
Genomic taxonomy of bacterial strains



Biodiversity and Epidemiology of Bacterial Pathogens
Unit

Emergenceand evolution 
(of bacterial strains)

• Multidrug resistance
• Vaccine-escape
• Epidemiological surveillance
• One Health
• Links genotype-phenotype

Genomic taxonomies of strains

Klebsiella pneumoniae

Multidrug resistance

Corynebacterium diphtheriae

Multidrug resistance

Bordetella pertussis

Vaccine-driven evolution

National Reference Center

Other pathogens

Public health importance



Genotyping of microbial strains:
why?

Resistant strains

Vaccine 
coverage & 
escape

Virulent strains

Highly 
transmissible 
strains

Surveillance: 
Outbreak & source 

detection

International dissemination



Strain taxonomies are needed, but mostly lacking
Phylum Species Clone Individual isolate

Biodiversity, evolution

Population biology

Epidemiology: transmission; 
emergence

Linnaean taxonomy Strain taxonomy

? • Outbreak detection
• Epidemiology
• Genotype-phenotype links



Identification
Determining to which taxon an individual belongs to 

(Microbiological diagnostic)

Taxonomy
Classification 
Delineating taxa

Description 
Properties of taxa

Nomenclature 
Assigning names

‘Biological esperanto’



Identification

Taxonomy: requirements

Classification

Nomenclature

• Stability
• Phylogenetic compatibility
• Multiple scales (epidemiology, population biology)

Taxonomy component Needs

• Automatizable
• Human readable
• Backwards compatible (inheritability)

• Accurate
• Accessible
• Fast, user friendly



Strain taxonomy: exemple of SARS-CoV-2
variants

1. Classification 2. Naming (including nicknaming)

Rambaut et al., 2020

B.1.351

P.1

3. Identification

(Pango& WHO nomenclatures)(Phylogenetics) (Pango lineage assignment by Pangolin)

FIGURES FIGURES



Species borders:
~5% DNA sequence divergence Humans - chimpanzees ~1.2%

~4%

~6.5%

Rogers & Gibbs 2014

Human

Chimp

Macaque

High amounts of genetic diversity within bacterial
species

• Thousands of « strains » within bacterial species
• The need to recognize strain subtypes and create ‘library typing systems’ was long recognized

~1%

Genome: 5MB Genome: 0.03MB Genome: 3000MB

FIGURES



How can we classify bacteria using cgMLST
profiles?

• cgSTsare too discriminatory 
for meaningful 
epidemiological associations

• Need to group cgSTsbased 
on their profiles

Classification method?

Various phylogenetic 
depths

FIGURES



Single linkage classification algorithm

• Threshold 0.9: 6 groups

• Threshold 1: two groups

• Threshold 2: 1 groupST4 : 1 - 8 - 1 - 3 - 1 - 1 - 10

ST3 : 1 - 1 - 1 - 1 - 1 - 1 - 10

ST1 : 1 - 1 - 1 - 1 - 1 - 1 - 1

ST2 : 1 - 1 - 1 - 5 - 1 - 1 - 1

MLST clonal complexes

years

Feil, 2004 Nat Rev Microbiol

FIGURES

FIGURES



Single-linkage clusters can merge

• Group fusion GC2-> GC1
• Isolates 6 and 7:

Previously GC2,now CG1!!
Threshold = 5 7

3

4

Strain 11:
Dij = 3
Dik = 4

Fusion of previously-defined groups: classification
instability

FIGURES



Multilevel classification

Species border

Level 1

Level 10

Level 2

1 2

11 22

31 101

1 - 11 – 31 -… 2 - 22 – 101 - …

Unique barcode for each strain

FIGURES



Phylogenetic nomenclatures

• In use for monomorphic pathogens: « S. 
Typhi », S. sonnei, Mtb…

• Analogous example ~ Pango SARS-
Cov-2

• Pros: based on phylogenetic 
relationships & whole genome SNPs

• Cons: Stable? Tree might be modified by 
novel isolates; not automated

e.g., Dyson & Holt JInf Dis 2021; Hawkey et al. Nat Comms 2021

FIGURES



Hierarchical clustering (HierCC)
cgMLST-based; Mark Achtman and coll.



Hierarchical clustering principle

Tiebreaker rule: isolates are 
allocated to closest cluster

If equidistant: earliest has 
priority

�stable nomenclature

Nabil-Fareed Alikhan, 
Mark Achtman et al.

FIGURES



Hierarchical clustering: development mode versus production
mode

Zhou, Achtman et al. 2021 
Bioinformatics
( hierCC )

Stable groups in production mode
(but arbitrary decision to turn on production mode)

FIGURES



• Encoding method based on genome proximity
• Stable by design
• Based on Average Nucleotide Identity (whole genome sequence)

Life Identification Number (LIN) codes

Vinatzer et al., 2017, Antonie van Leeuwenhoek

FIGURES



cgMLST-based LIN codes
Combining the best of both worlds:

• cgMLSTis a standard strain comparison method
• LIN codes are multilevel classifications and are stable by design

Develop genomic taxonomies of strains that would be:

• Stable by design

• Multilevel

• Phylogeny-compatible

• Robust, reproducible

• Accessible, expandable

• Compatible with previous classifications and nomenclatures



LIN codes: encoding by proximity

1. Define closest genome in LIN database

Similarity: 
5%

2. Create LIN code based on closest neighbor’s code, and similarity

Pivot bin

New genome

Closest 
reference FIGURES



Core genome MLST Life Identification Number (LIN)
codes: encoding process

Genome 
sequences

cgMLST 
profiles

Bin number:
Max. allelic similarity*:
Min. allelic difference*:

1 2 3 4 5 6 7 8 9 10

19 44 439 586 619 622 625 627 628 629

610 585 190 43 10 7 4 2 1 0
Bins left thresholds:

Closest genome
(similarity %)

0

3.
02

6.
99

69
.7

9

93
.1

6

98
.4

1

98
.8

8

99
.3

6

99
.6

8

99
.8

4

10
0

Genome A Initialization 0 0 0 0 0 0 0 0 0 0

Genome B A (3.50%) 0 1 0 0 0 0 0 0 0 0

Genome C B (99.0%) 0 1 0 0 0 0 1 0 0 0

Genome D B (7.00%) 0 1 1 0 0 0 0 0 0 0

… … …

Genome E D (5.00%) 0 2 0 0 0 0 0 0 0 0

Genome F E (98.90%) 0 2 0 0 0 0 1 0 0 0

(i) (iii)(ii)Coding steps (genome E):

cgST

Vinatzer et al. 2017 Antonie van Leeuwenhoek 

Hennart et al., Mol Biol Evol, 2022

Similarity falls in pivot bin

Novel LIN code:

• Prefix up to pivot bin
• +1 in pivot bin
• 0 in downstream bins



LIN codes bypass the instability of single-linkage
clustering

• Group fusion GC2-> GC1
• Isolates 6 and 7:

Previously GC2,now CG1!!

B. Single-linkage

A. LIN codes

Threshold = 5

Thresholds = 
5 – 2 – 1 - 0

7
3

4

• Novel codecreated
• Previous isolates unaffected

3Strain 11:
Dij = 3

Strain 11:
Dij = 3
Dik = 4

FIGURES



Define bins based on population
structure core genome

• Alignment, recombination purging & phylogenetic analysis

• Optimal cgMLST thresholds from population structure: clade compatibility, MSTclust (Hennart et 
al., 2022) or HCCeval (Zhou et al. 2021)

Phylogeny & classification

FIGURES



The multiple levels of phylogenetic
structure K.pneumoniae

(Kp)
K.variicola
(Kv)

K.quasipneumoniae
(Kq)

KpSC

Holt et al, 2014

Main sublineages

0.005

0.06

0.001

Emerging ‘strains’

1995 2000 2005

Strain A
10 SNPs

FIGURES



Alexis Criscuolo

https://gitlab.pasteur.fr/GIPhy/MSTclust

Capturing population structures

Hennart et al., Mol Biol Evol, 2022
(See also Zhou et al., 2021, bioinformatics)

FIGURES



10-level barcoding of KpSC strains, 
from species to epidemiological
tracking

Species Subspecies Sublineage
Clonal 
group Epidemiology

Threshold 610 585 190 43 10 7 4 2 1 0

FIGURES



• Shared prefix defines a similarity range: the range of their pivot bin (at least assimilar as the left threshold)

• The left-most 0 (continuous series from the right) implies the genome (cgST) is the founder of this partition (earliest coded genome)

How to read LIN
codes

Genome 
sequences

cgMLST 
profiles

Bin number:
Max. allelic similarity*:
Min. allelic difference*:

1 2 3 4 5 6 7 8 9 10

19 44 439 586 619 622 625 627 628 629

610 585 190 43 10 7 4 2 1 0
Bins left thresholds:

Closest genome
(similarity %)

0

3.
02

6.
99

69
.7

9

93
.1

6

98
.4

1

98
.8

8

99
.3

6

99
.6

8

99
.8

4

10
0

Genome A Initialization 0 0 0 0 0 0 0 0 0 0

Genome B A (3.50%) 0 1 0 0 0 0 0 0 0 0

Genome C B (99.0%) 0 1 0 0 0 0 1 0 0 0

Genome D B (7.00%) 0 1 1 0 0 0 0 0 0 0

… … …

Genome E D (5.00%) 0 2 0 0 0 0 0 0 0 0

Genome F E (98.90%) 0 2 0 0 0 0 1 0 0 0

(i) (iii)(ii)Coding steps (genome E):

cgST

At least 98.88% similar, 
at most 99.36 (exclusive)

At least 6.99% similar,
at most 69.79 (exclusive)

Founder of partition 0_1_0_0_0_0_1



LINprefix, 
size 3

0_0_0

0_0_429

0_0_105

0_0_158

0_0_197

0_0_369

0_0_750

LINprefix, 
size 4

0_0_105_6

0_0_105_0

0_0_105_2

0_0_105_11

0_0_105_1

0_0_105_29

0_0_105_7

LINprefix, 
size2

0_0

1_0

1_1

2_0

2_1

3_0

4_0

LIN codes levels are nested from right to left

LINprefix

0_0_1_0

0_0_2_0

0_0_105_0

0 has a different meaning 
in these three lines

(Each 0 is a particular subdivision of its 
own corresponding prefix)



LIN code taxonomy: 
example of the KpSC



LIN codes prefix trees: phylogenetic tree
proxies

• The prefix tree recapitulates the main divisions of the phylogenetic tree
• Prefix trees: trees without sequences or even cgMLSTprofiles

FIGURES



LIN codes prefixes are diagnostic
markers

• Prefixes mark important phylogroups, sublineages, clonal groups and finer subdivisions

FIGURES



LIN code prefixes can be given human-readable
nicknames

LIN code nomenclatures: Novel system, or inheritance from previous nomenclatures

LINprefix Main 
ST Nickname

0_0_105_6 258 CG258

0_0_105_0 340 CG340

0_0_105_2 11 CG11

0_0_105_11 11 CG3666

0_0_105_1 437 GC10268

0_0_105_29 11 CG12811

0_0_105_7 895 CG895

Inherit from MLST

LINprefix Main 
serotype Nickname

0_0_1_0 Typhimurium Typhimurium

0_0_1_6 Enteritidis Enteritidis

0_0_1_2 Newport Newport

0_0_1_11 Typhi Typhi

0_0_1_1 Paratyphi B Paratyphi B

0_0_1_29 Choleraesuis Choleraesuis

0_0_1_7 Agona Agona

Inherit from serotypes

(mock example)

LINprefix Main 
ST Nickname

0_0_105_6 258 Alpha

0_0_105_0 340 Beta

0_0_105_2 11 Gamma

0_0_105_11 11 Delta

0_0_105_1 437 Epsilon

0_0_105_29 11 Theta

0_0_105_7 895 Iota

Novel system



Inheritance of MLST identifiers (ST numbers) on the genomic
nomenclature: Nicknaming LIN codes prefixes at levels 3 and 4 of
KpSC LIN codes

Species Subspecies Sublineage Clonal group Epidemiology

Threshold 610 585 190 43 10 7 4 2 1 0

Inheritance from 7-gene MLST

FIGURES



The resulting inheritance of 7-gene MLST 
identifiers on SL and CG classifications

https://gitlab.pasteur.fr/BEBP/

Don’t say 
ST258,

say SL258 or 
CG258

FIGURES



LINprefix Main 
ST Nickname

0_0_0 15 SL15

0_0_429 23 SL23

0_0_105 258 SL258

0_0_158 45 SL45

0_0_197 147 SL147

0_0_369 307 SL307

0_0_750 6589 SL10691

LINprefix Main 
ST Nickname

0_0_105_6 258 CG258

0_0_105_0 340 CG340

0_0_105_2 11 CG11

0_0_105_11 11 CG3666

0_0_105_1 437 GC10268

0_0_105_29 11 CG12811

0_0_105_7 895 CG895

LINprefix Phylo-
group

0_0 Kp1

1_0 Kp3

1_1 Kp5

2_0 Kp2

2_1 Kp4

3_0 Kp6

4_0 Kp7

Sublineages and clonal groups nicknames ensure continuity of the main MLSTidentifiers within the LIN codes taxonomy

• Ahuman-readable, backwards compatible (MLST) nomenclature

• Keep promoting MLSTfor Sanger sequencing-based labs & familiar system expansion

LIN codes: saying goodbye politely to MLST



Some KlebsiellaMLST STs can be
misleading

ST23Lamet al. JAntimicr Therapy, 2023

Palma, Hennart et al., bioRxiv 2023

• Large-scale recombinations create distant sublineages
• Convergence of MLSTprofiles by recombination

• Use of LIN codes taxonomy to be prefered over MLST

FIGURES FIGURES



Integration of LIN codes into BIGSdb-Pasteur 
Klebsiella

(SL258)

LIN codes Nicknames

Making the genomic taxonomy publicly accessible http://bigsdb.pasteur.fr

BIGSdbplatform 
from Oxford U

http://bigsdb.pasteur.fr/


https://bigsdb.pasteur.fr

• How many isolates belong to clonal group 147 (CG147, of prefix 0_0_197_0)?

• How many isolates have prefix 0_0_197_0_4_1_0_8 ?

• What are their genetic diversity and geographic origins?

https://pubmlst.org
• Check the Streptococcus pneumoniae database and search isolates by LIN codes

LIN codes:
practicum



LIN codes can be used to track the emergence of
lineages

FIGURES



LIN codes can be used to track outbreak
strains

• Each genome has a LIN code
• Only the almost identical genomes may have same LIN code

FIGURES



Use Prim (1957) Mstree algorithm and follow the 

graph as input order

• The effect of input order on LIN codes • Solution :

LIN codes: input order matters (fragmentation issue)

FIGURES



‘Static Founder’ CT : fragmentation issue

Slide credit: Dag Harmsen

SeqSphere+ and 
cgmlst.org

cgMLST Complex Type (CT)

FIGURES



Static Founder
Advantage: stable nomenclature. Only 

in a global
founder 
(public)profiles need to be stored 

database.
Disadvantage: fragmentation.

‘Static Founder’ CT : fragmentation issue
Slide credit: Dag Harmsen

SeqSphere+ and 
cgmlst.org

cgMLST Complex Type (CT)

Fragmentation: very similar isolates 
being classified in separate groups 
(also issue for hierCC)

FIGURES



• cgSTsand LIN codes are sourced from BIGSdb into Pathogenwatch using APIs
• Prefix prediction provides information (Sublineage, Clonal group) for genomes with unregistered cgST

KnowncgST Unknown cgST:report the closest; deduce LIN code prefix

LIN codes can be used in external tools

https://pathogen.watch/



Identification

cgMLST LIN codes

Classification

Nomenclature

ü Stability
ü Phylogenetic compatibility
ü Multiple scales (epidemiology, population biology)

Taxonomy component Needs

ü Human readable
ü Automatizable
ü Backwards compatible (inheritability)

ü Accurate
ü Accessible
ü Fast, easy



• KlebNET-Genomic Surveillance Platform 
(https://klebnet.org)

Genomic surveillance: stronger together

Reporting 
(clinical, public health)

Microbial & Sequencing 
capacity

Networking Databasing

David Aanensen (Oxford U) 
Kat Holt (LSHTM)
Sylvain Brisse (Institut Pasteur)
& teams

Synchronization of ENA, 
PW and BIGSdb-Pasteur



LIN codes: applicability
domainNeeds: Clonal organisms,meaningful phylogenetic structure, cgMLST

Excludes monomorphic pathogens, viruses (?) 

Excludes panmictic organisms

Includes most bacterial species (pathogens, environmental, industrial,…)

Includes diploid/polyploid organisms: fungi, unicellular parasites, …



Phylum Species Clone Individual isolate

Biodiversity, evolution

Population biology

Epidemiology: transmission; 
emergence

Linnaean taxonomy

LIN codes strain taxonomy

ü Stable classification

ü Multi-purpose

ü Automated

ü Human readability

ü Backward compatibility

ü User-friendly

ü Fast identification from genomes

Genomic taxonomy

scgST LINcode Phylogroup Sublineage Clonal group

1 0_0_0_0_0_0_0_0_0_0 Kp1 SL15 CG15

9677 0_0_429_0_42_0_1_0_0_0 Kp1 SL23 CG23

9678 0_0_429_0_61_0_0_0_0_0 Kp1 SL23 CG23

9679 0_0_429_0_42_1_0_0_0_0 Kp1 SL23 CG23 Don’t sayK.pneumoniae, sayK.pneumoniae sublineage23
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Supplementaryslides



• Nested codes: Numerical values in bin are subdivisions of upper prefix
groups

• 0 = founder; most values are small numbers
• Shared prefix length ~similarity

• Diagnostic markers
• Prefix trees

• Missing data handling
• Drawback: Input order influences LIN codes

• Computational precision

cgMLST-LINcodesproperties

A 0 0 0 0 0 0 0 0 0 0

B 0 0 0 1 0 0 0 0 0 0

C 0 0 0 0 0 1 0 0 0 0



Min. allelic difference (right threshold, 
exclusive):

61
0

58
5

19
0

43 10 7 4 2 1 0

Closest genome
(similarity %)

Bins left thresholds (inclusive):

0
3.
02

6.
99

69
.7
9

93
.1
6

98
.4
1

98
.8
8

99
.3
6

99
.6
8

99
.8
4

Genome A Initialization 0 0 0 0 0 0 0 0 0 0

Genome B A (6.10%) 0 1 0 0 0 0 0 0 0 0

Genome C B (95.50%) 0 1 0 0 1 0 0 0 0 0

Genome D A (10.50%) 0 0 1 0 0 0 0 0 0 0

… … …

Similarity as truncated decimal number:

1556 99.3% ~ 625/629 0 0 1 0 0 0 1 0 0 0

Similarity computed using same precision as the threshold:

1556 99.3640699523052% =
625/629 0 0 1 0 0 0 0 1 0 0

LIN codes: computational precision
matters



7-genesMLST
ST1 ST6500 ST6800

Inheritance rule Incremental

Klebsiella LIN code prefix nicknames: 
application domain of inheritance from
MLST

Size4prefixes
CG1 CG6500

Size3prefixes
SL1 SL6500

Majority ST

CG10000

SL10000 +1

Majority STalready attributed Nickname independent from MLST

+1

+1+1+1 Future STs

Future CGs

Future SLs+1

+1


