Genomic taxonomy of bacterial strains
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Strain taxonomies are needed, but mostly lacking @

-iversity, evolution
- Population biology
| |

miology: transmission;
emergence

Strain taxonomy

Linnaean taxonomy




Taxonomy

Classification

Delineating taxa

iy N

Nomenclature Description
Assigning names Properties of taxa
ﬁ @ ‘Biological esperanto’
|dentification "...
~ Determining to which taxon an individual belongs to * A__




Taxonomy: requirements @«

Taxonomy component Needs

 Stability
* Phylogenetic compatibility
« Multiple scales (epidemiology, population biology)

Classification

« Automatizable
Nomenclature « Human readable

« Backwards compatible (inheritability)

Accurate

|dentification . Accessible




Strain taxonomy: exemple of SARS-CoV-2 &

v a ri a n ts Rambaut et al., 2020 E "‘3“‘(”:
1. Classification 2. Naming (including nicknaming) 3. ldentification
(Phylogenetics) (Pango & WHO nomenclatures) (Pango lineage assignment by Pangolin)

B.1.351
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High amounts of genetic diversity within bacterial @&5
species

Species borders:

- i ~ ")
~5% DNA sequence divergence Humans - chimpanzees ~1.2%

Human

FIGURES

~6.5%
~4%

Macaque

(o)
~ 1 A) Rogers & Gibbs 2014

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

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




How can we classify bacteria using cgMLST £
profiles? e
« ggSTsare too discriminatory
for meaningful
epidemiological associations

* Need to group agSTs based
on their profiles

FIGURES

8-

» Classification method?

Various phylogenetic
depths




Single linkage classification algorithm

FIGURES

* Threshold 0.9: 6 groups

MLST clonal complexes « Threshold 1: two groups

$T4:1-8-1-3-1-1-10 * Threshold 2: 1 group

Q
‘ST1:1-1-1y ‘».4_‘,' FIGURES
T2:1-1-1-5-1-1-1 years 0‘( l Q




Single-linkage clusters can merge

* Group fusion GC2-> GC1
Strain 11:  Isolates 6 and 7:
Dij=3 3 Previously GC2, now CG1!!

Threshold =5 7 Dik = 4

FIGURES

‘ Fusion of previously-defined groups: classification
instability




Multilevel classification

; >— Species border
FIGURES L
______________________________________________________________________________________________ evel 1
11 22
31 101 Level 2
Level 10
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1-11-31-... 2-22-101- ...

= Unique barcode for each strain
I



Phylogenetic homenclatures @C%C

FIGURES

: B e
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



Hierarchical clustering (HierCC) &

EUROPEAN CENTRE FOR
DISEASE PREVENTION
AND CONTROL

ogMLST-based; Mark Achtman and coll.
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Salmonella zhemin & v Help vi.1.2
Data v ] View © | Workspace = \ Experiment - | ®» CE @ 7 7 2} FA O Workspace:None Rows Total:10 Filtered:s Edit Mode: ) Experimental Data | cgMLST v2 + HierCCVL v |
Uberstrain o Name o Serovar o E;Q ST oIHCO (indistinguishable) o(HC2 o (HCS olHClo ©0[(HC20 o |HC50 0|HC100 o(HC200 ©|HC400 o|HC900 (ceBG) o (HC2000 (Super-lineage) o(HC2600 o(HC2850 (subsp.) o
ESAL_CA4995AA 74282 Typhimurium | (® 2060 (2060 2060 |2060 306 305 305 305 2 2 2 2 2 2
WSAL_DA4606AA  |V60 Typhimurium | |® (3770 |3770 3770 |3770 306 305 305 305 2 2 2 2 2
P SAL_EA8418AA SARA7 Typhimurium | (® (6510 |6510 6510 (6510 |6510 |65610  |707 707 707 310 2 2 2 2
WSAL_EAS8793AA FSIS1504947 |Anatum ® (6210 (6210 3216 |3216 (3216 3216 5 5 5 5 4] 2 2
WSAL_EA9890AA FSIS1605555 |Anatum |® |706 |706 1 11 1 1 7 7 E I5 5 5 2 2
l l ¢ super- l
indistinguishable ceBG lineage subsp.
B HierCC Levels (|) % i 1 '0 2|0 5'0 1(|)0 2(|)0 4(|)0 9(')0 20'00 26'00 28l50

74282, Typhimurium

V60, Typhimurium

SARA7, Typhimurium

FSIS1504947, Anatum

FSIS1605555, Anatum -



Hierarchical clustering principle

FIGURES

Nabil-Fareed Alikhan,
Mark Achtman et al.

EUROPEAN CENTRE FOR
DISEASE PREVENTION
AND CONTR oL

Tiebreaker rule: isolates are
allocated to closest cluster

If equidistant: earliest has
priority

[1stable nomenclature




Hierarchical clustering: development mode versus producti@
mode eCoc

Zhou, Achtman et al. 2021
Bioinformatics
( hierCC )

FIGURES

» Stable groups in production mode




Life Identification Number (LIN) codes @3&

A proposal for a portal to make earth’s microbial diversity
easily accessible and searchable

Boris A. Vinatzer + Long Tian - Lenwood S. Heath Vinatzer et al., 2017, Antonie van Leeuwenhoek

FIGURES

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



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

« ogMLST is 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

ARl ol aYoda\ViraTtHliawallalalalisVfalalifafoaladalalTe N aVaYaaVaYaVYalEahi i oJaYad




LIN codes: encoding by proximity

1. Define closest genome in LIN database 2. Create LIN code based on closest neighbor’'s code, and similarity

New genome

Similarity:
5%

Closest

e FIGURES




Core genome MLST Life Identification Number (LIN)@g(;C

Genome Bin number: 1 2 3 4 5 6 7 8 9 10
Sequences | Max. allelic similarity*: | 19 44 439586 619 622 625 627 628 629
cgMLST Min. allelic difference*: | 61058519043 10 7 4 2 1 0
profiles Bins left thresholds:
cgST Closest genome o § % g f < § § § § S
(similarity %) e 22 e 2 9
Genome A Initialization O 000 0 O0OO0OO0OTOTUO O
Genome B A (3.50%) O 1 00 O0O0O0O0O0OTUO O
Genome C B (99.0%) O1 00O0O0T1TO0OO0O
Genome D B (7.00%) 0 1:1/0 00 0 0 0 O
Genome E D (5.00%) 0 2 00 0O0O0O0O0TDO
Genome F E (98.90%) 02 0000:1:00 0

Coding steps (genome E):

() Gy (i)

codes: encoding process

Similarity falls in pivot bin

$

Novel LIN code:

* Prefix up to pivot bin
« +1in pivot bin
* 0in downstream bins

Vinatzer et al. 2017 Antonie van Leeuwenhoek
Hennart et al., Mol Biol Evol, 2022



LIN codes bypass the instability of single-linkage

clustering
A. LIN codes
Strain 11: 3
Thresholds = Dij=3 * Novel code created
5-2-1-0 * Previous isolates unaffected
B. Single-linkage  Group fusion GC2-> GC1
Strain 11: 3 * Isolates 6 and 7:
ij = Previous now CG1!!
Threshold =5 7 B'L _:Z viously GC2, now
"= 4




Define bins based on population

Stru Ct Phylogeny & classification

—_— L
— = D | | > FIGURES
== |

» Alignment, recombination purging & phylogenetic analysis

* Optimal cgMLST thresholds from population structure: clade compatibility, MSTclust (Hennart et

R 00




The multiple levels of phylogenetic
structure

K pneumoniae K variicola

/ch\ (Kp) (Kv)

0.005
—_— K quasipneumoniae
0.06 (Kq)

Main sublineages Emerging ‘strains’

FIGURES

Strain A

10 SNPs
—

Holt et al, 2014




Capturing population structures

MST

clust

FIGURES

-—- Thresholds

" Consistency coef, S¢
Stability coef, W;
Flatbed area
Pairwise distance

Alexis Criscuolo




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

FIGURES

cies Sublineage grou Epidemiology

pe
O O O Q



How to read LIN

» Shared prefix defines a similarity range: tﬁg@%eir pivot bin (at least as similar as the left threshold)

EUROPEAN C
DISEASE PRI

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

Genome Bin number: 1 2 3 4 5 6 7 8 9 10
sequences Max. allelic similarity*: | 19 44 439586 619 622 625 627 628 629
cgMLST Min. allelic difference™: | 610585190 43 10 7 4 2 1 0

profiles Bins left thresholds:

cgST Closest genome o ?) § g f < § § § § S

(similarity %) e o 2

Genome A Initialization O 0o OO O 0o OOUWO
Genome B A (3.50%) O 1 0 00 0 0O O/O/
Genome C B (99.0%) O 1 0 0O 0 0 1 O/O 0
Genome D B (7.00%) 0 111{0 0 0 0 0 0 O
Genome E D (5.00%) 0 2 0 00O O 0O OO
Genome F E (98.90%) 0 2 0000!1/000

Coding steps (genome E):

J

(i) (if)

(i)

v

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

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



LIN codes levels are nested from right to left c@é{;

LIN prefix

EUROPEAN CENTRE FOR
DISEASE PREVENTION
AND CONTROL

LIN prefix,
size 4

LIN prefix, LIN prefix,
size 2 size 3
00

000 0.0 105 6
1.0 0.0 429 0 0 105 0 0019
1 1 0_0_105 0.0 105 2 0020
2.0 0_0_158 0.0_105_11 0.0_105_0
2 1 0.0 197 0.0 105 1 -
3.0 0_0_369 0.0 105 29
4.0 e 0_0_105_7 0 has a different meaning

in these three lines

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



0_0 (Kp1)

. L
RSO0 00 °°
ve. *ee®

0_0_105_6
(CG258) (CG340)

0_0_105
(SL258)

LIN code taxonomy:
example of the KpSC

1.0 (Kp3)




LIN codes prefix trees: phylogenetic tree @ .
proxies

FIGURES

 The prefix tree recapitulates the main divisions of the phylogenetic tree




LIN codes prefixes are diagnostic
markers

FIGURES

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



LIN code prefixes can be given human-readable @?{5
nicknames o

Novel system Inherit from MLST Inherit from serotypes
B0 EEOES EFTNECES
0 0 105 6 Alpha 0 0 105 6 CG258 0010 Typhimurium Typhimurium
0 0 1050 340 Beta 0 01050 340 CG340 0016 Enteritidis Enteritidis
0 0 105 2 11 Gamma 0 0 105 2 11 CG11 0012 Newport Newport
00105 11 11 Delta 00105 11 11 CG3666 001 11 Typhi Typhi
0.0_105_1 437  Epsion 001051 437 GC10268 0011  Paayphi & oopPniB
0_0_105_29 11 Theta 0_0_105_29 11 CG12811 0 0 129 Choleraesuis Choleraesuis
0.0 1057 895 lota 001057 895  CGB895 0017 Agona Agona
(mock example)

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



Inheritance of MLST identifiers (ST numbers) on the genomic @
nomenclature: Nicknaming LIN codes prefixes at levels 3 and 4 6§c()c
KpSC LIN codes

-
-
-

I FIGURES

Inheritance from 7-gene MLST

Species Subspecies Subllneage CIonaI group Epidemiology

-----II----—



The resulting inheritance of 7-gene MLST
identifiers on SL and CG classifications
https://qitlab.pasteur.fr/BEBP/

FIGURES

Don’t say
ST258,

say SL 258 or



LIN codes: saying goodbye politely to MLST

Phylo-
group
00 Kp1

000
1.0 Kp3 0_0_429
1_1 Kp5 0_0_105
2 0 Kp2 0.0 158
2 1 Kp4 0.0 197
30 Kp6 0_0_369
4_0 Kp7 0 0 750

23
258
45
147
307

6589

SL15
SL23
SL258

SL45
SL147
SL307

SL10691

0.0 105 6

001050 340
0.0 105 2 11
00105 11 11
001051 437
0010529 11

0_0_105_7 895

« Ahuman-readable, backwards compatible (MLST) nomenclature

B

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

CG258
CG340
CG11
CG3666
GC10268
CG12811
CG895

Keep promoting MLST for Sanger sequencing-based labs & familiar system expansion



Some Klebsiella MLST STs can be
: toad

ST23 Lam et al. JAntimicr Therapy, 2023

 Large-scale recombinations create distant sublineages
» Convergence of MLST profiles by recombination

Palma, Hennart et al., bioRxiv 2023



— CAGCTCAAAAACCATACTACGGTTATTCTTTGGATAACTACCGGTTGATCCAAGCTTTTAAGCATGGTTA ~#

Integration of LIN codes into BIGSdb-Pasteur QY gy

Klebsig “ec
!\ﬂlng the genomic taxonomy publicly accessible http://bigsdb.pasteur:fr
e MLST | Ribosomal MLST | scgMLST629_S
taxonomlc phylogroup | world | source source Clonal
HM region| type il gapA |(infB rpoB ST species |subspecies|scgST LINcode Phylogroup |Sublineage group
6 02A029 02A029; K. Kpl (7 loci) Europe Human Human Blood 2 23 19197 Klebsiella 9677 0042904201000 SL23 CG23
SB14 pneumoniae pneumoniae
17 12A041 12A041; K. Kpl (7 loci) Europe Human Human Blood 2 1 1 1 9 4 12 23 19197 Klebsiella 9678 0042906100000 Kp1l SL23 CG23
SB42 pneumoniae pneumoniae
19 16A151 16A151; K. Kpl (7 loci) Europe Human Human Blood 2 1 1 1 9 4 12 23 43589 Klebsiella 9679 0042904210000 Kp1 SL23 CG23
SB53 pneumoniae pneumoniae
10 04A025 SB20 K. Kpl (7 loci) Europe Human Human Blood 1 1 1 1 1 1 1 15 95524 Klebsiella 1 0000000000 Kp1 SL15 CG15
pneumoniae pneumoniae

Sequence quer
d query LIN codes Nicknames

Please paste in your sequence to query against the database. Query sequences will be checked first for an
partial matches will be identified if an exact match is not found. You can query using either DNA or peptid

Please select locus/scheme Order results by

scgMLST629_S v locus v scgMLST629_S

Enter query sequence (single or multiple contigs up to whole genome in size)

’@' Matching profile

GGTGGTCTGCCTCGCATAAAGCGGTATGAAAATGGATTGAAGCCCGGGCCGTGGATTCTACTCAACTTTC scgST: 4268

\
Martin CJ. Maiden

BIGSdb platform
from Oxford U

Keith Jolley

AGGATCACTATCTGTGAATGATCGGTGATCCTGGTCCGTATAAGCTGGGATCAGAATGAAGGGTTATGCA ( SL258 )



http://bigsdb.pasteur.fr/

practicum

https://bigsdb.pasteur.fr

« How many isolates belong to clonal group 147 (CG147, of prefix 0 _ 0 197 0)?

« What are their genetic diversity and geographic origins?

https://pubmist.org
* Checkthe Stregtococcus Qneumoniae database and search isolates bx LIN codes




LIN codes can be used to track the emergence of
lineages

FIGURES




LIN codes can be used to track outbreak
strains

FIGURES

« Each genome has a LIN code
. Onlx the almost identical genomes may have same LIN code



LIN codes: input order matters (fragmentation issue) @C

EUROPEAN CENTRE FOR
DISEASE PREVENTION
AND CONTROL

* The effect of input order on LIN codes » Solution :

Use Prim (1957) Mstree algorithm and follow the

graph as input order

FIGURES

Ordred'entrée:C - G—-A—->E—->H->D—->B—>F




‘Static Founder’ CT : fragmentation issue

Slide credit: Dag Harmsen

SeqgSphere+ and
cgmist.org

cgMLST Complex Type (CT)

FIGURES




‘Static Founder’ CT : fragmentation issue @ -

Slide credit: Dag Harmsen G

SeqgSphere+ and
cgmist.org

cgMLST Complex Type (CT)

FIGURES

Static Founder
Advantage: stable nomenclature. Only founder
profiles need to be stored in a global (public)

L ST database.
Fr(—:\gmenta’[-lcl)n. Yery similarisolates Disadvantage: fragmentation.

eINg Classified in SEPArate GrOUDRS o ———————————————



LIN codes can be used in external tools

» ogSTsand LIN codes are sourced from BIGSdb into Pathogenwatch using APls
* Prefix prediction provides information (Sublineage, Clonal group) for genomes with unregistered ogST

Known ogST

B

EUROPEAN CENTRE FOR
DISEASE PREVENTION
AND CONTROL

Unknown cgST: report the closest; deduce LIN code prefix

J Pathogenwatch

2406_5B4916

Klebsiella pneumoniae

MLST - Multilocus sequence typing
https://bigsdb.pasteur.fr/klebsiella/

Sequence type Profile
86 gapA infB mdh pgi phoE rpoB tonB

View all ST 86 [ 9 4 2 1 1 1 27

cgMLST classification - Core genome MLST profile comparison
Sourced from the Pasteur Institute.

Sublineage LIN code
86 86 0_0_395_.0_1_0_1_0_0_0

Clonal group

Core genome sequence type

12918

View all cgST 12918 (4

J Pathogenwatch

1536_T6

Klebsiella pneumoniae

MLST - Multilocus sequence typing
https://bigsdb.pasteur.fr/klebsiella/

Sequence type Profile

375 gapA infB mdh pgi phoE rpoB tonB

View all ST 375 (4 43 1 2 1 10 4 13

cgMLST classification - Core genome MLST profile comparison
Sourced from the Pasteur Institute.

Sublineage Clonal group LIN code

375 375 0_0_390_0_*_*_*_*_* _*
Core genome sequence type Closest defined cgST(s) Identity

*4fal 3154 95.9481% (592/617)




cgMLST LIN codes

Taxonomy component Needs

v’ Stability
v Phylogenetic compatibility
v" Multiple scales (epidemiology, population biology)

Classification

v" Human readable
Nomenclature v Automatizable
v Backwards compatible (inheritability)

v" Accurate

|dentification v Accessible




Genomic surveillance: stronger together

KlebNET-GSP  KIebNET-Genomic Surveillance Platform  KlebNET-GSP

£33 »oihogenwatch (https://klebnet.org)
Networking Microbial & Sequencing Databasing Reporting
APls APls . capacity (clinical, public health)
= P &)
111 oo
Ve oGl & @ » &
INSTITUT KLEBORATE =
PASTEUR ._ ""'-.‘i
BIGSdb Pasteur
@y
David Aanensen (Oxford U)
4 A Kat Holt (LSHTM)
Data Data Data consultation Syivain Brisse (Institut Pasteur)
submission submission anaaT:sis & teams
¢ BILL& Synchronization of ENA,
MELINDA PW and BIGSdb-Pasteur
— ENA% Platform users — GATES

European Nucleotide Archive

foundation




LIN codes: applicability &

EUROPEAN CENTRE FOR
DISEASE PREVENTION
AND CONTROL

dea!w[I‘)rganisms, meaningful phylogenetic structure, ogMLST

Excludes monomorphic pathogens, viruses (?)

® Excludes panmictic organisms

@ Includes most bacterial species (pathogens, environmental, industrial,...)

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




LIN codes strain taxonomy

Phylum Species

Biodiversity, evolution

Clone Individual isolate

Population biology

| |
Epidemiology: transmission;
emergence

Linnaean taxonomy

Genomic taxonomy

>

CAROLI LINNZEL
Eayem De Sruvea Posans

SYSTEMA
NATURAE

LINcode Phylogroup Sublineage Clonal group
1

0.0.0.0.00002020 Kp1 SL15 CG15
9677 0.0.429 0.42.0.1.0.00 Kp1 SL23 CG23
9678 0.0_429 06100000 Kp1 SL23 CG23

9679 0.0.429_0.42.1.0.0.00 Kp1 SL23 CG23

EUROPEAN CENTRE FOR
DISEASE PREVENTION
AND CONTROL

v’ Stable classification

v Multi-purpose

v Automated

v" Human readability

v Backward compatibility
v User-friendly

v’ Fast identification from genomes

e
M- I

Don’t say K pneumoniae, say K. pneumoniae sublineage 23
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gMLSTLIN codes properties @

EUROPEAN CENTRE FOR
DISEASE PREVENTION
AND CONTROL

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 LINcodes B:® 0| 0| 0| 0|0 [0 [0 |0]|0]O
B Y

N 0 (0|00

Computational precision




LIN codes: computational predasion

matters Min. allelic difference (right threshold,
exclusive):
O B O - o
Bins left thresholds (inclusive):
Closest genome ISIBIRIERRIS|E|D
(similarity %) G EIEIEAEIEIE
Genome A Initialization 00 0 0 0 01(0[|0/0 O
Genome B A (6.10%) 01 0 0 0 01]0(/000 0
Genome C B (95.50%) 0100 1 0f0]j00 0
Genome D A (10.50%) 0 0 120 0 01]0//0/0 0
T 7 v
\ / Similarity as truncated decimal number: \/
1556 993%"‘625/629 0 001 0 0 O!1ll0/0 O

Vv

7/

Similarity computed using same precision as the threshold: \/




Klebsiella LIN code prefix nicknames:
application domain of inheritance from

MLST
7-genes MLST
ST1 +1 ST6500 +1 ST6800 +1 Future Sls
P = o e o e e - >
Inheritance rule Incremental
Majority ST Majority ST already attributed Nickname independent from MLST
Size 4 prefixes ' ‘
CG1 CG6500 CG10000 44 » Future CGs

A 4

Size 3 prefixes
SL1 SL6500 SL10000 Future Ss

P) INSTITUT.

ASTEUR




