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The guidelines aim to inform and support NRLs in the 

choices of methods to be used for the so-called cluster 

analysis, in which comparisons of genomes are 

performed followed by visualisations of the results to 

allow an interpretation of how closely the genomes are 

related to each other. 
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A typical WGS workflow



Why perform WGS cluster analysis?

Outbreak investigations 
– determine the source of an outbreak, 
– determine routes of infection/spread -> interventions

Surveillance 
– detecting outbreaks, detect multi country clusters



How to perform WGS cluster analysis

Most common approaches

Single nucleotide polymorphism 
(SNP) approach

Individual mutations used as 
separate phylogenetic markers

Gene-by-gene approach

Each variant of a gene or part of a 
gene is considered an allele

• Both approaches involve several steps of analysis, that all can affect the end results
• e.g., read trimming, assembly, read-mapping, alignment, variant calling, allele calling and dendrogram/tree 

production 

• Freely available and commercial software can perform all these steps

• Important for users to have a solid knowledge of the software and methodology in order to produce correct and 
comparable results

• Different steps of the analysis should be evaluated for each pathogen, sequencing machine and software

• Validation of all steps of the end-to-end WGS workflow has been described in the document ‘Guidance document for 
WGS benchmarking’ also produced by the Inter-EURLs WG on NGS



Fundamental steps in cluster analysis



The SNP approach

The approach with highest resolution for relatedness studies

Read-mapping
Most common SNP approach

Steps:

• Mapping reads to a reference

• Variant calling

• Variant filtering

• SNP matrix visualisation

Other approaches

• Reference free k-mer based SNP calling

• Assembly alignment based SNP calling

Drawbacks

• Difficult to standardize

• Can be computationally intensive



The SNP approach

Mapping reads to a reference

• Reads mapped to a reference genome using a read mapping software

• Normaly only one reference genome is used, but some methods use several 

• Choose reference genome representative of the pathogen to maximise resolution

List of common read mappers: 



The SNP approach

Variant calling

• The process of identifying in which position bases differ from the reference sequence

• Done by using the read mapping results and a variant calling software

List of variant calling software:



The SNP approach

Variant filtering

Incorrect SNPs/variants may be called for a number of reasons, including quality issues and repetitive sequence regions. The variant

calling procedure often includes, or is combined with, a number of filtering steps to reduce errors and make the analysis more robust.

These filtering steps may include:

 Genomic regions with low coverage.

 Genomic regions with coverage much larger than the average coverage (possibly repetitive).

 Threshold for how large fraction of reads that must support the allele.

 Minimum quality values for the base calling of the reads at the SNP position.

 Minimum quality value of the read mapping (is the read uniquely mapped).

 Mapping positions close to the reference sequence contig ends may be excluded.

 Regions where many SNPs are found in close proximity to each other may be excluded (possible recombination).

 Duplicate reads in the alignment may be removed (may be PCR duplicates, not true unique sequenced fragments).



The SNP approach

SNP „pipelines“

• Several „pipelines“ publicly available for SNP analyses

• Combine the required steps for SNP analysis

• Some pipelines also available as online services

Common SNP pipelines Online SNP pipelines



An unambiguous SNP A problematic region Many SNPs or one 
larger mutation?



The gene-by-gene approach

Extended multilocus sequence typing (MLST) analysis, upscaled to include thousands of genes or alleles

No reference genome, instead this approach uses a pre-defined list or a database of target genes (called a scheme)

All sequenced genomes compared to the same list

Two main types of schemes

core genome MLST
(cgMLST)

Conserved core of target genes found in nearly all 
strains used to create the allele database

• Produces comparable results for almost any 

genome of the species

• Stable nomenclature

• Suitable for surveillance purposes

whole genome MLST
(wgMLST)

All genes found in the strains used to create the allele 
database (core genome + accessory genome)

• Not all genes presented in all sequenced genomes

• Higher number of alleles > higher resolution

• Resolution similar to a SNP analysis

• Useful for outbreak tracking



Core genes

Strain 1

Strain 2

Strain 3

Core genes

All genes

Core genes: Present in all isolates compared
Example of core genes: genes necessary for survival
(housekeeping genes) 

Accessory genes: NOT present in all isolates compared
Example of accessory genes: genes for strain specific
adaptation (e.g. AMR, plasmids, metabolic …)

The gene-by-gene approach

Core genome vs accessory genome



• Assembled genomes most commonly used as input 

• Read mapping to the target genes can be used instead

• Analysis performed by aligning the gene targets (from the scheme) to the assembly and extract the isolate´s 

allelic sequence

• Allele calling can be time consuming

• New genomes can be added at later stages 

The gene-by-gene approach



Align genes 
to genomes –
allele calling

Gene 

1

Gene 

2

Gene 

3

Gene 

4

Isolate1 1 2 1 1

Isolate2 4 3 - 3

Isolate3 4 1 1 1

Isolate4 5 1 1 1

Isolate5 22 4 24 13

Isolate6 4 3 4 5

Filtered genes, 
suitable for MLST

MLST scheme

Reference-genome/s

Sequenced isolates

Allele identifiers – each number matches a 
certain DNA-sequence of that gene

The gene-by-gene approach



The gene-by-gene approach

Validated cg/ wgMLST-schemes available for food-borne pathogens



The gene-by-gene approach

Genome assembly

Genome assembly is most commonly used for the gene-by-gene approach

Poor assemblies can have a negative impact on allele calling

Steps for assembly:

Adapter and quality trimming of reads
Trimmomatic, Sickle, Trim Galore, fastp

Assembly of reads
SPAdes, Velvet, SKESA

Assembly correction and polishing
Pilon

Check assembly quality metrics
length, GC%, N50, no of contigs

All tools need to be properly 
optimized using proper 

validation datasets for each 
pathogen in every laboratory



The gene-by-gene approach

Allele calling

• Alignment tools such as BLAST returns the allele sequences of the genome analyses

• Receives allele identifiers if connected to online databases

• If a allele sequence is novel, a new identifier is assigned and is deposited to the database

• Commercial software, open source software and online services available



The gene-by-gene approach

Illumina vs Ion Torrent

Errors produced by Illumina and Ion Torrent differ, therefor a proper validation should be performed 
when using assemblies derived from different platforms in the same gene-by-gene comparison

- Trimmomatic
- 100X coverage
- SPAdes 3.14

In a SNP-based approach there were

no differences between the samples. 



SNP vs gene-by-gene approach

• Generally group isolates into same clusters

• Results from the methods are most often comparable

• Validation using reference datasets should be performed for chosen pipeline/software/parameters etc. 

Differences between the methods:

• Intergenic regions not included in gene-by-gene approach

• Several mutations and indels in a gene collapsed and only counted as 1 change using gene-by-gene approach

• E.g. a gene has 3 mutation, counted as 1 change using gene-by-gene approach and 3 changes using SNP approach

• Small INDELs not counted by all SNP approaches but always counted as new allele using a gene-by-gene approach

• SNP restricted to reference genome, needs to be closely related for high resolution

• MLST restricted to genes in scheme

• Both for SNP and gene-by-gene, the input data quality affects the end result (but perhaps more for the assembly based 

methods)



A selection of available software solutions for SNP and cg/wgMLST are listed in the guidance document. You can find

both commercial and free software, local and online software. 

Software for SNP and gene-by-gene

• Online services
- Dependency on service provider
- Downtimes of server
- Long waiting times

+   No cost
+   Easy to perform

• Local operation
- Often requires bioinformatics/Linux 

knowledge
- Computer power
- Comercial software expensive

+   Full control of analysis
+   Not dependant on external provider



Visualisation of clustering data

Number of SNPs or allele differences can be directly derived from a table and converted into a distance matrix 

describing the pairwaise distances

The distance matrix lists the number of SNPs or allelic differences detected among each pair of strains analysed



Visualisation of clustering data

A minimum spanning tree (MST) is a common way to visualise SNPs or allelic differences

If many genomes – two step analysis. Elevates resolution of the identified clusters and
neighbouring isolates since the shared genome will be larger when only closely related
genomes are analysed



Visualisation of clustering data

The results of cluster analysis can also be visualised in a phylogenetic tree, rooted or unrooted. 

Can be produced from distance matrix or directly from the SNP alignment data

Software solutions for visualisation of clustering data



Interpretation of clustering data

Identification of clusters of genomes and deductions on whether two or more isolates are related or not

• Difficult question, all isolates of a species share a common ancestor

• Needs to be put into context to an outbreak and in relation with other isolates

• Number of allelic differences should be carefully considered
• Not all alleles are called for all strains, should it be in the analyses if missing in some of the strains
• Pairwise comparison considering all the alleles obtains more detailed information

• Pathogen-specific knowledge is required before a correct interpretation of a real outbreak is performed
• Cluster cut-off is very species-specific, e.g. ≤ 2 SNPs for Francisella tularensis and ≤ 15 for Campylobacter jejuni

• Results of SNPs or allelic differences can be combined with phylogenetic tress for more robust interpretation of 
evolutionary relationship

• For outbreak investigation, it is crucial to include epidemiology and traceback evidence, not rely on clustering data 
alone









Questions?


