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Typing: why genomes?

— Genomes define the ancestry and
relatedness of isolates

— Accessing more information
provides higher resolution

24.03.23 Microbial Bioinformatics Blockkurs, HSS

Actinobacteria  Armatimonadetes

Zixibacteria Atribacteria
Cloacimonetes Aquificae
Fibrobacteres Calescamantes
Gemmatimonadetes Caldiserica
WOR-

Chloroflexi

Dictyoglomi
. TAO6 Thermotogae
Poribacteria Deinococcus-Therm.

Latescibacteria Synergistetes

Fusobacteria 2/\

Marinimicrobia @

Bacteroidetes _anavibacteria
Chlorobi aldithrix

PVC
superphylum

Planctomycetes
Chlamydiae,
Lentisphaerae,
Verrucomicrobia

Elusimicrobia

Omnitrophica @

Aminicentantes Rokubacteria g NCI10
Acidobacteria @ —
Tectomicrobia, Modulibacteria ge®.
_Nitrospinge
Nitrospil
Dallisorat . Dadabacteri
eltaprotebacteria
[¢ The?modesu}l%bacteria)
Chrysiogenetes
Defern'bactegg el >
Hydrogenedentes NKB19
Spirochaetes

™6 @
Epsilonproteobacteria

Alphaproteobacteria

Zetaproteo.
Acidithiobacillia

Betaproteobacteria

04

Gammaproteobacteria

Hug Nat Microbiol 2016

(Tenericutes)

Bacteria

Nomurabacteria @

® Kaiserbacteria

@ Adlerbacteria
Campbellbacteria

Firmicutes applied
microbiology

research

Cyanobacteria

/ Giovannonibacteria
[ ® Wolfebacteria
Jorgensenbacteria

@ Melainabacteria
e RBX1
WOR1

® Azambacteria Parcubacteria

@ Yanofskybacteria
® Moranbacteria

® Magasanikbacteria
@ Uhrbacteria i
@ Falkowbacteria Candldate. .
Phyla Radiation
© SM2FT1

@ Peregrinibacteri
racilibacteria BD1-5, GN
Absconditabacteria SR1
Saccharibacteria
® Berkelbacteria

02

® _® Woesebacteria
y ~Shapirobacteria
Wirthbacteria 3 Amesbacteria
Collierbacteria
X Pacebacteria
Beckwithbacteria

Dojkabacteria WS6 @ * Gottg:rivz‘;a;alggtﬁeana
CPR1 @ \ Levybacteria i
CPR3 @ | Daviesbacteria Microgenomates
Katanobacteria  Cuyrtissbacteria

WWE3

Major i with isolated rep ive: italics
Major lineage lacking isolated representative: ®

Micrarchaeota @
Diapherotrites EUkaryoteS
Nanohaloarchaeota g
Aenigmarchaeota @
Parvarchaeota

DPANN

Pacearchaeota @@
Nanoarchaeota
Woesearchaeota
Altiarchaeales
Z7TME43
Methanopyri TACK

Methanococci
Archaea Hadesarchaea
Thermococci Thaumarchaeota Archaeplastida
Methanobacteria
Thermoplasmata

n Chromalveolata
Archaeoglobi
Methanomicrobia Amoebozoa

Aigarch.
Halobacteria

Opisthokonta

Excavata

Page 3



WGS typing methods: resolution
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Typing: increasing resolution
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Core Genome MLST: more data used, higher resolution

— Stable, defined schemes

Gene1 Gene2 Gene3 Gened4d GCGored

i e Lo

TCGAT CGATG TCGAAT TGTCGA A=CT:A

TCGAT CG TG TCGAAT TGTCGA B:. SR

CGAT CG TG TC AT TG CGA

CGAT CG TG TC AT TG CGA BrGL=R
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Ridom Segsphere+: Commercial licensed software

Defined, reproducible, results

Based on published, justified schemes

Following in-house validation compared to previous "Gold Standard”
Required for ISO accreditation

AL

INO
N

000
00

ISO 17025
Y i d Oom Technically competent to
O I NE O R AT CS produce accurate and
OCTX-M-15producing ST131 C2H30Rx ) \ 7 reliable data

O CTX-M-27-producing ST131 C1-M27

(O CTX-M-27-producing ST1193
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Other softwares for core genome analysis

For stable, species-wide, defined schemes, and creation of new schemes:

chewBBACA (open source)
MentaLiST (open source)

For ad hoc, dataset specific schemes including pan genome analysis:
Roary/Scory (open source)
Panaroo (open source)
Can also use accessory genes to correlate with known phenotypes
(bacterial Genome Wide Association Study, bGWAS)
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Many published scheme:s, where core ~ o a 5 & Hioe o camistorglnce T
genomes have been deflned {'}Mostvisited [ 5] Getting Started IRIS UnibasPHB
® 0060
of - 1

To develop a scheme: cgMLST.org Nomenclature Server

. d dg
An n Otate See e n O m e This server controls the allelic nomenclature of core genome MLST (cgMLST) bacterial gene schemes. Currently submission of new alleles and optional metadata is only possible
° M by use of the SeqSphere+ software. A cgMLST scheme is a fixed and agreed upon number of genes for each species or group of closely related species that is ideally suited to
a n y q u e ry g e n O m eS standardize whole genome sequencing (WGS) based bacterial genotyping. By cgMLST very closely related genomes are 'lumped' together in a Complex Type (CT). In addition,

this server controls the allelic nomenclature of the accessory genes of the species seed genomes.

* SearCheS for geneS in a” query genomes’ We care about your privacy. Read our privacy policy.
> 9 0 % i d e ntity, 1 O 0 0/0 I e n gth Scheme Target Count Strain Count

 Remove outlier genomes Acinetobacter baumannii cgMLST 2,390 5,366
° ( Re move p I asm |d g ene S) Brucella melitensis cgMLST 2,704 88
Clostridioides difficile cgMLST 2,270 4,972

» Generate the core genome scheme |
. . Enterococcus faecalis cgMLST 1,972 1,605
* (Curate by remOVIng repetltlve / phase Enterococcus faecium cgMLST 1,423 11,156
variable genes) Escherichia collcgMLST
Francisella tularensis cgMLST 1,147 240
Klebsiella pneumoniae/variicola/quasipneumoniae cgMLST 2,358 7,374
Legionella pneumophila cgMLST 1,521 900
Listeria monocytogenes cgMLST 1,701 20,654
 Can also make own ad hoc schemes for
species not in the list using above Mycoplasm gallseptioun cgMLST e 7
g u |d e I | nes Staphylococcus aureus cgMLST 1,861 25,305
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Cluster thresholds / cut-offs / limits

Cluster thresholds are a constant issue when O ®
investigating potential transmissions and outbreaks
O 20 &
Our answer is always that you need to take into
account many factors: o )
Mutation rate, ie species dependent , i @
Time between samples o 1
Genome dynamics (recombination; presence /
absence of other mobile elements) 90
76 O
Even when defined, all findings need to be
considered in conjunction with epidemiological /
. . ST
metadata
S O 117
: Oso
O 55t
P O 796
Q7

29
O no group assigned
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Species specific clustering distance thresholds

, Distance
Published Scheme threshold

Run on own set of genomes to define

cutoffs

(Check reproducibility using technical

replicates)
(Publish)

Data on cgMLST.org

24.03.23
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7
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How d interpret th lysis?
Oow 4O we Interpre € analysis amr
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Different species have different genome
dynamics: different lifestyles, replication rates,
recombination rates, mutations rates.... Table 1

Examples of relatedness criteria for wg/cgMLST and SNP typing schemes of representative clinically relevant bacteria

Organism Relatedness threshold® References
. . . wg/cgMLST (allele) SNPs
Also technical issues related to assemblies Acmetobacter bammann p = 2526]
Brucella spp. Epidemiologic validation in progress® http://www.applied-maths.com/applications/wgmlst oo
Over I’e peat geneS, COVG rage etC - Campylobacter coli, C. jejuni <14 <15 [27,28] S
Cronobacter spp. Epidemiologic validation in progress® http://www.applied-maths.com/applications/wgmlst N
Clostridium difficile Epidemiologic validation in progress® <4 [29], http://www.cgmlst.org/ncs, http://www.applied- -~
maths.com/applications/wgmlst E
H Enterococcus faecium <20 <16 [30]
H OW rel Ia b I e a re th e Cu tOﬁS? Enterococcus raffinosus Epidemiologic validation in progress® http://www.applied-maths.com/applications/wgmlst O
Escherichia coli <10 <10 [31,32], https://enterobase.warwick.ac.uk/ 'S
Francisella tularensis <1 <2 [33,34] —
. . . . . . Klebsiella oxytoca Epidemiologic validation in progress® http://www.applied-maths.com/applications/wgmlst _:Cs
Publication and validation quality varies Kiebsilla pneuronia <10 <18 135,36 S
. Legionella pneumophila <4 <15 [37] (d))
- No real consensus on Opt|mum Listeria monocytogenes <10 <3 [38,39]
Mycobacterium abscessus <30 [40]
Mycobacterium tuberculosis <12 <12 [41]
Neisseria gonorrhoeae Epidemiologic validation in progress® <14 [42], http://www.applied-maths.com/applications/wgmlst
Neisseria meningitidis Epidemiologic validation in progress http://www.cgmlst.org/ncs
Cutoff values based on local outbreaks and Pseudomonas aeruginosa <14 <37 [3143]
. Salmonella dublin Epidemiologic validation in progress® <13 [44], https://enterobase.warwick.ac.uk/
a d d ed e p | kn OWI ed g e Salmonella enterica Epidemiologic validation in progress® <4 [45], http://www.cgmlst.org/ncs, http://www.applied-
maths.com/applications/wgmlst, https://enterobase.warwick.ac.uk/
- i Salmonella typhimurium Epidemiologic validation in progress® <2 [46], https://enterobase.warwick.ac.uk/
Sometimes small number of genomes Salmonells ophtmurt Epid 2 4ol o
: : H Streptococcus suis <21 [49]
- In-host variation (over time) rarely Vibrso perahaemolyticus <10 (501
Yersinia spp. 0 [51]

addressed

cg, core genome; MLST, multilocus sequence typing; SNP, single nucleotide polymorphism; wg, whole genome.

2 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.
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Checking schemes in an ideal world

Large datasets including outbreaks and sporadic cases
In-host variation over time

Outbreaks (also over time)
» bearing in mind foodborne or environmental source single point case clusters / outbreaks

Technical controls:
» repeat sequencing of same strain, also on different platforms

» repeat assembly of same data

Other ideas???
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hvi - ff 24
Staphylococcus aureus — cuto amr
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Good scheme, stable and used as NGS control
In-host diversity quite high, but often sampled long-term

Most cases seen are independent

Direct transmissions are typically far below cut-off
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Pseudomonas aeruginosa — cutoff 12

Large, complicated genome

Valid scheme recently published

Technical replicates not identical, but within cutoff
Only a handful of putative transmissions identified

- followed by epidemiological investigation
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Klebsiella pneumoniae / variicola — cutoff 15

Replicate sequences not identical, but within cutoff {J

In-host diversity can be high (but within cutoff) o ST219

N | ¥} isolates
Within clusters, things can look messy: \\y// | ' o ‘ Ic;oloured

isolates from same patients do not cluster N N '
but in a SNP tree they do % o by patient

—— 361083-21 \
@,

— * . <

— 361418-21

— — - .
e D \ =
—— 361367-21

| 363231-21 &
| 361888-21
361255-21 O

O
2 SNPs
24.03.23 Microbial Bioinformatics Blockkurs, HSS Page 16



Visualisation example: VRE: minimum spanning tree
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Visualisation example: VRE: minimum spanning tree
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Visualisation example: VRE: minimum spanning tree
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Correlation with conventional typing: Clostridioides difficile ribotyping

— Important nosocomial pathogen

— Asymptomatic -> C. difficile infection (CDI) -> severe colitis, sepsis, fatal
— PCR-ribotyping commonly used typing tool: good strain discrimination

— BUT not fully portable between laboratories, labour intensive, slow, often requires in-house optimization
— Hypervirulent lineages have been defined by ribotype: RT027 and RT078 : s

2 g
i ; . : — | 4l Il 027 *
— What is the connection between ribotype, virulence and genome? '?I"' "l il
! || | " 017
] R 023
i | 11 Wiy Iy, .
g VI gy I 023
; \\\\3‘\“\“2 "|l|[l:rm(wa/4¢r/, ff////// 4' |1 023
‘ A VU liyy, '///,/////////&/ I ; | ” | 0es
\\\ \3\\‘ ////l;////. //% | ,
$~‘v\\ \\s\\\ \‘\ Vg , ,‘% :j:{o e l’ : ” :g
s §’ wuw{(‘ * ’2‘ s 16S rRNA & >, ISR 23S rRNA 1'ne 029
s 8§ % 2 ; N . 1 1] 029
1A . Nol o __ I )l £
o B - ¥ - | i o
5 LAY WY ~5 8/ - > O'Neill etal. (1996) -> Bidetetal. (1999) — Janezic et al. (2011) e il
%> * § & — g ore
- ; '] R 002 *
| §1 002
| ||| || .1 0014072 *
| 0011072
1 81l 015 *
! e n s
iy . o Ly 1 Wi owe
Sebaihia Nat Gen 2006; Janezic Clostridium difficile: Methods and Protocols 2016; C. difficile Methods and i unn 014/020
Fig. 2 Comparion of PCR-ribotyping pettere btzined from tosd sool DNA fmarked with °) and reference

PrOtOCO|S, Springer m@ﬁmmw-ﬁﬁmmimmmm-m
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Correlation with conventional typing: Clostridioides difficile ribotyping am

— Ridom Segsphere+ : 2270 targets, official scheme, based on reference strain 630
— n=2094 genomes (294 Basel collection); defined cluster limit 7 cutoff of 6 alleles
— n=141 RTs; n=118 STs

— Good correlation, not perfect

g Ze
= Which data is more valuable? Ribotype: @023 Y./ OZ
7Y ©oo1 (Oo27 B .., 810 842
Qoo2 @ o49 On @
(o3 @o70 Qno © 49
Oos @ore 1, Or @s
Oo12 @ 106 , Y f Q14 @s4
s, @0+ @12 o gl » O Oss
| 3 Oots 176 3 g v % ) @17 @s
et ) 0017 0404 " / - A ::t. . & ‘-‘ E,,_“.. Og OS
:.' =. @os @so ‘ < I m ‘:‘: . (O3 () nogroup assigned
b (020 () no group assigned ) A\ 0747 ’ = H
L, i v
= \/ Vi
y 8 i

Seth-Smith Front Cell Infect Microbiol 2021
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[

Campylobacter jejuni/coli in Basel: network / tree . Tisd| (1717

— Samples from patients and chicken meat
—  PubMLST cgMLST scheme of 1343 loci
— Displayed as a Splitstree

® Stool isolates 2015

Stool isolates 2016

Stool isolates 2017
® Stool isolates 2018
Blood isolates 2015
Blood isolates 2016
Blood isolates 2017
Blood isolates 2018
Chicken meat isolates 2015
Chicken meat isolates 2016
Chicken meat isolates 2017
Chicken meat isolates 2018

Q Transmission cluster n= 20
Patient only cluster n= 26
Chicken only cluster n=47

S

Seth-Smith et al in preparation
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Corynebacterium diphtheriae and cgMLST resolution amr
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— Recent outbreak of diphtheria in migrant centres, across Europe

— Three dominant STs LF g
X 1A
— But FOUR dominant clusters Wl e
. /)””/,“\ ® ‘jﬁr\,\,,\ L 2
Epi C _ e 0O P 1A
pi Curve , T~ epl\ g - )y
— “@— . \\‘\\\\\ },‘\\\ - ///// T
T ~\\\\\\ \ //\?//
ST: o TT— W e—
Q100 ] T /// \\ﬂ
O 183 / \\\
O302 / \\\, \
Qar // \
O3s4 /
Q466 /
Os49 ST:
Q574 Os
Oeos O 100
Qss2 ] O 183
Oess6 302
O no group assigned / other 8 377
(O 384
(O 466
(O 549
O 54
I — © 698
S8 sonsose ST Qsss 100.0
e - pd O no group assigned / other
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Corynebacterium diphtheriae and the cut-off dilemma

— Publication by Dangel gives cut-off of 5 alleles
— What in this instance?
— Sequence more...

This cut-off is too stringent
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Whole genome MLST (wgMLST)

A
— Recalculated with every new isolate (A)

= not stable scheme
— Allele based

— Uses *all* alleles found, ie plus
accessory genes = higher
resolution

Pearce Int J Food Microbiol 2018;
Salmonella enterica outbreak
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Fig. 3. Core genome minimum spanning tree (A) and whole genome minimum spanning tree (B).
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Summary

— Whole genomes carry the information

— What do you want to know?

—  With what certainty?

— cgMLST is a fantastic, transportable, fast, clear way to cluster genomes
— Careful analysis and wise interpretation is required

— Not all cgMLST schemes are equally reliable / interpretable

— Different species have different genome dynamics

— There can be technical reasons for allele differences: changes in protocol, assemblies
— Cutoffs are a guide rather than a hard rule

— Time plays a role

— Within clusters, depending on the question, it can be best to look at the SNP level

— Although SNP thresholds are also rarely defined

— Stay tuned for SNP analysis next week!
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Many thanks for your
attention

Questions??
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