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Background: Whole genome sequence (WGS)-based strain typing ﬁnds increasing use in the epidemiologic analysis of bacterial pathogens in both public health as well as more localized infection control
settings.
Aims: This minireview describes methodologic approaches that have been explored for WGS-based
epidemiologic analysis and considers the challenges and pitfalls of data interpretation.
Sources: Personal collection of relevant publications.
Content: When applying WGS to study the molecular epidemiology of bacterial pathogens, genomic
variability between strains is translated into measures of distance by determining single nucleotide
polymorphisms in core genome alignments or by indexing allelic variation in hundreds to thousands of
core genes, assigning types to unique allelic proﬁles. Interpreting isolate relatedness from these distances
is highly organism speciﬁc, and attempts to establish species-speciﬁc cutoffs are unlikely to be generally
applicable. In cases where single nucleotide polymorphism or core gene typing do not provide the
resolution necessary for accurate assessment of the epidemiology of bacterial pathogens, inclusion of
accessory gene or plasmid sequences may provide the additional required discrimination.
Implications: As with all epidemiologic analysis, realizing the full potential of the revolutionary advances
in WGS-based approaches requires understanding and dealing with issues related to the fundamental
steps of data generation and interpretation. A.C. Schürch, Clin Microbiol Infect 2018;▪:1
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What is the biologic basis of diversity in bacterial genomes?
Bacterial genomes of the same species contain a common set of
genes referred to as the core genome. However, variability between
bacterial genomes of the same species occurs for a variety of reasons, including point mutations, homologous recombination and
differences in genome content [1e3]. Point mutations encompass
single nucleotide polymorphisms (SNPs) and single nucleotide insertions or deletions at variable mutation rates that can range
widely depending on the species. For example, while Mycobacterium tuberculosis may accumulate approximately four SNPs per
genome per 4 years [4], Helicobacter pylori can exhibit over 30 SNPs
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per genome per year [5]. Recombination, the exchange of genetic
material between bacteria, ranges from rare (M. tuberculosis) [6] to
strong enough for large-scale confusion of phylogenetic interrelationships in gene trees (Streptococcus pneumoniae, H. pylori)
[7,8]. The causes of variability in genome content are large insertions, deletions, genome rearrangements and transfer of exogenous DNA, and extrachromosomal elements such as plasmids and
phages. This results in a set of genes that is variably present in
sequenced members of a species and is referred to as the accessory
gene content or accessory genome. Taken together, the pangenome represents all genes, whether constant or variable, that
are found in members of a species [9,10].
There are a variety of approaches to analysing these genomic
data for epidemiologic and infection control purposes. At a high
level, phylotyping (strain interrelationships based on sequenceassociated evolutionary history) may support epidemiologic

https://doi.org/10.1016/j.cmi.2017.12.016
1198-743X/© 2018 The Authors. Published by Elsevier Ltd on behalf of European Society of Clinical Microbiology and Infectious Diseases. This is an open access article under
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Please cite this article in press as: Schürch AC, et al., Whole genome sequencing options for bacterial strain typing and epidemiologic analysis
based on single nucleotide polymorphism versus gene-by-geneebased approaches, Clinical Microbiology and Infection (2018), https://doi.org/
10.1016/j.cmi.2017.12.016

2

A.C. Schürch et al. / Clinical Microbiology and Infection xxx (2018) 1e5

investigations to determine the source and routes of infections,
trace cross-transmission of healthcare-associated pathogens and
identify virulent antibiotic-resistant lineages or subpopulations.
This subject is discussed in more depth elsewhere in this issue,
while more sensitive SNP and gene-by-gene typing approaches
indexing core or accessory genome variation due to mutations or
recombination events are considered here.

and reads for a particular study are publicly available. In this
context, an effort to establish benchmark data sets for phylogenetic
pipelines has been recently proposed that will allow validation and
comparison of analyses in speciﬁc settings such as food-borne
pathogen outbreak surveillance [23].

How can SNP-based approaches be performed?

An alternative approach to analyse genetic relatedness is a
modiﬁcation of traditional multilocus sequence typing (MLST)
described by Maiden et al. [24], termed whole genome (wg)/core
genome (cg) MLST (or extended MLST) (Table 1). Here, genomewide gene-by-gene comparisons of hundreds to more than a
thousand genes allow the assignment of alleles in comparison to a
curated set of predeﬁned core genes, which ensures interlaboratory
reproducibility. Public schemes have been developed and are
maintained for many, but not all, important pathogens. Analyses
can be performed with a variety of different software, including
BioNumerics (Applied Maths, Sint-Martens-Latem, Belgium),
SeqSphereþ (Ridom, Münster, Germany), and BIGSdb (https://
pubmlst.org/software/database/bigsdb/). For species without published schemes, or to include as many loci as possible to further
improve resolution, ad hoc schemes can be developed. However, an
inherent danger is concurrent development of divergent approaches, as is currently the case for Klebsiella pneumonia (http://
www.cgmlst.org/ncs) [29,52,53]. The common typing language
inherent in cgMLST can be used to support analysis in local infection control [31,54] as well as a broader public health setting [55].
Furthermore, recombination is handled differently by cgMLST than
by a SNP alignment, as recombinant regions with a high density of
SNPs can be ﬁltered, while cgMLST methods will collapse these
regions into a smaller number of allelic changes.

Strain typing by whole genome sequencing (WGS) based on
SNPs can be performed via reference-based mapping of either reads
or assembled contigs. Many studies choose to map sequencing
reads against a reference genome [11e13] with either a custom
pipeline or using one of the available microbial SNP pipelines, such
as Snippy, NASP, SNVphyl, CFSAN SNP Pipeline, or Lyve-SET (https://
github.com/tseemann/snippy) [14e16]. There are many other
similar tools, but in the context of this review, we will name only
one or two examples of software solutions for this discussion and
that of core genome alignment that follows. Another review in this
series gives further detail and insight into additional available
bioinformatic tools [70].
How can core genome alignment be performed?
Another method to identify SNPs is to build a core genome
alignment. By identifying a core genome as sets of orthologous (i.e.
common ancestor) sequences conserved in all aligned genomes, it
is possible to focus either on identiﬁcation of groups of orthologous
genes (Roary is one of the most recent pan-genome analysis tools
[17]) or on collinear blocks of orthology, which includes intergenic
regions that might break blocks within genes (e.g. Parsnp implemented in the Harvest suite) [18]. Irrespective of the method used,
a core genome alignment might contain stretches of high variability, potentially resulting from recombination events. Including
this variability in the phylogenetic tree can interfere with the
phylogenetic signal. In a species-speciﬁc tool such as Whole
Genome Sequence Analysis (http://www.wgsa.net/) (currently for
Staphylococcus aureus, Salmonella typhi, Neisseria gonorrhoeae,
Renibacterium salmoninarum, and Zika virus), these stretches are
excluded before tree building by mapping assembled genomes
against a curated collection of species reference genomes. However,
sequence diversity, potentially the result of recombination, needs
to be dealt with, usually by identiﬁcation and ﬁltering of SNPs with
specialized tools (e.g. Gubbins, PhiPack and BRATNextGen)
[18e20].
The SNP approach can give very high resolution, but a reference
genome must be used that is closely related to the sequenced
samples. This reduces the chances of mismapping and increases the
regions present in the reference genome to which reads will be
mapped against. The chance of mismapping increases and the
number of mapped bases decreases if a diverse set of samples is
mapped against an arbitrary reference. Ideally, the analysed samples are also very closely related, which is the case in outbreak or
intrapatient divergence studies. In this setting, one of a set of
closely related samples may be assembled and used as reference
against which all others can be mapped [21,22]. The resulting
alignment is then the basis for phylogenetic reconstruction, either
directly or after concatenation of the positions showing variance.
Another drawback of the SNP-based approach is the low comparability between different studies, especially if different reference
genomes are used, and the potential adoption of different threshold
settings, such as the parameters by which a SNP will be veriﬁed by
the analysis software. Thus, reproducibility of a speciﬁc SNP analyses requires that the pipeline, its settings, the reference genome

How can gene-by-gene comparison be performed?

How is accessory genome typing performed?
Both SNP and cgMLST analyses are restricted to regions of the
genome present in all analysed isolates, which means that potentially useful information in the accessory genome is discarded.
Recently the pan-genome has been advocated and applied as an
additional tool to type bacterial genomes [56,57]. Clustering of
strains based on the presence or absence of accessory genes allows
a sensitive, ﬁne-grained analysis of isolates which will not necessarily be concordant with core genome analysis. However, combined analysis of variation in core, accessory and regulatory
genome regions can provide a superresolution view into the
epidemiology of bacterial populations [57]. Given the proposed
function of the pan-genome in adaptive evolution [10], this
approach could also give better insight in niche speciﬁcation than
cgMLST or SNP typing alone. Therefore, wider application of
accessory genome typing is anticipated in the near future.
How can plasmids be reconstructed from WGS data?
Despite the importance of plasmids (e.g. in the transmission of
antimicrobial resistance genes), surveillance and outbreaks analyses are frequently focused on tracing clonal strains through SNPs
or cgMLST. This strategy may not be suitable in scenarios where
plasmid conjugation or transposition are highly frequent, leading to
a plasmid-mediated rather than clonal outbreak [59,58]. To fully
understand antimicrobial resistance introduction and transmission
in hospital environments, plasmid epidemiology must be taken
into account [60,61].
Low-level resolution obtained by PCR-based techniques and
laborious work associated with plasmid puriﬁcation are the main
obstacles to using these techniques to analyse large collections of
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Table 1
Examples of relatedness criteria for wg/cgMLST and SNP typing schemes of representative clinically relevant bacteria
Organism

Relatedness thresholda

References

wg/cgMLST (allele) SNPs
Acinetobacter baumannii
Brucella spp.
Campylobacter coli, C. jejuni
Cronobacter spp.
Clostridium difﬁcile

8
Epidemiologic validation in progressb
14
Epidemiologic validation in progressb
Epidemiologic validation in progressb

3

Enterococcus faecium
Enterococcus rafﬁnosus
Escherichia coli
Francisella tularensis
Klebsiella oxytoca
Klebsiella pneumonia
Legionella pneumophila
Listeria monocytogenes
Mycobacterium abscessus
Mycobacterium tuberculosis
Neisseria gonorrhoeae
Neisseria meningitidis
Pseudomonas aeruginosa
Salmonella dublin
Salmonella enterica

20
Epidemiologic validation in progressb
10
1
Epidemiologic validation in progressb
10
4
10

16

Salmonella typhimurium
Staphylococcus aureus
Streptococcus suis
Vibrio parahaemolyticus
Yersinia spp.

12
Epidemiologic
Epidemiologic
14
Epidemiologic
Epidemiologic

validation in progressb
validation in progressb
validation in progressb
validation in progressb

Epidemiologic validation in progressb
24
10
0

15
4

10
2
18
15
3
30
12
14
37
13
4
2
15
21

[25,26]
http://www.applied-maths.com/applications/wgmlst
[27,28]
http://www.applied-maths.com/applications/wgmlst
[29], http://www.cgmlst.org/ncs, http://www.appliedmaths.com/applications/wgmlst
[30]
http://www.applied-maths.com/applications/wgmlst
[31,32], https://enterobase.warwick.ac.uk/
[33,34]
http://www.applied-maths.com/applications/wgmlst
[35,36]
[37]
[38,39]
[40]
[41]
[42], http://www.applied-maths.com/applications/wgmlst
http://www.cgmlst.org/ncs
[31,43]
[44], https://enterobase.warwick.ac.uk/
[45], http://www.cgmlst.org/ncs, http://www.appliedmaths.com/applications/wgmlst, https://enterobase.warwick.ac.uk/
[46], https://enterobase.warwick.ac.uk/
[47,48]
[49]
[50]
[51]

cg, core genome; MLST, multilocus sequence typing; SNP, single nucleotide polymorphism; wg, whole genome.
a
Data often represent single studies that can be used to begin formulation of species-speciﬁc interpretation criteria. Thus, these data should be coupled with newly
published similar studies to ensure that resulting values are not atypical and can be generally applied.
b
Proposed wg/cgMLST schemes are available online (http://www.cgmlst.org/ncs, http://www.applied-maths.com/applications/wgmlst, https://enterobase.warwick.ac.uk/)
but as yet have not been epidemiologically validated.

isolates. Accordingly, WGS has been adopted as the reference
standard to analyse plasmid sequences [62,63]. However, short
reads (read length up to 300 bp) generated by high-throughput
sequencers (e.g. Illumina MiSeq) cannot span plasmid repeat sequences, leading to an accurate but fragmented assembly. Several
tools had been proposed to improve de novo plasmid assembly, but
manual and expert pruning is required to obtain correct plasmid
boundaries, which limits the high-throughput analysis of WGS data
[64]. Emerging long-read sequencing technologies are a promising
solution to obtain complete and error-free plasmid sequences [65];
they were used to resolve the complete sequence of a 165 kbp
plasmid sequence, conﬁrming an alternative transfer mechanism of
the yersiniabactin locus ybt in K. pneumonia (http://www.biorxiv.
org/content/early/2017/01/04/098178) [71].
Data interpretation and issues of isolate relatedness
As stated previously, for purposes of bacterial strain typing and
epidemiologic analysis, WGS is primarily managed by SNP and/or
gene-by-gene (e.g. cgMLST) comparisons. While both typing approaches may in some cases provide comparable epidemiologic
discrimination [66], they vary in their overall suitability for
different epidemiologic or infection control settings. At present,
strain typing for public health is often performed by cgMLST, with
its capability for readily scaling analyses from small to large isolate
numbers, national and international data sharing, and standardized
strain nomenclature [55]. As noted earlier, the establishment of
curated cgMLST databases and commercially available software
with graphical user interfaces may reduce the need for dedicated
bioinformatics expertise. In addition, the National Center for
Biotechnology Information (NCBI) has developed the NCBI

Pathogen
Detection
Portal
(https://www.ncbi.nlm.nih.gov/
pathogens/), a robust platform using a combination of kmer and
SNP methods that has analysed more than 150 000 isolates from 20
different species. This resource is available to users willing to make
their data public at NCBI, with no bioinformatic expertise required
for data analysis. Smaller-scale strain typing for infection control
may be less reliant on many of the above analytical resources and
frequently beneﬁts from the increased sensitivity of SNP analysis.
However, a SNP-based network for tracking food-borne pathogens
with WGS is currently in place [67].
As with all typing methods, WGS analysis involves actively
growing isolates where genomic variability (i.e. clock speed)
directly affects the ultimate strain typing issue of relatedness,
which increases in complexity over time [68]. In the frequent
absence of an index isolate, the challenge is to determine what
constitutes signiﬁcant similarity and/or difference among the isolates available for analysis. While past typing methods such as
pulsed-ﬁeld gel electrophoresis lent themselves to generalized
guidelines for assessing isolate interrelationships [69], the volume
of WGS data and its potential organism-speciﬁc variability over
time resists the establishment of general relatedness guidelines.
Thus, there are no easy thresholds of relatedness, and the issue of
signiﬁcant difference must be established on an organism-byorganism and case-by-case basis. Knowledge of organism-speciﬁc
population genetics (i.e. the relative impact of mutation and
recombination on genetic variation) is crucial to correctly interpret
genetic differences among strains. Well-conducted studies of
isolate populations that include known epidemiologically linked as
well as unrelated isolates with associated clinical metadata are also
vital to the establishment of similarity benchmarks. An example of
current suggested cgMLST and SNP relatedness criteria for
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representative clinically relevant bacteria is shown in Table 1. We
are currently in the discovery phase of this process, which will
improve both in quantity and quality over time. However, it is
important to emphasize that proposed thresholds of clonality must
always be considered as guidelines rather than absolute rules and
thus be applied with a degree of ﬂexibility. As with any family tree,
diversity within related members is directly inﬂuenced by the
number of represented generations. The longer the analysis timeline, the greater the possibility that a comparison of the most recent
members (isolates) will exceed a suggested relatedness threshold
(Fig. 1). In this context, a broad graphical overview of isolate interrelationships (e.g. the branching of a phylogenetic tree) generated by software such as that mentioned above can greatly inform
epidemiologic interpretation. In addition, isolates close to (but
beyond) the relatedness threshold, which could represent more
distant members of an outbreak, can be targeted for further
scrutiny.
The way forward
Proper interpretation of strain typing data has always underscored the need to consider epidemiologic concordance. In this
context, past issues with the discriminatory power of available
molecular typing methods have generally led to the conclusion that
one can only exclude strains from an outbreak (e.g. label them as
epidemiologically unrelated when diversity passes a preset
threshold) but not include strains solely on the basis of typing
without additional clinical data. The exquisite sensitivity of WGSbased typing causes us to consider revisiting this thinking. For
example, one could speculate that, in the absence of clinical data,
isolates of Enterococcus faecium (a highly diverse species) differing
by one or two SNPs but from unrelated, geographically distinct
hospitals could represent a ‘novel’ transmission route not as yet
recognized by clinical epidemiologists. While this and other issues
remain to be clariﬁed, what is certain is that WGS has introduced a
paradigm shift in the acquisition, analysis and interpretation of
epidemiologic data. An exciting future lies ahead as these and other
as-yet-unforeseen issues are identiﬁed and dealt with as revolutionary advances in WGS-based epidemiologic analysis continue to
unfold.

Fig. 1. Hypothetical dendrogram (neighbour-joining tree). Interpretation of whole
genome sequencing results for epidemiologic investigations should rely on both genetic distance/difference (single nucleotide polymorphisms or alleles) and the topology of the dendrogram/phylogeny to draw conclusions about relatedness. Although a
similarity threshold can act as a guide to identify clusters of potentially related isolates
(e.g. within boxed area), isolates beyond the threshold but topologically nearby
deserve further scrutiny for potential relatedness.
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