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Agenda/outline

General concepts and considerations
* Genotype-phenotype relationship
* Antimicrobial resistance gene/mutation databases
e Bioinformatical tools
* Interpretation
* Implementation

EUCAST subcommittee 2017 -> 2025
* Examples of advances key pathogens

Artificial intelligence in antimicrobial susceptibility testing -> Adrian Egli (tomorrow @ 10:40 ©)



Genomics for antimicrobial resistance
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Aim: genotype X -> phenotype Y (i.e. blayp.; -> carbapenem resistance?; ....)
Sherry NL et al. Antimicrob. Agents Chemother. 2025



Genotype and phenotype

* Genotype: organism’s genetic profile determined by a genotypic assay
* Phenotype: organism’s observable physical and biochemical characteristic determined by a biological assay

— Both are assay results and influenced by experimental conditions

— Genotype
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Both genotype and

——— phenotype requires
interpretation

— Phenotype




Genotype-phenotype relationship challenge

Genotype-phenotype relationships are often complex and multifactorial
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Multiple reasons for genotype-phenotype discrepancies

TABLE 1 Examples of genetic alterations resulting in genotypic and phenotypic susceptibility discrepancies®

Organism Genotype Ph T Description Discrepancy reason Reference(s)
Staphylococcus aureus mecA detected Methicillin susceptible Met-to-lle change at amino acid residue Elimination of PEP2a transpeptidase 38
483 activity
PBP2a detected, mecA not detected Methicillin susceptible Divergent SCCmec element Remnant not functional 39
SCCmec-orfX detected Methicillin susceptible SCCmec-orfX junction variants Low specificity of proprietary target 40
SCCmec detected Methicillin susceptible SCCmec remnant with cor and partial Remnant not functional 41
mecA genes
SCCmec detected Methicillin susceptible mecA deletions within SCCmec Detectable by molecular methods, but 43
remnant not functional
SCCmec detected Methicillin susceptible Amplification of segments on right- Retained segments do not contain the 42
extremity junction sequence of actual mecA gene
SCCmec
mecA detected Methicillin susceptible Heterogeneously resistant large inoculum Heterogeneously resistant large inoculum 38
led to resistant phenotype; oxacillin led to resistant phenotype
induction increased MIC
mecA not detected Methicillin resistant Presence of mecA homologue (LGA251) Not detectable by molecular target 43
Enterococcus species vanA detected Vancomycin susceptible Mucleotide deletions in Tn546 MNonfunctional vanA 44
vanA detected Vancomycin variable” Silenced vanA (vanHAX) gene Unexpressed vanA 45
vanAB not detected Vancomycin resistant Presence of vanC Not detectable by molecular target 46
vanAB not detected Vancomycin resistant Presence of vanM Not detectable by molecular target 24
Enterobacterales bla,. detected Carbapenem susceptible Truncated bla, Nonfunctional carbapenemase 26
bla ., ,, not detected Cefotaxime or ceftriaxone resistant ~ bla,g,, ., ~derived ESBLs Not detectable by molecular target 16,17
blag,, 4 detected Carbapenem variable” bla,,, ., and other mechanisms (e.qg., Alternative resistance mechanisms 17
other -lactamases)
Carbapenemase not detected Carbapenem resistant Alternative carbapenem resistance Alternative carbapenem resistance 47
mechanism (e.g., AmpC production mechanism
combined with porin mutations and/or
efflux)
Carbapenemase not detected Carbapenem resistant Test (e.g., Carba-R) cannot detect blagy 4= Not detectable by molecular target 43
like and seme other carbapenemases
Carbapenemase not detected Imipenem resistance Intrinsic low-level resistance (Morganella, Intrinsic low-level resistance 49
Proteus spp., and Providencia spp.)
NA Cefepime variable® ESBL-carrying strains Alternative resistance mechanisms 50
NA f-Lactam/inhibitor combination ESBL-carrying strains Alternative resistance mechanisms 51
variable®
MNA Cephalosporin variable” Presence of multiple g-lactamases Alternative resistance mechanisms 17

“NA, not applicable.

Eyariable describes potentially resistant, intermediate resistant, and susceptible interpretations.

Etc, etc.

Yee R et al. J. Clin. Microbiol. 2021

Truncation of genes — non functional gene
Mutations in genes that alter properties of the product — i.e. altered substrate profile
Mutations or inactivation of promoter regions influencing the expression
Novel gene(s)/mutation(s) — unknown how they influence the phenotype



Requirements for accurate genotype-phenotype
relationship

High-quality genomic data High-quality phenotypic data

* AST method - Reference method

* Actual measurements — not only S-I-R
* Changes in breakpoints

* Included antimicrobials

e QCdata

* Depth of genome coverage (e.g. >30x1)
* Low number of contigs (e.g. <500%)

* Genome size (within 10% of expected?)
* Read quality — low error rates

* N50 (>15,000%)

High-quality strain collections

* Clonally diverse

* Diversity of resistance mechanisms

* Diversity of antimicrobial susceptibility — not only selected resistant strains
* Single center/multi center

* Geography and temporal distribution

* Epidemiological metadata

1From EURGen-RefLabCap protocol on CCRE (https://www.eurgen-reflabcap.eu/)



https://www.eurgen-reflabcap.eu/

Determination of the AMR genot

Multiple databases developed over the years for different purposes

Table 2| Summary of antimicrobial resistance reference databases

Database
General databases
CARD*"

Resfinder’

ResfinderFG™*
Resfams™
ARDB™

MEGARes™™

NDARO

ARG-ANNOT*=

Mustard™

FARME database™

SARG (v2)"

Lahey listof
B-lactamases™
BLDB™

LacED®#*

CBMAR”

Descri|

= Ontology-based database that provides comprehensive
information of AR genes and their resistance mechanisms
= Currently contains >2,200 protein homalogues
and includes a curated set ofresistance-conferring
chromaosomal mutations in protein-coding genes

Collation of AR genes involved in HGT everts

Collection of resistance gene variants identified in multiple

functional metagenomics studies

A profile HMM-based curated database confirmed for AR

function

= First centralized resource of AR gene information

= Manually curated; contains »4.500 AR sequences

= Collation of multiple databases (CARD, ARC-ANNOT and
ResFinder) to avaid redundancy between entries

= For high-throughput screening and statistical analysis

= Collated and curated datafrom multiple databases (CARD,
Lahey, Pasteur Institute B-Lactamases and ResFinder)

= Contains 4,500 AR sequences

= Repasitoryof >1,800 AR sequences collated from scientific

literature and onlineresources

= Also includes point mutation data for select AR -associated

chromosomal genes

Resource containing 6,095AR determinants from
20 families, including curated sets of AR genes identified
in functional metagenomics studies

Curated set of microbial sequences functionallyscreened
to conferresistance in various functional metagenomics

studies of different habitats

= Hierarchical structured database derived from ARDB,

CARD and NCBI-NR database

= Cantains >12,000 AR genes; also includes profile HMMs

for 189 AR genes subtypes

First initiative to compile known B-lactamases and assign

nomenclature to novel ones

Manually curated database for AR enzymes classified by

class family and subfamily

Curated database of TEM and SHV B-lactamases, including
acurated set of known TEM and SHV variants

Database thatidentifies and characterizes novel
PHactamases on the basis of Ambler classification

Species-specific databases

MUBII-TB-DE™

u-CARE™

Database of mutations associated with AR in Mycobacterium
tuberculosis

User-friendly, camprehensive AR repasitary for Escherichia
colf

Link

hitpsi//cardmemasterca/

hitps://cge.chs.diudk//services/
ResFinder/

hitps://cge.chs.dtudk/services/
ResFinderFG/
hitp:/fwwwdantaslab.org/resfams/

https://ardb.cbcbumd.edu/

hitps://megares.meglab.org/

https:/www.ncblnlm.nih.gov/
bioproject/PRINA313047

Not available

hitp:/mgps.eu/Mustard/

httpi//staffwashington.edu/wallace/
farme/

hrtp://smile.hkuhk/SARGs

hitp:/fwwwlahey.org/Studies/
htpi//bldbeu/

hitp//wwwilaced.uni-stuttgart.de/

httpi//proteininformatics.org/mkumar/
lactamasedb/

hitps://umr5558-bibiseruniv-lyon Lfr/
mubii/mubii-select.cgi

httpi/fwwwie-bioinformaticsnet fucare

Boolchandani M, et al. Nat. Rev. Genet. 2019

Status

Active; launched
in 2013; updated
monthly

Active; started

in 2012; update
regularly; lastupdate
in February 2019

Active; lastupdate
inNovember 2016

Active; lastupdate
inJanuary 2015

Archived; last
updated in 2009

Active; lastupdate
in December 2016

Active; started in
2016

Archived; last update
inMay2018

Active; lastupdate
inNovember 2018

Active; lastupdate
in 2017

Active

Archived; last update
in 2015

Active; lastupdate
inNovember 2018
TEMLacED active:
last update in 2017;
SHVED archived: last
update in April 2010

Last updatein
September 2014

Last updatein
December 2013

Last updatein 2016

B-lactams

ResFinder
CBMAR

LaceD

BLAD

Lahey Clinic
Instituut Pasteur
INTEGRALL

RAC

Tetracycline &

MLS Nomenclature

Vancomycin

Acquired AR genes

All AR genes

Others

NCBI-nr
Uniprot
Pfam
SWISS-Prot

ARDB

CARD
ResFams
Patric

HMP
RED-DB
U-CARE
ARG-ANNOT
ABRES Finder

Xavier BB et al. J Clin Microbiol 2016

pe - resistance databases

HOW BIOLOGICAL DATABASES PROLIFERATE

[oomv]

SURVEYS SHOW 16
COMPETING DATABASES!

WHAT! LET'S CREATE THE
UNIVERSAL DATABASE THAT
MEETS EVERYONE'S NEEDS

NEAR FUTURE

SURVEYS SHOW Y7
COMPETING DATABASES.

—

Helmy M, et al. PLoS Comput. Biol. 2016



Determination of the AMR genotype - resistance databases

DTy

== Center for Genomic Epidemiology

=
=

ResFinder

e Curated databases
o i35 5 5 5 CARD*Shark: automated prioritization of literature curation
o e s for the Comprehensive Antibiotic Resistance Database
. Arman Edalatmand'?3? and Andrew G. McArthur® 123+
https://genepi.dk/

* ‘Frequently’ updated

The Comprehensive Antibiotic Resistance Database

A bioinformatic database of resistance genes, their products and associated phenotypes.

8526 Ontology Terms, 6442 Reference Sequences, 4542 SNPs, 3328 Publications, 6490 AMR. Detection Models i ReS|Sta nce genes

https://card.mcmaster.ca/ * Point mutations (species specific)

National Library of Medicine

National Center for Biotechnology Information

Health = Pathogen Detection = Reference Gene Catalog

https://www.ncbi.nlm.nih.gov/pathogens/refgene/#

Florensa AF et al. Microb. Genom. 2022; Alcock BP et al. Nucleic Acid Res. 2023; Feldgarden M et al. Sci. Rep. 2021; Edalatmand A et al. Database 2023


https://www.ncbi.nlm.nih.gov/pathogens/refgene/
https://card.mcmaster.ca/
https://genepi.dk/
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» Different variants of same gene detected

» No. of AMR genes detected affected by the choice of database
Doyle RM et al. Microb. Genom. 2020



Bioinformatical approach

Assembly-based or read-based approach

b Assembly-based versus read-based approach

Clean reads ;E

l De novo assembly

Assembled contigs

ﬁ BLAST or hmmscan

Reference database —
(CARD, Resfinder or Resfams)

Gene finding
1 and annotation

|

Assembly-based approach:

» Computationally expensive and time consuming, particularly in resistome
profiling of large complex communities

* |dentification of both known and novel resistance genes that share
low similarity with reference database; however, requires high genome
coverage

* Genomic context such as regulatory and mobile element sequences can
be captured

Boolchandani M, et al. Nat. Rev. Genet. 2019

ResFinder Select input type
Version FASTA (Assembled Genome/Contigs) v
FASTA (Assembled Genome/Contigs)
472 ~

FASTQ (Non-nanopore Reads)
FASTQ (Nanopore Reads)

RGI main

CARD

Use the online Resistance Gene Identifier to predict
resistome(s) from protein, genome, or genome
assembly data based on homology and SNP
models. Sequence data must be in FASTA format.

NCBI Antimicrobial Resistance Gene Finder Plus

—
Reference alleles m—— === Clean reads
——— =

’ Read mapping
(Bowtie or BWA)

Reference
database —

\—

Coverage estimation and variant detection

Read-based approach:

* Fast and less computationally demanding, enabling resistome analysis of
large data sets

* |dentification of resistance genes is dependent on completeness of the
reference database of organisms under analysis

* Nearby genes and genomic context are missing; may lead to false positives
due to spurious mapping

(AMRFinderPlus)

RGI bwt

Use the command line version of the Resistance
Gene Identifier to predict resistome(s) from short
sequencing reads based on reference sequences in
CARD and read mapping algorithms (default: KMA).
Sequence data must be in FASTQ format.

Full documentation and an alternate command line

version of RGI are available at
https://github.com/arpcard/rgi.

Full documentation and the command line version of
RGI are available at https://github.com/arpcard/rgi.

assembled nucleotide sequences



Genotype X -> Phenotype Y

ResFinder

Interpretation — rules based approach

Phenotypes

escherichia coli m

Antimicrobial

gentamicin
tobramycin
amikacin
ciprofloxacin
nalidixic acid
ampicillin
ampicillin+clavulanic acid
cefepime
cefotaxime
cefoxitin
ceftazidime
ertapenem
imipenem
meropenem
piperacillin+tazobactam
temocillin
sulfamethoxazole
trimethoprim
fosfomycin
azithromycin
tetracycline
tigecycline
chloramphenicol

colistin

Class

aminoglycoside
aminoglycoside
aminoglycoside
quinolone
quinolone
beta-lactam
beta-lactam
beta-lactam
beta-lactam
beta-lactam
beta-lactam
beta-lactam
beta-lactam
beta-lactam
beta-lactam
beta-lactam
folate pathway antagonist
folate pathway antagonist
fosfomycin
macrolide
tetracycline
tetracycline
amphenicol

polymyxin

WGS-predicted phenotype

Resistant

Resistant

Genetic background

aac(3)-lid;;1;EU022314
aac(3)-lid;;1;EU022314

blaTEM-18;;1;:AY458016
blaOXA-48;;1;;AY236073

blaOXA-48;;1;;AY236073
blaOXA-48,1; AY236073
blaOXA-48;;1;;AY236073

sull;;2;U12338
dfrA17;1;FJ460238

mph(A);;1;;016251
tet(D);;1;;:AF46T0TT

catAd-1:V00622

 AMRFinderPlus/CARD — assign resistance genes/mutations to specific classes/antibiotics

@ Hide



Number of strains

Clinical breakpoints — S-I-R categories?

Wild type (WT) vs. non-wild type (NWT)?
Genes associated with resistance are not always expressed

Interpretation of genotype - phenotypic comparator?

____________

___________________________

ECOFF breakpoint
Clinical breakpoint

MIC value (geometric concentrations)

Not static

Presence of resistance mechanisms do not always confer clinical

resistance

Intrinsic/’silent’ resistance genes

Mumber of isolates

do

7o

&0 1

501

40

30

20

o.0f 012§ 025 0§ 1 z Fi B 16 né
MIC (mg/L)
Carbapenemase *
I KA 4B like . M
. oM NDM + KPC
I KR N GEs
NDM + OXA—s8—ike HMC
I ViM N HDM + NP

Ljungquist O et al. Euro Surveill. 2023



®e
AMRrules -
®o

ESGEM-AMR

"} ESCMID

Develop interpretative standards for AMR genotypes

Standardized AMR genotype report

[Gene symbol Class [Subclass [Context Drug
lblasHV-11 BETA-LACTAM BETA-LACTAM core penicillins
ffosA FOSFOMYCIN FOSFOMYCIN core fosfomycin
0gxA PHENICOL/QUINOLONE |PHENICOL/QUINOLONE vcore ciprofloxacin
0qxB19 PHENICOL/QUINOLONE |PHENICOL/QUINOLONE lcore ciprofloxacin
blaCTX-M-15 BETA-LACTAM CEPHALOSPORIN vacquired ceftriaxone
(example NCBI AMRfinderplus output)
e
AMRrules ®
[ J

+ Expert curation
» Matched genome/phenotype data
* Link to phenotype rules

Interpreted genotype report

Interpretation

Convenors: Kat Holt, Natacha Couto, Jane Hawkey

wi R
wt S
wt S
wt S
nwt R
arganism qeneg refseq m mut context | drug drug class category PMID rule curation note breakpoint breakpoint_standard
=__ Kleksiela blaSHY NFODIZAS | ARO 3000 |- core - penicilling wtR 32284385 | ESpecific alleles can be ESEL, these are mostly | not applicable Expected resistant
preumonias e s mokile phenotypes v1.2 (12
January, 2023)
a__ Kleksiela s, NFODIEFE | AROR00s | - Core - fluosroquinalones  |[wtS 30334112 | Wildtype core gene, not expected 1o confer MIC ==0.25 mg'L EUCAST wi14.0 (2024)
pneumonias 1 w2z multiple drug resistance unless mobilized under
strong promoter
s Klebaiela ol NEODOOES . | Aleesius |- Core - fluosroquinalones  |[wtS 30834112 | Wildtype core gene, not expected 1o canfer MIC =025 mg'L EUCAST wi14.0 (2024)
pneumoeniae 1 w3 multiple drug resistance unless mobilized under
strong promoter
s Klsbsisla fosAS_fam - core fosfomycin |- wis 33128341 | Wildtype core gene, not expectsd to confar MIG =128 mgiL ECOFF (January 2024)
praumonias T‘IFM'”““ multipls drug resistance unless mobilised undsr
strong prometer (fosAS_family is the parent
nade for K. pneumenize chromosamal fosd)
s__ Klebsislla fosAS WP_MMZ5T | ARD 3003 | - core fosfomycin |- wts 25441705 | Wildtyps cors gens, not expactsd to canfer MIC =128 mgil ECOFF (January 2024)
preumenize a3 208 multiple drug resistance unless mobilised undar
sirong promoter
3__Klebsiella foshAl WP_OASTT | ARD 004 | - Core foaformyein |- wts 272512687 | Wildtype core gene, not expected 1o canfer MIC =128 mgiL ECOFF (January 2024)
pneumoniae 43701 m multiple drug resistance unless mobilized under
strong prometer
3__Klebsiglla fosA10 WP_iD4a1 |- . cong fosfornycin |- wt3 32431624 | Wildtype core gene, not expected 10 confer MIC =128 mgiL ECOFF (January 2024)
pneumonise A7 multiple drug resistance unless mobilised under
strong promoter

Example - Klebsiella pneumoniae, covering core genes and wildtype phenotypes

https://github.com/interpretAMR/AMRrulesCuration



https://github.com/interpretAMR/AMRrulesCuration

Implementation of WGS — bioinformatical challenges

* Bioinformatical competence and infrastructure

Hospital IT infrastructure

X = 3¢

e Bioinformatics = Linux

Alternative — commercial solutions?
e Bioinformatical approach?
 AMR database? Updated?

* Interpretive rules?



Implementation of WGS — ISO/IVDR

e |SO accredited workflows

(e 'pm]-“é' IMMense .=

futation
AMR )
— =

: |

AbritAMR

AMR gene detection ) (" Mutational resistance detection Comvert o o |
h_ (all samples) __A Nvalidated species samples only) 4 | Fastq files \ | belzfasty
4 A AR, e Jiutatan ™ ™ 1 .y )
8 W { Read Trimming: Quality check: Quality rsport: } _____ )
- ( Trimmomatic FastQC & MuliQC roads |
- LRI
§ AMR protein database ANR msion database s f— :
= Assembly PE: | Assembly SE: ‘ :
ﬁ Output alele | gene name: . s - - Unicycler . Unioycler 7 i
\_ ) of matched AMR prosein utput detals matation Yy Report outputs T T
» o Annotation | (T / |
U U Gene annotation; . Fasta files : rrrT
Bakta i
SR A ‘
2 _ ) _ ) . _ :
E E Genes binned S Mutations binned = :
] ass ; . . “Deta ] p . p — |
=g by functional = by funciional Output: “Detailed Report” e [ rstorms Sualty check: Cumycrea | [ Cusityront | ¢
g _g AMR class AMR class statistics | | BWA, SAMTools, Pi\on' checkM ) § MultiGC thresholds QG
o : :
. / v : ;
U J\/L i s . ARG & Virulence |
: rxonomy:
4 ™ : VetaPhiAnt =] YPIng ene detection
H GTDB_Tk e N
=] 1. Classifies as reportable or 1. Combines AMR genes and Output: “Final AMR gene report” - e Tw| (YL = g ABcats (NGB AR Database, VFDB)
€t e non-reportable (by species) mutations : . ' L ) AMREInderpius
2asg 2. Limits reporting of intrinsic 2. Creates inferred antibiogram Output: “Inferred antibiogram I
& AMR mechanisms (validated species only) report”
N AN AR J

Sherry NL et al. Nat. Commun. 2023
https://gitlab.uzh.ch/appliedmicrobiologyresearch/immense

-!} Swiss Pathogen Surveillance Platform (SPSP)


https://gitlab.uzh.ch/appliedmicrobiologyresearch/immense

Implementation of WGS — Ring trials?

e Lack of external quality assessment providers
* Examples of proficiency tests

MICROBIOLOGY

3| Microbial Genetics | Research Article

Whole-genome sequencing for antimicrobial surveillance:
species-specific quality thresholds and data evaluation from
the network of the European Union Reference Laboratory for
Antimicrobial Resistance genomic proficiency tests of 2021
and 2022

PHAS THL

SSI

Lauge Holm ! Susanne ,' Jacob Dyring Jensen,' Niamh Lacy-Roberts,' Athina Andrea,' Michael S. M.
Brouwer,’ Kees T. Veldman,’ Yan Lou,’ Maria Hoffmann,’ Rene S. Hendriksen'

UHI

Nordic NRLs

MRSA-
St.Olavs

y froptiers » OMGWNAVL RESEARCH

K-res

in Microbiology

®

T

NGS-Based S. aureus Typing and
orenaccess - Qutbreak Analysis in Clinical
s> Microbiology Laboratories: Lessons
Learned From a Swiss-Wide
Proficiency Test

David Dylus'=3*, Trestan Pillonel*, Onya Opota*, Daniel Wiithrichs:,

Helena M. B. Seth-Smith>%, Adrian Egli*®, Stefano Leo™, Vladimir Lazarevic™,
Jacques Schrenzel’, Sacha Laurent*, Claire Bertelli*, Dominique S. Blanc®,
Stefan , Alban , Laurent Falquet®'#, Frank Imkamp'*,
Peter M. Keller''”#, Andre Kahles'*, Simone Oberhaensli*'*, Valérie Barbié®,
Christophe Dessimoz'22'415, Gilbert Greub** and Aitana Lebrand**

Sgrensen LH et al. mSyst. 2024; Dylus D et al. Front. Microbiol. 2020



Where are we now?

Clinical Microbio! nd Infection 23 (2007) 2—22

Contents lists available at ScienceDirect

.. . . - CLINICAL
Clinical Microbiology and Infection MICROBIOLOGY
AND INFECTION
ELSEVIER journal homepage: www.clinicalmicrobiologyandinfection.com Fescuo
Review

The role of whole genome sequencing in antimicrobial susceptibility
testing of bacteria: report from the EUCAST Subcommittee

M.J. Ellington 7, O. Ekelund *', EM. Aarestrup °, R. Canton %, M. Doumith ', C. Giske °,
H. Grundman °, H. Hasman ’, M.T.G. Holden *, K.L. Hopkins ', J. Iredell ?, G. Kahlmeter *,
C.U. Koser '%, A. MacGowan ', D. Mevius "> M. Mulvey ™, T. Naas '°, T. Peto ',

J.-M. Rolain ", @. Samuelsen '*, N. Woodford "~

2024-2025

EUROPEAN COMMITTEE
E U C A S T ON ANTIMICROBIAL
SUSCEPTIBILITY TESTING

European Society of Clinical Microblology and Infectious Oiseases

\a

The EUCAST Subcommittee on WGS and Phenotypic
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Changes from 2017

e Evidence reports:
* Enterobacterales
* Salmonella spp.
* Acinetobacter baumannii and Pseudomonas aeruginosa -> evaluated separately
* Additional organisms added: enterococci, Haemophilus influenzae, Bacteroides fragilis
* Real world experience — ISO accreditation, IVDR, ring trials, reporting etc.
* Metagenomic developments
* The role of Al and ML -> Adrian Egli (tomorrow @ 10:40 ©)
* Role of other OMICs

} Enterobacterales

Change in terminology:

Clial icobioloy and nfetion M. — WGS for antimicrobial susceptibility testing (AST)

T g t“i NNNNNNNNNNNN
journ

| hamepage: www.clinicalmicrobiologyandinfaction.com BEsTHD

Review
The role of whole genome sequencing in antimicrobial susceptibility

o et v et o 1t * WGS is not a antimicrobial susceptibility testing method — it is a genotyping method

M,J. Ellington "', O. Ekelund *', F.M. Aarestrup °, R. Canton “, M. Doumith ', C. Giske °,
H. Grundman “, H. Hasman ‘, M.T.G. Holdep “ K.L Hopkins ', J. Iredell 9, G. Kahlmeter 5
C.U. Koser ', A. MacGowan ", D. Mevius ">, M. Mulvey %, T. Naas '*, T. Peto '°,

‘ WGS is a tool that can be used for antimicrobial susceptibilty prediction



Recent advances - Enterobacterales

e Our understanding of genotype-phenotype associations greatly increased:

* More sequencing
* Advancement of long-read sequencing
* Expansion of reference AMR gene databases

» Species specific tools developed

KLEBOEE:-!-E Genotyping Salmonella Typhi
This repository houses the GenoTyphi genotyping scheme for Salmaonella Typhi.
K. pneumoniae species complex

https://github.com/typhoidgenomics/genotyphi

https://kleborate.readthedocs.io/en/latest/index.html#

Lam MMC et al. Nat. Commun. 2021 Ingle DJ et al. bioRxiv. 2024

Tools not only for AMR — typing, MLST, virulence, plasmid marker, etc.

Expands knowledge and species specific interpretation


https://kleborate.readthedocs.io/en/latest/index.html
https://github.com/typhoidgenomics/genotyphi

Example — The SHV conundrum

* K. pneumoniae:
* Chromosomal copy of blag,,, -> ampicillin resistance
* Mutations in chromosomal blag,,, -> ESBL or BLI
* Plasmid-borne blag,, -> WT, ESBL, BLI

Interpretation of SHV-variants?

MICROBIOLOGY
MICROBIAL GENOMICS RESEARCH ARTICLE A MIGRO
Tsang et al., Microbial Gen cs 2024;10:001294
DOI 10.1099/mgen.0.001294  .pee

Diverei _ . _ * 3999 isolates with >1 SHV allele but no other B-lactamase
iversity, functional classification and genotyping of SHV . . i
p-lactamases in Klebsiella pneumoniae * Geographically diverse - 24 countries, 2001-2021

Kara K. Tsang', Margaret M. C. Lam?, Ryan R. Wick®*, Kelly L. Wyres®, Michael Bachman®, Stephen Baker®, ° . I . I . I
Katherine Barry®, Sylvain Brisse’, Susana Campina’, Alexandra Chiaverini®, Daniela Maria Cirillo®, Taane Clark’, H u ma n, a n I ma ) enVI ron menta ISO ates

Jukka Corander'®, Marta Corbella'’, Alessandra Cornacchia®, Aline Cuénod', Nicola D'Alterio®, Federico Di Marco®, . . . . . . . . . .
Pilar Donado-Godoy'?, Adrian Egli'?, Refath Farzana'®, Edward J. Feil'®, Aasmund Fostervold'®, Claire L. Gorrie?, [ ] Broth mlcrodllutlon’ DISC dlffuslon’ Agar dllutlon’ Vltek 2’ Phoenlx
Brekhna Hassan'”, Marit Andrea Klokkhammer Hetland'®, Le Nguyen Minh Hoa'?, Le Thi Hoi'?, Benjamin Howden®,

Qdion 0. Ikhimiukor®, Adam W. J. Jenney®, Hakon Kaspersen®', Fahad Khokhar®, Thongpan Leangapichart®,

Matgorzata Ligowska-Marzeta®, Iren Heyland Lihr'®, Scott W. Long®, Amy J. Mathers®, Andrew G. McArthur®,

Geetha Nagaraj®*, Anderson 0. Oaikhena®, Iruka N. Okeke®, Jodo Perdigac®, Hardik Parikh?, My H. Pham?,

Francesco Pomilio®, Niclas Raffelsberger®, Andriniaina Rakotondrasoa®, K. L. Ravi Kumar?®, Leah W. Roberts™,

Carla Rodrigues’, @rjan Samuelsen®*, Kirsty Sands'*, Davide Sassera'"*, Helena Seth-Smith'?, Varun Shamanna®,

Norelle L. Sherry?, Sonia Sia*, Anton Spadar’, Nicole Stoesser™, Marianne Sunde?', Arnfinn Sundsfjord®'*, Pham

Ngoc Thach'®, Nicholas R. Thomson?, Harry A. Thorpe'®, M. Estée Torok®, Van Dinh Trang'®, Nguyen Vu Trung'?,

Jay Vornhagen®, Timothy Walsh', Ben Warne®, Hayley Wilson®, Gerard D. Wright®*, Kathryn E. Holt'** and KlebNET-

GSP AMR Genotype-Phenotype Group

Tsang K et al. Microb. Genomics. 2024



SHV - K. pneumoniae

(b) Cefazidime disk diffusion data
i

{a) Cefazidime MIC data

181 distinct blag,, alleles e
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The Enterobacterales challenge

* Increasing evidence of species or lineage impact of acquired resistance genes

Escherichia’
‘Atlantibacier
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Impact of the intrinsic resistome: AmpC+ vs. AmpC-
Enterobacterales

[ No prediction atiemptad.

No-AmpC producing Enterobacterales (n=98) BN oo s il S

[ correct prediciian for resistance.

Piperacillin Piperacillin-tazobactam Ceftazidime [B major error (ME): prediction of resistance while sirain is susceptible.

*  AmpC-negative:
— 2.0% VME piperacillin
— 12.2% VME piperacillin-tazobactam

Correct: 98.0% Correct: 87.8% Correct: 96.9%

ME: 0% ME: 0% ME: 0% — 3.1% VME ceftazidime
VME: 2.0% VME: 12.2% VME: 3.1%
No prediction: 0% No prediction: 0% No prediction: 0%

AmpC producing Enterobacterales (n=89)

Piperacillin Piperacillin-tazobactam Ceftazidime

e  AmpC-producing:
— Prediction not attempted in 83.1-87.6% of AmpC-positive isolates!

» «Prediction of the overexpression of AmpC..require more

data»
Correct: 15.7% orrect: 9.0% orrect: 11.29% . o . .
v 1% hv‘iseaé//f o “VC‘SE'éZ:;M > Only a minority of AmpC-producing strains had ampD and
No prediction: 83.1% No prediction: 87.6% No prediction: 87.6% ampR genes highly similar to those of the corresponding

reference NCBI genome

Ruppe E et al. Clin. Microbiol. Infect. 2020



Recent advances

P. aeruginosa

* Challenge: large and complex repertoire of mutation-driven mechanisms

o
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Resistance mutations vs. natural polymorphisms?

Juan C. et al. FEMS Microbiol. Rev. 2017; Jeukens J et al. Ann. N. Y. Acad. Sci. 2019; Lopez-Causape C et al. Front. Microbiol. 2018



1. Natural polymorphism in 100 WT isolates & 40 genes

Example - P. aeruginosa

100

70

60 —

30

20—

» 455 natural
polymorphisms

2. Genotypic ‘score’

0 (no effect) -> 1 (clinical resistance)

Score <0.5 — predict phenotypic susceptibility

nall

mexA

gyrB

ampDh 2}

|_galu
[_pbpA

LOCUS | GENE
PA0807|ampDh3
PA0958| oprD
PAL798|parsS
PAL1798| pars
PAL798| pars
PA1799|parR
PA1799|parR
PAL1799|parR

Resistance mechanism/altered target Antibiotics Type of mutation
AmpC overexpression CAZ Loss of function
OprD inactivation MER Loss of function
MexXY overexpression TOB Gain of function
OprD downregulation and MexXY overexpression MER Gain of function
MexXY and MexEF-OprN overexpression cip Gain of function
MexXY overexpression TOB Gain of function
OprD downregulation and MexXY overexpression MER Gain of function
MexXY and MexEF-OprN overexpression cip Gain of function

Score values Motes

0.25-0.125
0.5-0.25
0.5-0.25
0.5-0.25
0.25-0.125
0.5-0.25
0.5-0.25
0.25-0.125

Frameshift, stop-codon mutations and gene absence score the maximum value
Frameshift, stop-codon mutations and gene absence score the maximum value
Mutations L14Q, V101M, L137P, A138T, A168V, Q232E and G361R score the max value
Mutations L14Q, V101M, L137P, A138T, A168V, Q232E and G361R score the max value
Mutations L14Q, V101M, L137P, A138T, A168V, Q232E and G361R score the max value
Mutations M591 and E156K score the max value

Mutations M591 and E156K score the max value

Mutations M591 and E156K score the max value

Cortes-Lara S et al. Clin. Microbiol. Infect. 2021



Example - P. aeruginosa

TAZ TOLTZ M

W] magaons w L T ol s - Meropenem:

b s @ tia| EEE o " » Genotypic S <0.5: 2.4% phenotypic R
== = ) e s . * Genotypic R 21: 15.4% phenotypic S
—it : - — : onl—y . : * Not possible to predict ‘I’ catagory

CIP TOB
wmoE T o Tobramycin:
o [ — el — * Genotypic S <0.5: all phenotypic S
" 00| cm— = " oon|  cmmm—— * Genotypic R 21: 12.9% phenotypic S

Table 2
Sensitivity of the resistance genotype score to predict phenotypic susceptibility and resistance in the 204 clinical isolates studied

% (n) S/1/R score 0.5 - <1

% (n) S/1R score =1

Antibiotic % (n) 5/1/R score <0.5

TAZ 97.7 (129/132)/2.3 (3/132) 88.1 (37/42)/11.9 (5/42) 27.6 (8/29)(72.4 (21/29)

TOL(TZ 100 (177/177)/0 (0/177) 100 (19/19)/0 (0/19) 0 (0/7)/100 (7]7)

MER 86.5 (108/125)/11.1 (14/125)/2.4 (3/125) 60.5 (23/38)/39.5 (15/38)/0 (0/38) 15.4 (6/39)/38.5 (15/39)/46.1 (18/39)
cIp 95.5 (107/112)/4.5 (5/112) 73.9 (17/23)/26.1 (6/23) 5.9 (4/68)/94.1 (64/68)

TOB 100 (153/153)/0 (0/153) 100 (19/19)/0 (0/19) 12.9 (4/31)/87.1 (27/31)

TAZ, ceftazidime; TOL(TZ, ceftolozane/tazobactam; MER, meropenem; CIP, ciprofloxacin; TOB, tobramycin.

Cortes-Lara S et al. Clin. Microbiol. Infect. 2021



Recent advances - Enterococci

G NS : « 4382E. ium isol
Antibiotic resistance determination using Enterococcus faecium %, ® 38 f gecium isolates
whole-genome sequences: a diagnostic accuracy study using * 11 countries 2000-2018
enotypic and phenotypic data At ; TR : : : :
genotypic and phenctyp * 12 antibiotics — broth microdilution, Vitek 2, disc diffusion
Francesc Coll, Theodore Gouliouris, Beth Blane, Corin A Yeats, Kathy E Raven, Catherine Ludden, Fahad A Khokhar, Hayley | Wilson, Leah W Roberts, m
;\:?QSJL/ZEH;;:;QS;;:;?;::ﬂi—;ucrknﬂr, Le Thi Hoi, Nguyen Thi Hoa, Nguyen Vu Trung, Nicholas M Brown, Mark A Holmes, Julian Parkhill ° C u rate d d a ta b a S e — 2 2 8 ge n et I C m a r ke rs
Resistant Susceptible  True False True False  Sensitivity (95% Cl) Specificity (95% Cl) PPV (95% CI) NPV (952% Cl)
isolates isolates positive negative negative positive
Ampicillin (n=3132) 2792 (89-1%) 340 (10-9%) 2785 7 333 7 99-7% (99-5-99-9)  97-9% (95-8-99-0) 99-7% (99-5-99-9)  97-9% (95-8-99-0)
Vancomycin (n=3398) 2309 (68-0%) 1089 (32:0%) 2281 28 1076 13 98-8% (98:3-992) 98-8% (98-0-99-3) 99-4% (99-0-99-7)  97-5% (96-4-98-2)
Teicoplanin (n=2760) 1982 (71-8%) 778 (282%) 1961 21 726 52 98:9% (98:4-99-3)  93:3% (91-3-94-9) 97-4% (96-6-98-0)  97:2% (957-98-2)
Daptomycin (n=220) 121(550%) 99 (45-0%) 89 32 93 6 73:6% (65:1-80-6)  93-9% (B7-4-97-2)  93-7% (86-9-97-1)  74-4% (661-B1-2)
Ciprofloxacin (n=673) SO1 (74-4%) 172 (25-6%) 491 10 170 98-0% (96-4-98-9)  98-8% (95-9-99-7) 99-6% (98-5-99-9)  94-4% (90-1-97-0)
Tetracydine (1=2358) 1869 (79-3%) 489 (20-7%) 1860 9 47 142 99-5% (99-1-99:7)  71:0% (66-8-74-8) 92:9% (91-7-94-0)  97-5% (95-3-98.7)
Doxycycline (n=320) 99 (30-9%) 221 (69-1%) 96 3 179 42 97-0% (91-5-99-0)  81.0% (75-3-85-6) 69-6% (61-4-76-6) 98-4% (95-3-99-4)
Tigecycline (n=2412) 60 (2-5%) 2352 (97-5%) 23 37 2346 6 38-3% (27-1-51-0) 99-7% (99-4-99-9)  79-3% (61-6-90-2)  98-4% (97-9-98-9)
Streptomycin® (n=2635) 1152 (43.7%) 1483 (56-3%) 1125 27 1314 169 97-7% (96-6-98-4) 88-6% (86-9-901) 86-9% (85-0-88:7)  98.0% (97-1-986)
Gentamicin® (n=3125) 1610 (51-5%) 1515 (48-5%) 1558 52 1246 269 96-8% (95-8-97-5)  82-2% (80-2-84-1) 85-3% (83-6-86-8) 96-0% (94-8-96-9)
Quinupristin-dalfopristin 314 (16-8%) 1550 (83-2%) 280 34 1465 85 89-2% (85-2-92-1)  94-5% (93-3-95-5) 76-7% (72-1-80-8)  97-7% (96-8-98-4)
(n=1864)
Linezolid (n=2957) 65 (2:2%) 2892(97-8%) 38 27 2843 49 58-5% (46-3-69-6)  98-3% (97-8-98-7)  43-7% (337-54-1)  99-1% (98-6-99-4)
Re-testf 38 (1-3%) 2919 (98-7%) 38 0 2870 49 100-0% (90-8-100-0) 98-3% (97-8-98-7)  43-7% (33-7-54-1) 100-0% (99-9-100-0)
Data are n (%) or n, unless otherwise specified. Metrics of diagnostic performance when using the curated database to predict phenotypic antibiotic resistance. Here the intermediate susceptibility category is ignored—ie,
isolates with intermediate susceptibility are treated as not tested. See appendix 2 (p 19) for the diagnostic performance achieved when predicting phenotypic non-susceptibility—ie, when treating the intermediate and
resistance categories as non-susceptible. See appendix 2 (pp 17-18) for minimum inhibitory concentration and zone diameter breakpoints used in this study. A true positive was defined as a phenotypically resistant isolate
carrying an antimicrobial resistance genetic determinant; a false negative was defined as a phenotypically resistant isolate not carrying any antimicrobial resistance genetic determinant; a true negative was defined as a
phenotypically susceptible isolate not carrying any antimicrobial resistance genetic determinant; and a false positive was defined as a phenotypically susceptible isolate carrying an antimicrobial resistance genetic
determinant. PPV=positive predictive value. NPV=negative predictive value. *High-level resistance to aminoglycoside. tAccuracy of genotypic predictions for linezolid after re-testing 27 false negatives that were
susceptible according to E-test (bioMériew:, Marcy I'Etoile, France).
Table 3: Accuracy of genotypic predictions of phenotypic resistance of Enterococcus faecium to 12 antibiotics when using the curated database

Coll F et al. Lancet Microbe. 2024



Recent advances - Enterococci

Sensitivity (%)

Specificity (%)

Database
3 Curated database [ AMRFinderPlus [ ResFinder

ampicillin - Vancomycin Teicoplanin  Daptomycin Tetracycline Doxycycline Tigecycline Streptomycin Gentamicin Quinupristin - Linezolid  Ciprofloxacin
~dalfopristin

Antibiotic

Coll F et al. Lancet Microbe. 2024




Example species specific tool — LRE-Finder

* Linezolid resistance enterococci -> mutations in 23S rRNA
e Challenge: multiple copies of 23S rRNA:

* E. faecalis: 4 copies

e E. faecium: 6 copies
* Susceptibility depends on no. of mutated copies

Journal of —
J Antimicrob Chemother 2019; 74: 1473-1476 Antimicrobial Center for Genomlc EpldemIOIOQV
doi:10.1093 jac/dkz092 Advance Access publication 12 March 2019 Chemotherapy
Home Services Instructions Output Article abstract

LRE-Finder, a Web tool for detection of the 23S rRNA mutations and

-2 . LRE-Finder 1.0
the optrA, cfr, cfr(B) and poxtA genes encoding linezolid resistance

in enterococci from whole-genome sequences Sotact the pant ommag
elm ~

Henrik Hasman®, Philip T. L. C. Clausen?, Hiilya Kaya', Frank Hansen®, Jenny Dahl Knudsen®, Mikala Wang®,

Select identity threshold
Barbara Juliane Holzknecht®, Jurgita S &% Bent L. Rader’, Niels Frimodt-Mgller?, Ole Lund? and 80 % ~

Anette M. Hommerum™*

Hasman H et al. J. Antimicrob. Chemother. 2019

[dentifiserte mutasjoner i 235:

ldentifiserte mutasjoner i 235:
Reference | Posisjon 1 WT ratio [%] | Mutasjon ratio [%] | Predikert fenotype

Reference | Posisjon i WT ratio [9] | Mutasjon ratio [%] | Predikert fenotype
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Recent advances — M. tuberculosis

2017: M. tuberculosis likely the first pathogen where WGS-generated results offers advantage over traditional AST methods

Fig. 1. Instructions for using the catalogue

* Global standard for interpreting genotypic results
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Also template for targeted NGS
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Directly from clinical samples? Metagenomics
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Evaluation of the CosmosID Bioinformatics Platform for
Prosthetic Joint-Associated Sonicate Fluid Shotgun
Metagenomic Data Analysis
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(Z'Patricio R. Jeraldo,’ Nicholas Chia,’ "’ Robin Patel><

Yan C et al. J. Clin.Microbiol. 2019

* Challenges:

Human reads vs. bacterial reads
More bioinformatically challenging
Connection to bacterial host
Polymicrobial infections
Commensal resistome

Sensitivity: 65.7-85.0% for predicting
staphylococcal resistance

Customized bioinformatical approaches?
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MEGARes and AMR++, v3.0: an updated

comprehensive database of antimicrobial resistance
determinants and an improved software pipeline for

classification using high-throughput sequencing

Nathalie Bonin', Enrique Doster?, Hannah Worley?, Lee J. Pinnell?, Jonathan E. Bravo',
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wearch, 2023, Vol. 51, Database issue Published online 16 November 2022 sequence reads
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in the 5aM file:

If variant confirmation
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hat requires

Variant confirmation
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Remaining

AMR++
pipeline

VARIANT CONFIRMATION

N-type, S-type,
H-type, I-type

Confirm variants using alignment
via pipeline A.

Confirm variants using alignment
via pipeline B.

confirmed alignments

Bonin N et al. Nucleic Acid Res. 2023
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The role of whole genome sequencing in antimicrobial susceptibility
testing of bacteria: report from the EUCAST Subcommittee

M.]. Ellington "', O. Ekelund *', EM. Aarestrup °, R. Canton “, M. Doumith ', C. Giske °,
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Summary

2017 conclusion:

«The published evidence for using WGS as a tool to infer antimicrobial
susceptibility accurately is significantly improved, but the
evidence/knowledge base requires further expansion for WGS-AST to
be used in clincal decision making »

My thoughts (not official EUCAST subcommitte conclusions):

 The knowledge base has significantly expanded, but also the complexity of genotype-phenotype associations
 Still not there yet for clinical decision making except M. tuberculosis -> HIC

» Alternative to AST in surveillance for some species — S. aureus, E. coli, K. pneumoniae, +

* More large-scale studies required with high quality reference AST data

* Several remaining challenges:

* Turn-around-time and cost!
* Interpretive criteria — WGS ‘breakpoint’ tables? — (ESGEM-AMR, WHO catalogue)
* Implementation — bioinformatic infrastructure, regulatory aspects (accreditation, IVDR, ++)
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