not yet entered the status of a comprehensive routine typing method for
L. monocytogenes. Between 2013 and 2015, twelve to fifteen outbreaks
of listeriosis per year have been reported in the EU (EFSA & ECDC,
2016). The vast majority of them were resolved using traditional typing
techniques like PFGE in combination with epidemiological evidence.
However, to date, several exemplary studies investigating foodborne
outbreaks by NGS techniques have been performed and published
(Gillesberg Lassen et al., 2016; Kleta et al., 2017; Kvistholm Jensen
et al., 2016; Ruppitsch, Prager, et al., 2015; Schmid et al., 2014).

In 2014, within an international collaboration of public health in-
stitutes and food authorities, a cluster of seven human listeriosis cases
in Germany and Austria that emerged between April 2011 and July
2013 could be identified (Schmid et al., 2014). Initially, the respective
outbreak strains were typed with PFGE and fluorescent amplified
fragment length polymorphism (fAFLP) where they appeared indis-
tinguishable and were assigned to one cluster. CgMLST based on WGS
data, however, was capable to distinguish a cluster of four outbreak
strains (≤6 allelic differences) isolated in 2012–2013 from the other
three strains isolated in 2011 (≥48 allelic differences) that could sub-
sequently be excluded from the outbreak. In addition, the four con-
firmed outbreak cases could be traced back to two different Austrian
food products, an unaged soft cheese (food isolates differing ≤19 al-
leles from the human cluster) and a deli-meat (food isolates differing
≤8 alleles from the human cluster). However, no final attribution could
be made because thresholds for strain differentiation have not yet been
defined. Recently, a genetic distance of ≤10 alleles between human
and food isolates has been proposed for unambiguous source attribution
which would exclude the soft cheese as a possible source (Ruppitsch,
Pietzka, et al., 2015).

During a long-term outbreak of listeriosis in Southern Germany
from 2012 to 2015, WGS and cgMLST were used to confirm clustering
of human isolates with an unusual PFGE pattern into one outbreak
group (Ruppitsch, Prager, et al., 2015). Although six food-related iso-
lates from Austria and Germany showed PFGE patterns identical to the
human isolates, WGS revealed their belonging to independent cluster

types. Thus, faulty source attribution could be averted. Later, the
human cases could be traced back to a contaminated batch of smoked
pork belly (Kleta et al., 2017). This observation underlines the im-
portance of WGS for successful and reliable trace-back of listeriosis
cases to a food source. Nonetheless, although PFGE cannot keep pace
with the discriminatory power of WGS data based analysis, it might still
be a suitable alternative in countries or regions where NGS is not es-
tablished because of economic reasons.

Among European countries, Denmark has officially initiated na-
tionwide real-time WGS typing of human L. monocytogenes isolates for
routine surveillance in September 2013 (Kvistholm Jensen et al., 2016).
In addition, interviews exploring consumption habits of listeriosis pa-
tients have been implemented and added to the typing data since June
2014. So far, these combined databases have proven successful in two
different outbreak investigations. In 2014, 41 listeriosis cases in Den-
mark were assigned to one outbreak cluster through WGS-based SNP
analysis with genetic differences between the isolates not exceeding 3
SNPs (Kvistholm Jensen et al., 2016). In cooperation with the Danish
Veterinary and Food Administration (DVFA) who provided data on
routinely collected food samples, human strains could be traced back to
a common source, a ready-to-eat delicatessen meat which was subse-
quently recalled from the national market. In this way, the outbreak
could be terminated. Similarly, a total of twenty listeriosis cases noti-
fied between 2013 and 2015 in Denmark could be assigned to two
distinct outbreaks, each comprising ten cases (Gillesberg Lassen et al.,
2016). Both clusters could be traced back to smoked salmon or smoked
halibut and trout. Again, WGS typing of human clinical isolates and
routinely collected food isolates allowed reliable source attribution,
enabled to impose legal measures and thereby saved lives.

3. Wet lab standardisation of NGS methods for foodborne
pathogen typing

International collaboration on the control of foodborne pathogens
like L. monocytogenes has more than ever become indispensable to
guarantee food safety. For that purpose, harmonisation and standardi-
sation of WGS-based typing methods across countries and sectors
(human, animal, food) need to be established to ensure comparability
of typing results and to allow data exchange. To date, a variety of
protocols have been developed for typing of L. monocytogenes and other
foodborne pathogens using NGS technologies. The current challenge
lies in identification of differences and definition of generally valid
quality metrics to produce consistent results.

Four main factors allow a statement on the quality of sequencing
results: coverage or sequencing depth, evenness of coverage, read
length and read quality (Loman, Misra, et al., 2012). Coverage describes
the average number of times a genome has been sequenced. It is equal
to the product of read length and number of reads divided by the
haploid genome length (Lander & Waterman, 1988). Bases are usually
sequenced multiple times to increase the probability that all genomic
regions are covered and to compensate for possible sequencing errors in
order to increase confidence in sequencing results. High coverage but
also evenness of coverage is essential to be able to consider a sequen-
cing run successful. Read quality can be assessed through Phred Quality
or Q-scores. This score gives the logarithmic probability of an incorrect
base (Richterich, 1998). For example Q30 represents the probability of
one incorrect base in 1000. Its determination is based on the compar-
ison of measurement parameters during base detection (e.g intensity
profile, signal-to-noise ratio) with empirically determined reference
parameters that are linked to known quality scores. It is to note that Q-
scores are hence specific for a platform and even for new hardware,
software or chemistry within a platform and are dependent on algo-
rithms used to predict them. One major step towards global harmoni-
sation would be the definition of general quality metrics.

Sequencing technologies have massively evolved during the last
decades and are still in a process of continuous development and
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improvement, accompanied by a substantial cost reduction. Following
the ‘First Generation’ Sanger sequencing (Sanger, Nicklen, & Coulson,
1977), introduction of massively parallel NGS or ‘Second Generation’
sequencing (SGS) in 2005 (Margulies et al., 2005) revolutionised
genomics. Independent of the platform, SGS methods share three main
steps to obtain raw sequence data: isolation of DNA, preparation of a
sequencing library and sequencing. Methods used for the individual
steps, however, differ a lot between platforms and laboratories. Pre-
paration of the library involves fragmentation of DNA and tagging with
specific adaptor sequences. These templates are then amplified during
sequencing. Two different technologies are used, emulsion PCR and
enrichment like in the 454 GS Junior (Roche) or the Ion Torrent PGM
(Life Technologies) or solid-phase bridge amplification like in Illumina's
MiSeq (Loman, Constantinidou, et al., 2012). One advantage of the
MiSeq is that no pre-amplification step is needed which shortens the
hands-on time. Although these three benchtop sequencing platforms all
rely on the principle of sequencing-by-synthesis, differences lie in the
details of sequencing chemistry and sequence reading (Table 1). SGS
technologies in general are characterised by a high accuracy and
throughput but short read lengths. As a result, single reads can often not
be assembled to an entirely closed genome but rather yield a ‘draft’
genome with unfilled gaps between the reads (Loman, Misra, et al.,
2012). Still, this is often sufficient for the purpose of comparative
genomics of different highly related strains by mapping the reads to a
reference genome (Loman, Constantinidou, et al., 2012; Ronholm,
Nasheri, Petronella, & Pagotto, 2016). This so-called reference guided
assembly is a valuable tool in phylogenetic and epidemiological in-
vestigations.

As an alternative to SGS, in 2011, the first single-molecule, real-
time, long-read sequencer, PacBio RS II (Pacific Biosciences) has been
put on the market. In this ‘Third Generation’ sequencer (TGS), the
amplification step is omitted and sequencing is based directly on a
single DNA molecule. It thereby yields much longer reads than SGS for
which fragmented DNA is used (Table 1). High error rates, lower
throughput and higher costs per base are disadvantages of this platform
(Rhoads & Au, 2015). Nevertheless, this approach is useful in de novo
assembly of genomes as the long reads help to close gaps between
shorter reads. Advantages of second and third generation sequencing
can be combined in a complementary approach called ‘hybrid sequen-
cing’. Through combination of the high accuracy of SGS and the long
reads produced by TGS, a reliable, closed reference genome can be
created which can subsequently be used for example for reference
guided assembly.

Currently for sequencing of bacterial genomes almost exclusively
SGS is used, with a main focus on Illumina sequencers (Schürch &
Schaik, 2017). Although general accuracy of SGS systems is high
through redundancy of reads, different sequencing technologies exhibit
different error characteristics (Junemann et al., 2013; Loman, Misra,
et al., 2012). Among benchtop sequencers, the Illumina MiSeq revealed
the lowest error rate (rate of< 0.001 indels per 100 bases). It also had

the highest throughput per run (1.6 Giga bases of data per run and
60Mb per hour) and the shortest hands-on time as the amplification
step is performed on the sequencer (Junemann et al., 2013; Loman,
Misra, et al., 2012). However, selection of the most suitable sequencer
heavily depends on the application and specific needs. In clinical con-
text and outbreak investigations, especially high throughput and user
convenience are needed at a reasonable price. Besides the technical
facts, also subjective preferences play an important role. Exemplary
studies comparing different sequencers have shown that results from a
single laboratory are neither significantly affected by the sequencing
machine nor by the sequencing chemistry (Harris et al., 2013; Kaas,
Leekitcharoenphon, Aarestrup, & Lund, 2014). However, detailed and
extensive analysis and inter-laboratory evaluation of sequencing prac-
tices in use remains to be performed in order to assess minor differences
and to establish robustness of results and global comparability.

Global Microbial Identifier (GMI) is an international initiative with
the aim of real-time aggregating, sharing, mining and using microbial
WGS data (Rindom, 2013). Currently, more than 200 experts from 43
countries are involved. Inclusion of intergovernmental organisations
like the World Health Organization (WHO) and the World Organization
for Animal Health (OIE) as well as a collaboration with the EU project
COMPARE, a multidisciplinary research network establishing a globally
linked data information sharing platform system for the control of
emerging infectious diseases and foodborne outbreaks (Skiby, 2015),
are expected to support international crosstalk and to strengthen the
impact of the initiative. One main objective of GMI is the development
and realisation of inter-laboratory proficiency testing (PT) to identify
steps where quality assurance, control measures or methodological
unification are essential to produce standardised high quality sequen-
cing results. In 2014, a pilot PT with only six participants was per-
formed to gain first experience in documentation and practical proce-
dures for this kind of study (Hendriksen et al., 2016). Furthermore, for
an optimal adjustment of testing conditions and focus areas prior to a
large-scale study, requirements for a general PT among GMI members
were interrogated by a survey. Of the 42 respondents, 31% were from
the USA, 8.9% and 2.2% from Canada and Australia, respectively, and
51.2% from EU and associated countries (Moran-Gilad et al., 2015).
The three most accessible sequencing platforms were MiSeq (23.7%),
Ion Torrent PGM (15%) and HiSeq (10.5%), two benchtop and one
production-scale sequencer (Table 1). While the benchtop solutions
were mostly internally accessible, accessibility to HiSeq was pre-
dominantly external. Enquiry of sequencing priorities revealed that
foodborne pathogens were the most frequently sequenced pathogens
(75%) with high resolution outbreak analysis being the leading appli-
cation. Among the priority pathogens, L. monocytogenes was on the
fourth place behind Escherichia coli, Salmonella and Campylobacter spp.
Although the majority of survey respondents agreed that quality fil-
tering and criteria would be important, values specified varied that
much that no conclusion could be drawn. For example especially cov-
erage was mentioned as an important quality criterion by 90.9% of

Table 1
Overview of sequencers most frequently used for WGS of bacterial pathogens.

Sequencer Provider Scale Technology Data collection Read length Run timea

Second Generation Sequencers

MiSeq Illumina benchtop sequencing by synthesis optical signal 1× 36 bp - 2× 300 bp 4 h - 56 hb

Ion Torrent PGM Life Technologies benchtop semiconductor sequencing pH change 200 - 400 bp 2 h - 7 h
HiSeq 2500 Illumina production-scale sequencing by synthesis optical signal 1× 36 bp - 2× 250 bp 7 h (rapid run mode) - 11d b

Third Generation Sequencer

PacBio RS Pacific Biosciences benchtop single molecule real-time sequencing fluorescence pulse > 20 kb 0.5 h - 10 h

a Manufacturer specifications; depending on run mode, kit and read length.
b Includes time for cluster generation.
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respondents, but values ranged from 11-30x (21.6%) over 31-60x
(51.3%) to over 60x (18.9%). Apart from the quality criteria, also la-
boratory methods reported to be used for sample preparation were
highly diverse e.g. for DNA or library preparation.

PT based on survey results was performed in 2016 by GMI sup-
ported by the U.S. FDA. Campylobacter coli and C. jejuni, L. mono-
cytogenes and Klebsiella pneumoniae were selected for analysis. The PT
was designed to address three topics: DNA preparation and sequencing
procedures, sequencing output, and variant calling of WGS data and
cluster analysis. With submission deadline being the 13 January 2017,
results remain to be published. Identification of differences and their
impact on the sequencing and also analysis results represent an im-
portant step towards global harmonisation which would then open the
door for international exchange of standardised WGS data.

In general, there are two possible approaches towards global har-
monisation of WGS for bacterial typing. The first one is to validate
whether different ways are able to yield equivalent results. GMI, for
instance, focuses on comparable results among different laboratory
practices, sequencing platforms and quality criteria, thereby con-
sidering already established local standards. However, this is an orga-
nisational and analytical challenge. The second approach is hence the
setup of a standard protocol. An exemplary multi-center ring trial was
successful in showing that accuracy and reproducibility of NGS based
bacterial typing (in this case of Staphylococcus aureus) is very high if
prescribed methods are applied (Mellmann et al., 2017).

PulseNet USA has developed a Standard Operating Procedure (SOP),
PNL32, as a standardised laboratory protocol for WGS of bacterial or-
ganisms on the Illumina MiSeq benchtop sequencer (PulseNet, 2015,
2016). PulseNet has been established as a collaboration of CDC, state
and local health departments in the USA for real-time comparison of
human bacterial pathogens in order to define disease clusters. First
initiated for comparison of PFGE profiles, its transition to WGS data is
in full progress. With respect to isolates from food and the environment,
FDA has launched the GenomeTrakr network. It collaborates with CDC
allowing public health authorities to share data from patient and food
isolates while investigating foodborne outbreaks and thus ameliorates
food safety in the USA. The PulseNet protocol provides standardised
and highly detailed methods for DNA isolation and quality control, li-
brary preparation and run setup for the sequencer. For example, it
stipulates a quality check prior to library preparation where DNA-
concentration should at least be 10 ng/μl and meet a 260/280 ratio
between 1.75 and 2.05 measured by a Thermo Scientific™ NanoDrop™
spectrophotometer. Furthermore, quality benchmarks for sequence raw
data have been specified, more precisely Q-scores and coverage. Q-
score has to be Q30 for> 75% of the bases when using a 500 cycle kit
and>85% of bases for a 300 cycle kit and coverage for L. mono-
cytogenes needs to be≥ 20x before upload to PulseNet Central.

Although feasible for laboratories that newly establish WGS, for
laboratories that already use WGS, implementation of a standardised
protocol could suffer from low compliance as transition would need to
be accompanied by investment and change of workflows. Furthermore,

as a result of the constant evolution of NGS, continuous adaptation of
the standardised procedure is necessary. Newly evolving techniques
have to be validated before their inclusion into the SOP which could
lead to a delay in their use. For an approach leaving methodical details
to individual laboratories and in return defining quality parameters and
general thresholds, the use of new techniques would not be a problem
as long as final sequence data meet the set criteria. However, such
universal quality criteria are very hard to define and are going to re-
quire further in-depth analyses and validations until applicable to WGS
typing of pathogens in the field of public health and food safety.

4. Dry lab standardisation of NGS methods for foodborne
pathogen typing

Through extensive development in NGS technologies, massive
amounts of sequence information can be produced within a relatively
short period of time. However, bioinformatics tools for the analysis and
interpretation of big data struggle to keep pace. In the present time, the
bottleneck for integration of NGS-based genome analysis into routine
use in disease surveillance is shifting from sequencing to the bio-
computational analysis and data storage (Wyres et al., 2014). Currently,
no stand-alone tool is able to meet all requirements for a reliable,
straightforward and automated analysis of the sequence reads.

For sequencing of bacterial genomes mainly SGS is applied, pro-
ducing overlapping, short reads. As a result from the high coverage, a
high accuracy is achieved. This makes the technology more feasible for
variant analyses like SNP detection than the more inaccurate TGS
technologies. Still, reads generated by SGS are significantly shorter than
those produced by TGS. There are two strategies to deal with this
problem: de novo assembly of sequence reads to reconstruct a genome
or reference-based mapping where single reads are aligned to an al-
ready existing, closely related reference genome. For both methods, a
variety of different bioinformatics solutions and programs exists (for
examples see Table 2).

Algorithms for de novo assembly can be grouped into three main
categories, all based on graphs: Overlap/Layout/Consensus (OLC)-
methods using overlap graphs, de Bruijn Graph (DBG)-methods using k-
mer graphs or greedy graph algorithms. Graphs are abstract structures
of nodes connected by edges which are used to present relationships. In
an overlap graph, the graph represents the sequencing reads (nodes)
and their overlaps (edges) of varying length whereas k-mer graphs use
subsequences and overlaps of fixed length of k nucleotides (Miller,
Koren, & Sutton, 2010). Greedy graphs make use of either the one or the
other. Differences lie in the details of graph construction and resulting
definition of contiguous sequences of concatenated reads named con-
tigs. Choice of assembler depends on the properties of the sequence data
to be used; some assemblers are even specific for a certain sequencing
platform. When using DBG assemblers for example, k-mer length has to
be adjusted to the read-length while finding a trade-off between sen-
sitivity of smaller and the specificity of longer k-mers (Compeau,
Pevzner, & Tesler, 2011). Commercial as well as open-source solutions
are available for de novo assembly. In a survey among 42 GMI members
in 2014, 75% declared using Velvet, freely available software based on
DBG and one of the most popular assemblers (Moran-Gilad et al., 2015).
Other common assembly software according to the survey was Newbler
(46.9%), CLC Genomics (46.9%) and SOAPdenovo (25%). The com-
mercial software Newbler was implemented specifically for 454 GS se-
quencing platforms and uses OLC whereas the other two programs CLC
Genomics (commercial) and SOAPdenovo (freeware), are based on DBG
algorithms. It is to note that this survey represents only a relatively
small number of software solutions. In practice, a variety of other tools
is used as well. Because of the speed of development of software and
algorithms, it is difficult to provide a comprehensive and up-to-date
ranking. Also changes in the prevalence of use of different sequencing
systems influence the popularity of assembly software. For most re-
searchers, commercial software is not a feasible solution. Instead, open-

Table 2
Overview of assembly algorithms most frequently used for WGS data.

Assembler Algorithm Availability

De novo assembly

Velvet De Bruijn Graph free
Newbler Overlap/Layout/Consensus commercial
CLC Genomic De Bruijn Graph commercial
SOAPdenovo De Bruijn Graph free

Reference-based mapping

BWA FM-index free
Bowtie 2 FM-index free
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source software is far more popular. Besides Velvet, SPAdes is a fre-
quently used freeware assembler. In a comparison of seven different
assemblers using the quality assessment tool QUAST, it was able to
reach the highest amount of mapped genes, the largest N50 value (a
measure for the weighted median contig size) and the highest number
of complete genes (Gurevich, Saveliev, Vyahhi, & Tesler, 2013). An-
other example for a freeware assembler is IDBA which in the same study
showed its strength in the longest and lowest number of contigs.

Generally, it is difficult to define quality metrics for an assembly as
usually the correct answer is not known and assembly errors are very
hard to differentiate from biologically relevant SNPs or other genetic
changes (Nagarajan & Pop, 2013). Commonly used parameters are
hence limited to the assessment of contiguity of the assembly unless an
already closed reference genome exists for comparison. Contiguity
measures include total size and number of contigs and the N50 value.
As a part of the Genome Assembly Gold-standard Evaluations (GAGE)
study, eight popular assemblers were compared (Salzberg et al., 2012).
One key finding of the study was that the degree of contiguity of an
assembly heavily depended on the assembler and the genome to be
assembled. Furthermore, quality of the raw data had a considerable
impact on the overall quality of the assembly. In general, the correct-
ness of an assembly was found to vary, albeit independently of statistics
on contiguity. Consistent with these findings, in another extensive
comparison of assemblers, the Assemblathon, significant differences
between assemblies from different assembly strategies were revealed
(Bradnam et al., 2013; Earl et al., 2011). As a result, it becomes clear
that no generic answer can be given to the question of which assembler
is the most appropriate for a given dataset. It is rather a case-by-case
decision, highly depending on specific requirements.

For detection of variants, in most cases, reference-based mapping as
a less computationally intensive method is used. First of all, single se-
quence reads need to be aligned to a closely related reference genome.
There are three categories of alignment algorithms for that purpose:
algorithms based on hash tables, based on suffix/prefix tries (i.e. suffix
tree, enhanced suffix array or FM-index) or based on merge sorting (Li
& Homer, 2010). The latter one is very rarely used, though. According
to a survey among GMI members conducted in 2014, most used soft-
ware solutions were the Burrow Wheeler Aligner (BWA) and Bowtie 2
with 66.7 and 53.3% respectively (Moran-Gilad et al., 2015). Both of
them use the FM-index for alignment, the most memory saving and thus
most common implementation (Li & Homer, 2010). Other software like
e.g. Novoalign, SMALT, MAQ or SHRiMP was only used by 10% of users
(Moran-Gilad et al., 2015).

De novo assembly as well as reference-based alignment is only the
first step in a series of analytical steps needed for variant detection and
in the end clustering of sequences into phylogenetic groups. In general,
variants can be called on the basis of SNP detection or gene-by-gene
comparison (i.e. cgMLST or wgMLST). Computing efforts in this context
are mainly influenced by the decision whether read mapping (less
computationally expensive) or a de novo assembly (more computa-
tionally expensive) is used as starting point for analysis. Although SNP
detection provides the highest accuracy, it is often more complex to
evaluate. WgMLST and cgMLST serve as a less burdensome alternative
providing similar discriminatory power by putting the focus on allelic
changes regardless of the number of SNPs involved (Fig. 2). As an ex-
tension of the classical MLST which is limited to the analysis of only few
housekeeping genes (e.g. 7 for L. monocytogenes) (Maiden et al., 1998;

Salcedo, Arreaza, Alcala, De La Fuente, & Vazquez, 2003), in cgMLST
most genes of the core genome and in wgMLST even the entirety of
genes are taken into account. The core genome is defined as the set of
genes present in all strains of the same bacterial species whereas the
whole genome also comprises accessory genes. One key advantage over
SNP detection is that the nomenclature scheme from classical MLST can
simply be extended, facilitating consistent classification according to a
standardised subtype nomenclature. For L. monocytogenes, a core
genome scheme has been proposed by Ruppitsch and colleagues in
2015 (Ruppitsch, Pietzka, et al., 2015). Alternatively, a bioinformatics
pipeline was designed for cgMLST of L. monocytogenes, taking raw se-
quence reads as input and calculating a core genome profile by com-
paring it to an expandable database to compile a phylogeny (Pightling,
Petronella, & Pagotto, 2015b).

For both, SNP- and allele-based variation detection, different steps
and programs have to be combined to receive an informative result.
Furthermore, there might be the need for repetitive or consecutive steps
within one piece of software. For example a reference-based assembly
has to be followed by analysis through a SNP caller to identify muta-
tions. Then, for creation of a phylogenetic tree, another program is
usually needed. Likewise, the general analytical process for cgMLST and
wgMLST includes assembly, annotation of genes and comparison to a
reference. Instead of a user-specific, stepwise analysis, often involving
combinations of available programs and custom scripts, the establish-
ment of a generalised and standardised analysis pipeline would be
helpful in order to generate a universally valid output.

For isolates of L. monocytogenes, different combinations of assembly
tools and SNP callers were tested with the result that they varied
heavily in the number of true and false positively called SNPs and in
accuracy (Pightling, Petronella, & Pagotto, 2015a). Altogether, no
general statement on the influence of different parameters could be
made as different combinations behaved differently and sometimes
even opposed to one another. For example for some combinations,
higher coverage led to more true positive identifications of variant sites
but in some cases also produced more false positive hits. Besides, read
quality trimming and filtering impacted the quality of results either
positively or even negatively depending on the software combinations
used. This underlines the drastic effect of the variety of methodical
implementations on the analysis of NGS data.

Nevertheless, in a proficiency testing for the dry lab part of WGS in
2015 by GMI with more than 40 participants, > 93% of the samples
clustered correctly using various analytical approaches (Pettengill
et al., 2015). However, number of variants and branch lengths differed
considerably indicating that thresholds that led to clustering varied
markedly. This shows how difficult it would be to standardise thresh-
olds for different methods. Another study comparing typing capabilities
of five different laboratories showed that if methods are prescribed in
great detail, a unified output can be reached, underlining the usefulness
of a standardised analytical approach (Mellmann et al., 2017). The
easiest way for standardisation would probably be the implementation
of an analytical pipeline as an aggregation of individually operating
segments. This could simplify the transfer of intermediate results be-
tween single analytical steps to the level of a single input and output.
Current pipelines link individual software pieces for an overarching
analysis. Interoperability of components needs to be assured by com-
patible data formats of program in- and outputs. Furthermore, record-
keeping should be included for transparency and reproducibility of

1 allelic difference

A

1 SNP difference

3 SNP differences

B
Fig. 2. Detection of differences in cgMLST (A) and SNP analysis (B).
In cgMLST analysis, only allelic changes are considered, no matter
how many nucleotide changes are found within one allele. In con-
trast to that, in SNP analysis, every single difference between nu-
cleotide sequences is taken into account.
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analysis which is not only crucial for standardisation but ultimately also
to secure legal evidence of data (Wyres et al., 2014). In the ideal case, a
pipeline should be oriented to the needs of non-specialist, non-bioin-
formatician users enabling an intuitive and automated analysis.

The American Center for Food Safety and Applied Nutrition
(CFSAN), a branch of the FDA, has developed a pipeline for construc-
tion of SNP matrices from NGS data (Davis et al., 2015). It combines the
following steps: mapping of reads to a reference genome with Bowtie 2,
processing of the mapping files with SAMtools, identification of variant
sites using VarScan and finally production of a SNP matrix using a
custom Python script. The steps are run automatically, converting the
input FASTQ data from sequencing reads into a SNP matrix in FASTA
format. Still, some points are left to the hands of the user. For example
no quality filtering is included. The reason is most likely the number
and complexity of possible steps for that purpose and the considerable
variations between platforms that make it almost impossible to find a
general solution (Edwards & Holt, 2013). Furthermore, the created SNP
matrix only serves as an input for the construction of a phylogeny. As a
result, despite the robustness and accurateness of the pipeline within
the scope of its implementation, it is still no complete solution. Besides
the CFSAN pipeline, numerous other, often custom and facility-specific
analytical approaches are used and their detailed description would go
beyond the scope of this article.

Standardisation for the dry lab analytical part of WGS appears to be
even more difficult to achieve than for the wet lab. The easiest way
would probably be the establishment of a universal analytical pipeline,
in the ideal case directly linked to the sequencer itself and outputting
desired results. Although this would hamper flexibility, it would likely
be the least complicated and least labour-intensive solution to produce
consistent and globally interchangeable data indispensable for mole-
cular surveillance of bacterial infections.

5. Metadata and databases for global sharing of WGS data

On the way to a global sharing of bacterial WGS data, several ob-
stacles remain to be overcome. Besides standardisation of data gen-
eration and analysis, international structures and standards for data
sharing need to be established.

There are three main databases for the storage of WGS data which
together form the International Sequence Database Collaboration
(INSDC): the National Center for Biotechnology (NCBI), the European
Nucleotide Archive (ENA) and the DNA Data Bank of Japan (DDBJ).
GMI as well as the FDA network GenomeTrakr's database use the
publicly accessible data layer of parts of the INSDC. GenomeTrakr for
example submits data to the NCBI under a single BioProject (Jackson
et al., 2016). In Europe, EFSA and ECDC have established a joint da-
tabase for foodborne pathogens of human and non-human origin. Al-
though not yet used for collection of WGS data but for management of
PFGE typing data, it is built to be extended. The ECDC-EFSA database is
independent of such public data layers as from the INSDC. It is physi-
cally hosted at the TESSy database, the ECDC's database for human
strains.

One fundamental issue is the question on the metadata that can be
made available together with the WGS data in an open-access database.
Metadata is described as “information that is held as a description of
stored data” (Dictionary.com), such as isolate specific details like iso-
lation date or source. It is indisputable that such additional information
about a bacterial strain provided together with the sequence data
greatly increases its utility (Allard et al., 2016). However, national
legislation and data protection acts may restrict data sharing and thus
limit free data exchange. As a result, there is no consensus about the
level of metadata that should be made publicly available. Although
different initiatives started collecting bacterial typing data, different
concepts of metadata-linkage are proposed. GenomeTrakr includes a
minimum set of metadata fields that need to be filled when submitting
sequence data to the database. They comprise the collector of the

isolate (i.e. the submitting lab), its taxonomic name, sample date and
site, the isolation source and sequencing parameters (Allard et al.,
2016). GMI expands this list by information on pathogen-associated
attributes like specific host or host disease (GMI., 2013). Compared to
the GenomeTrakr or the GMI database, for the ECDC-EFSA database, a
more restrictive approach is pursued according to EU legislation on
data protection. Additional information is restricted to the source of the
sample (food, animal, feed, human), typing data and date of sampling
whereas for example information related to the origin (country) is
considered as potentially sensitive (Rizzi et al., 2017). Identification of
the submitting laboratory is also not considered admissible. Further-
more, differentiated access rights for different user groups and stake-
holders are incorporated for sensitive data as a compromise between
data accessibility and protection. It is to note that the current EU wide
Data Protection Basic Regulation including the Data Protection Direc-
tive 95/46/EG is about to be changed. However, key principles will
remain valid only some aspects have been changed or added. The
amendment will become active in May 2018.

Apart from strict legal regulations, there are further reservations
regarding free publication of genomic data and metadata (Aarestrup,
2012). As a result of concerns about the ultimate use and possibly the
fear of unauthorised application, researchers may not be willing to
share their data in public databases before publication. For govern-
ments and institutions, competing interests in trade or tourism could be
a problem as especially data on foodborne pathogens, the detection of
food contamination or even related outbreaks can have far-reaching
consequences. Also patenting and intellectual property issues might
arise from a free information exchange. Another major challenge is to
reconcile protection of confidential patient information and the pa-
tients' privacy rights and provision of information needed for epide-
miological investigations. These reservations have to be considered
when developing a legal framework for public information accessibility.
For the EURL Lm DB as part of the joint EFSA-ECDC database, com-
pliance with a memorandum of understanding is a prerequisite for
participation (Félix, Danan, Makela, et al., 2014). Among others, it
regulates data ownership and publication.

An example how well a thought-out and user-oriented database
system can work, as among others shown by an almost exponential
growth of available genomes, is the Pathosystems Resource Integration
Center (PATRIC) (Gillespie et al., 2011; Wattam et al., 2017). PATRIC
represents a database coupled with an analysis resource center. Initially
designed for the integration of research data and metadata for various
pathogens, it now aims to also adapt to the needs of clinical application.
Genomic information is linked to metadata including information on
organism, isolate, host, sequence, phenotype and project. However, not
all fields need to be filled. Although all entries of the database and also
information on metadata are publicly available, privacy of data can be
maintained by analysing own sequences in a private space without
disclosing the information. Still, comparison with public database en-
tries remains possible. On the one hand, this one-way data exchange
guarantees protection of possibly sensitive data while allowing re-
conciliation with already existing data. On the other hand, if all new
sequences remain private, progress and timeliness will probably be
obstructed. Hence, although technical basis is provided, again a com-
promise and consensus on the side of the user needs to be found in order
to allow for efficient global data sharing.

6. Conclusion

During the last years, WGS has proven its value in the surveillance
of L. monocytogenes and related outbreak investigations, enabling fast
and precise identification of coherent clusters of infection cases, their
trace back to food-sources and ultimately elimination of the infection
root. So far, several initiatives have been launched to promote WGS
based subtyping of L. monocytogenes and other foodborne pathogens.
However, transition to an international standard remains to be
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established.
The One Health strategy makes information exchange between

public health, food safety and veterinary authorities indispensable.
Hence, a globally accessible sequence database of foodborne pathogens
linked with a minimum set of metadata would bring major benefits. The
separation of laboratory data and epidemiological or clinical data as
well as restricted access to these databases could be an approach to
meet data protection criteria. However, more detailed information
should be available on demand to effectively protect public health. If an
agreement on data format and quality parameters of raw sequence data
could be made, direct upload into a centralised analysis pipeline linked
to the central database might help to yield standardised and thus
comparable sequence information. Still, necessary IT infrastructure has
to be established to cope with the problem of data transfer.

The benefits of global data sharing are clear. It helps to provide a
comprehensive picture of the appearance and spread of pathogens as-
sociated with public health concerns and economic losses around the
world. Global data accessibility and exchange is resource-saving as fi-
nancial burden and workload can be reduced by preventing un-
necessary duplication. In addition, it gives the opportunity for a global
view and thus improved scientific quality and effective risk manage-
ment.
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