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Classical MLST:

• The (old) gold standard for typing

• First developed in 1998 for Neisseria meningitis (Maiden et 
al. PNAS 1998. 95:3140-3145)

• The nucleotide sequence of internal regions of app. 7 
housekeeping genes are determined by PCR followed by 
Sanger sequencing

• Different alleles are each assigned a random number.

• The unique combination of alleles is the sequence type (ST).

Multi-Locus Sequence Typing (MLST)
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• For many bacterial species, MLST is considered the gold standard of typing.

• It is traditionally performed in an expensive and time-consuming way.

• As the cost of WGS continues to decline, it becomes increasingly available to scientists and 

routine diagnostics laboratories.

• Currently, the WGS cost is typically below that of traditional MLST.

7 x PCR and sequencing vs. 1 x WGS

MLST now
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MLST Typing by WGS
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MLST result output
One limitation: ONE variation in bases 
of one of the seven genes:  new allele 
number = different ST

Why limit to SEVEN genes when we 
sequence the whole genome?

-> core genome MLST
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Created in BioRender.com
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cgMLST – core genome
• Core genome = genes common for (almost) all within the species

• E. coli has approx. 5000-5500 genes, hereof 2300 are selected for the cgMLST scheme

Each gene variant has an allele 

number

Each allele combination has a cg 

ST assigend based on the cgMLST 

scheme

By cgMLST very closely related 

genomes are 'lumped' together in 

a Complex Type (CT)

Can also be used to interpret 

clusters
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Whole genome based phylogeny

• Single Nucleotide Polymorphism (SNP)
• Require reference genome

• Gene-by-gene approach 
• cgMLST – core genome MLST/wgMLST - whole genome MLST

• No reference genome required

• Require species specific cgMLST scheme

• What is phylogeny used for?
• Classify taxonomy – the classic use

• Outbreak detection – detection of clones – increasing with WGS data
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Sequence-based typing

MLST

cgMLST / SNP (Core/Whole Genome Comparison)

Presence/absence of genes and mobile elements

…..often a combination of the above is used to study outbreaks.
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Single nucleotide polymorphism (SNP)

• A SNP is a mutation within a subpopulations of 

individuals, essentially it is a point mutation 

which distinguishes two “closely” related strains 

of the same species

• To separate sequencing error from true SNPs, 

we need to have:

– Proper sequencing depth at the position

– High Q-score

• When we know the amounts of SNP differences 

we can infer the phylogenic relationship between 
strains

• High resolution

Section of reads mapped to reference, visualized 

using integrative genomics viewer, IGV: Integrative
Genomics Viewer

https://igv.org/
https://igv.org/
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• Textbook – A clone is:

• ”a group of genotypic identical isolates descending from a common ancestor as part of a direct chain of

replication”

• A more realistic definition:
• ”the word clone will be used to denote bacterial cultures isolated independently from different sources, in different 

locations, and perhaps at different times, but showing so many identical phenotypic and genotypic traits that the
most likely explanation for this identity is a common origin”

• (Ørskov & Ørskov, 1983)

Clone theory 101

The Fleming Fund | SeqAfrica 1
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The Chromosomograph

• Randomly generated across the chromosome over time (“The mutation rate”)

• …but influenced by external factors…

…an evolutionary clock!
Diversity

The Fleming Fund | SeqAfrica 1
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Horizontal gene transfer
The Chromosomograph's evil nemesis

• Horizontal gene transfer circumvents the linearity of the evolutionary clock

• …and needs to be addressed in any whole genome analysis such as SNPs…

The Fleming Fund | SeqAfrica 1
4
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Advanced clone theory
Clonal drift

Time
Host 

jump
Treatment

regime
Environment

Immune 

system

• The more discriminatory a typing method is, the more difficult it will be for it to 

accommodate biological variation caused by clonal drift over time (stability issues).

• On top of this, all typing methods will add methodological variation

(repeatability and reproducibility issues) thus blurring the picture even more.

The Fleming Fund | SeqAfrica 1
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Single source Short

time span 

“Contaminated dish”

“Single infected patient”

Single source – local spread

Long time span

“Hospital or regional outbreak”

The Fleming Fund | SeqAfrica 1
6

Single source outbreaks 



The Fleming Fund | SeqAfrica 17

Complicated outbreaks 

Single source 

Long time span

“Contaminated processing plant / industry”

“Long-term colonized patient / healthcare worker”

0-2 0-2 0-2

0-2

0-2 0-2 0-2
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Complicated outbreaks 

Single source 

Long time span

“Contaminated processing plant / industry”

“Long-term colonized patient / healthcare worker”

International source 

Long time span 

“Imported food source”

“Travel-related outbreak”

0-2 0-2 0-2

0-2

0-2 0-2 0-2
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8



The Fleming Fund | SeqAfrica 19

PO = Possible outbreaks(E. COLI)

Tentative definition of possible outbreak (PO)
If two isolates have a SNP distance ≤ 10 (termed PO10), they are considered to 

be so genetically related that they may be part of the same outbreak.

The Fleming Fund | SeqAfrica 19
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Core genome MLST (cgMLST) vs

Single Nucleotide Polymorphism (SNP)

The Fleming Fund | SeqAfrica 20

Phylogenetic analysis 
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Core genome MLST (cgMLST)

Reference based gene-by-gene comparison

“Super MLST”

Increased number of genes → Increased discriminatory power requires curated and

validated schemes

Requires software to remove gene homologues if you want to build your own scheme.

The Fleming Fund | SeqAfrica 21
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cgMLST.org

The Fleming Fund | SeqAfrica 22
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SeqSphere+ Software

Available schemes: S. aureus – E. coli – E. faecium – A. baumannii – K. pneumoniae ... and more  

The Fleming Fund | SeqAfrica 23
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Core genome MLST (cgMLST)

• All isolates are assigned to specific Complex Types (CTs)

• Different cgMLST schemes use different cut-off values for new CTs

The Fleming Fund | SeqAfrica 24
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CPO in Denmark – E. coli ST410

cgMLST 

(2505

genes)
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Core genome MLST (cgMLST)

28
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Core Genome MLST (cgMLST)
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Main advantages

• Common nomenclature (Cluster types)

• Fixed set of reference genes

• Recombination has been filtered out

• Curated database

• Fast, as it runs on draft assemblies

Main disadvantages
• Requires a validated cgMLST scheme

• May be sensitive to assembly method

• Requires a curator to manage the database

• The discriminatory power may be a bit lower than for SNP analysis

• Have a tendency to drift over time – especially in long-lasting outbreaks

The Fleming Fund | SeqAfrica 30

Core Genome MLST (cgMLST)
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SNP analysis

practical considerations

• Choosing the best reference

• Global SNP vs HQ SNP analysis

• Detecting contamination

• Recombination events

The Fleming Fund | SeqAfrica 31
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I
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• In general, a closely related reference is desired.

• A best match in NCBI RefSeq can be searched using KmerFinder.

• Complete genomes can also be searched at NCBI (but is not easy to use).

• A draft genome of the index isolate can be considered for use.

• Or you can make your own complete genome by using MinION or PacBIO.

The Fleming Fund | SeqAfrica 32

Choosing the best reference
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Choosing the best reference
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Choosing the best reference
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Recombination events
• Horizontal gene transfer

• Repetitive elements (IS-elements, AMR genes ect..)

• Gene duplication and diversification

Can to some extent be removed by using bioinformatic tools such as GUBBINS or

by ignoring SNPs that are “close” to each other (called pruning).

H B C D E F G

100% 100% 99% 100% 100% 100%97%

Prune 100 Ignored Kept Kept

Prune 1000 Ignored Ignored Ignored

No pruning Kept Kept Kept

The Fleming Fund | SeqAfrica 35
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What’s in a SNP?

36
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When nature messes with you…..
HYPERMUTATORS

37
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When nature messes with you. HYPERMUTATORS



The Fleming Fund | SeqAfrica

When nature messes with you. HYPERMUTATORS

39



Let’s take a break ☺



CSI Phylogeny 
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Focus on (CSI) phylogeny 

• Phylogenetic comparisons allow for determining clusters and clonal spread of 
microorganisms.

• SNP calling – to determine variants in the DNA  (Single Nucleotide Polymorphism)

• Different sequencing technologies have systematic biases, making integration of data 
generated from different platforms difficult. 

• CSIPhylogeny has incorporated two different procedures for identifying variable sites and inferring 
phylogenies in WGS data across multiple platforms.

https://cge.food.dtu.dk/services/CSIPhylogeny/
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Data quality and SNP calling

• Good data quality ensures reliability of your analysis.
• Poor quality sequences can rarely be used for SNP analysis.

• For assembled contigs - good coverage is essential (≥30x).

• Consider the quality of your raw data (specifically phred scores).

• CSI Phylogeny SNP filtering criteria: 
- SNP quality: ≥30 (Phred score, base call accuracy: 99.9%)

- SNPs with a sequence depth of <10 are removed. 

- A SNP is removed if it is <10 bps from the nearest SNP (Pruning) 

(recombination do not reflect naturally evolved SNPs).

Preferably analyse raw reads 

for better resolution!
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SNPs detection (CSIPhylogeny)

• Calling of single nucletide polymorphism 
• Variants in the DNA – compared to reference

SNPs are called on the nucleotides which all 

isolates in the analysis share with the reference.

Higer variation between isolates = higher difference 

from reference

-> 

Decreasing amount of nucleotides to call SNPs from 

(Valid positions/ percentage of reference covered)

Calling of single nucleotide polymorphism

- Variants in the DNA – compared to reference



CSIphylogeny - webtool

46
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CSIphylogeny - webtool
• Input data:

• Reference: Must be fasta format

• Choice of reference impacts the result

• Additional sequences: 

• Can be both fasta and fastq (Illumina)

• fastq most accurate
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Output: Variant calling format (VCF)

• Lists of SNPs called for each sequence, compared to the reference

48



Output: SNP matrix

Strain A Strain B Strain C Strain D Strain E Strain F Strain G Strain H

Strain A 0 406 223 388 326 212 324 321

Strain B 406 0 140 51 458 279 459 455

Strain C 223 140 0 12 259 85 259 255

Strain D 388 51 12 0 431 257 432 428

Strain E

326 458 259 431 0 328 6 5

Strain F

212 279 85 257 328 0 329 322

Strain G

324 459 259 432 6 329 0 9

Strain H

321 455 255 428 5 322 9 0

50

SNP matrix – pairwise comparison of SNPs
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SNP Matrix - example • Plain text file – open in Excel

E_coli_NZ_C
P033092_2

TC2021-
01_

TC2021-
02_

TC2021-
04_

TC2021-
05_

TC2021-
07_

TC2021-
08_

TC2021-
09_

TC2021-
10_

TC2021-
11_

TC2021-
12_

TC2021-
Extra01_

TC2021_Extra0
2_

E_coli_NZ_CP03309
2_2 0 29753 30187 26060 29484 29404 26067 29809 26510 29744 15477 30541 26071

TC2021-01_ 29753 0 10003 32323 3125 3150 32332 932 32333 862 34921 16898 32336

TC2021-02_ 30187 10003 0 32549 9519 9603 32558 10011 32548 10017 35335 17244 32562

TC2021-04_ 26060 32323 32549 0 32270 32180 80 32312 962 32425 30575 32712 84

TC2021-05_ 29484 3125 9519 32270 0 928 32279 3222 32278 3113 34970 17024 32283

TC2021-07_ 29404 3150 9603 32180 928 0 32189 3266 32192 3170 34872 16949 32193

TC2021-08_ 26067 32332 32558 80 32279 32189 0 32321 970 32434 30577 32718 4

TC2021-09_ 29809 932 10011 32312 3222 3266 32321 0 32322 1309 34977 16753 32325

TC2021-10_ 26510 32333 32548 962 32278 32192 970 32322 0 32433 30997 32698 974

TC2021-11_ 29744 862 10017 32425 3113 3170 32434 1309 32433 0 34925 16930 32438

TC2021-12_ 15477 34921 35335 30575 34970 34872 30577 34977 30997 34925 0 35612 30581

TC2021-Extra01_ 30541 16898 17244 32712 17024 16949 32718 16753 32698 16930 35612 0 32722

TC2021_Extra02_ 26071 32336 32562 84 32283 32193 4 32325 974 32438 30581 32722 0

min: 4 max: 35612
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SNP Matrix - example

E_coli_NZ

_CP03309

2_2

TC2021-

01_

TC2021-

02_

TC2021-

04_

TC2021-

05_

TC2021-

07_

TC2021-

08_

TC2021-

09_

TC2021-

10_

TC2021-

11_

TC2021-

12_

TC2021-

Extra01_

TC2021_Extr

a02_

E_coli_NZ_CP03

3092_2 0

TC2021-01_ 29753 0 Below 1000 SNPs

TC2021-02_ 30187 10003 0 Below 100 SNPs

TC2021-04_ 26060 32323 32549 0 Below 10 SNPs

TC2021-05_ 29484 3125 9519 32270 0

TC2021-07_ 29404 3150 9603 32180 928 0

TC2021-08_ 26067 32332 32558 80 32279 32189 0

TC2021-09_ 29809 932 10011 32312 3222 3266 32321 0

TC2021-10_ 26510 32333 32548 962 32278 32192 970 32322 0

TC2021-11_ 29744 862 10017 32425 3113 3170 32434 1309 32433 0

TC2021-12_ 15477 34921 35335 30575 34970 34872 30577 34977 30997 34925 0

TC2021-Extra01_ 30541 16898 17244 32712 17024 16949 32718 16753 32698 16930 35612 0

TC2021_Extra02_ 26071 32336 32562 84 32283 32193 4 32325 974 32438 30581 32722 0
min: 4 max: 

35612
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Outputs from SNP analysis: Newick file
• Newick file – distance file: phylogeny

• Visualise using various tools (here: by FigTree)

• Distance measured on horizontal lines

• No/short distance = clustering

• It’s a matter of perspective!
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CSI output – web interface
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Newick file 

• Text file – SNP distances

• Use various tools to visualise the phylogenetic tree

• Here: FigTree 

• https://github.com/rambaut/figtree/releases

• CGE tool:

• TreeViewer

• Microreact, iTOL…

• https://microreact.org/upload

https://github.com/rambaut/figtree/releases
https://microreact.org/upload
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CSI outputs
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How to choose a reference

• The reference should be somewhat similar to the isolates you test.

• You can use an internal reference in your collection.

• Better described (annotated strain)

• Search for something similar in kmerFinder.

• The more distant your reference is from the dataset you analyse, the less bases you will 
build the SNP analysis on. 

• -> false lower number of SNPs if you choose a bad reference
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Kmer-finder –species ID and contamination
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Kmer-finder – find a reference
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Download reference 

https://www.ncbi.nlm.nih.gov

For this exercise:

We have uploaded 2 

reference sequences on 

Sciencedata.dk: 

One is the best match found 
by KmerFinder

(KmerFinder_ref)

Another is index isolate, 

hybrid assembled and 
published (optimal_ref)

https://www.ncbi.nlm.nih.gov/


Mintyper
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MinION – the new(ish) kid on the block

Relatively..

•

•

•

•

low price per isolate 

well-proven technology

high precision ( low error rate)

Slow (depending on the setup)

..but no reads in real-time

Relatively..

• Low-to medium price per isolate

• experimental technology

• low precision (high error rate)?

• fast

..and reads available in real-time
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Illumina vs. MinION (R9.4.1) data

Repeat area (rRNA, IS, homologue genes ect..)
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Illumina vs. MinION data
Illumina raw data

C
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Illumina raw data
Illumina vs.

MinION data
MinION raw data

C

C
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R9.4.1 vs. R10.4.1 pore 
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Choice of flowcell/pore

https://www.biorxiv.org/content/10.1101/2021.10.27.466057v2

https://www.biorxiv.org/content/10.1101/2021.10.27.466057v2
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The MINTyper tool

at CGE

- Will only accept raw data (Illumina and ONT)

- Will fail if not all input data (strains) cover at least 50% of the reference

- Allows for the user to give her own reference genome (fasta format)

- Allows the user to filter out Dcm methylation signals, which may cause issues with the fast basecaller (at

least in old versions of Guppy).

- Exists as a command-line tool (genomicepidemiology / mintyper — Bitbucket).

https://bitbucket.org/genomicepidemiology/mintyper/src/main/
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MINTyper

V1.0

• MINTyper can search (an outdated version of)

the NCBI RefSeq genome database

(KmerFinder DB) for the best reference.

• You can also upload your own reference

(e.g. a draft genome of what you think is

your index isolate).
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• Choose no masking if you have Illumina 

data and/or MinION data which has been 

basecalled to correct for Dcm methylation.

• If your Illumina data and MinION data of the 

same strain do not align in the analysis, try to

apply the ”DCM masking option”.

MINTyper 

V1.0
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• Significant calls are HQ SNPs

• Insignificant calls include more

ambiguous calls (not advised).

MINTyper 

V1.0
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• Select pruning distance.

• Use default or perhaps 100 bp.

MINTyper 

V1.0
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• Define a SNP distance for clusters

• Often between 10 and 20 (but depends on 

the length and nature of the outbreak).

MINTyper 

V1.0
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Uploading data 

• Click here to find your data

• Raw data only!

• Can not exceed around 1 GB per file

• Click and run the analysis
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Insert your email address 

• Then wait for the result (if you start many 

different analysis, it is advised to make a log 

of what you have started and with what 

settings…and perhaps also the hypothesis).
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MINTyper

output
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MINTyper

output



The Fleming Fund | SeqAfrica 78

MINTyper

output
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MINTyper

output
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MINTyper

output

1

2

3

4

5

6

ST91

1 2 3 4 5 6

0
0

0
0

0

0
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MINTyper output -

visualizations
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MINTyper output– 

VCF data
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MINTyper output– 

reference



Let’s take a break ☺
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Scenario
Scenario:
• A recent rise in cases of carbapenemase

producing E. coli in several regional 

hospitals indicate one or more ongoing 

outbreaks

• Suggested that the NRL could give 

assistance by performing outbreak 

investigation by WGS. 

• Patients include both domestic and travel-

related cases and a batch of samples has 

already been sequenced using Illumina 

sequencing (NextSeq). 

• From these sequences, subtyping by MLST 

was performed and a selection (12 E. coli 

isolates) of the most predominant MLST 

(ST410) isolates has been transported to 

your laboratory for further analysis. 

• Your laboratory has just finalized setting up 

MinION (Oxford Nanopore; ONT) 

sequencing, and you wish to use this 

occasion to work with both types of 

sequences. 



Thank you

This programme is being funded by the UK Department of Health and Social Care.

The views expressed do not necessarily reflect the UK Government’s official policies.
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