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Agenda/outline
• General concepts and considerations

• Genotype-phenotype relationship
• Antimicrobial resistance gene/mutation databases
• 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

Sherry NL et al. Antimicrob. Agents Chemother. 2025

Aim: genotype X -> phenotype Y (i.e. blaNDM-1 -> carbapenem resistance?; ….) 



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

Genotype and phenotype
• Genotype: organism’s genetic profile
• Phenotype: organism’s observable physical and biochemical characteristic 

Genotype

Phenotype

Both genotype and 
phenotype requires 
interpretation

Both are assay results and influenced by experimental conditions 



Genotype-phenotype relationship challenge

• Variable gene expression, transcription regulation, gene copy number, IS-provided promoters, promoter mutations………..

Genotype-phenotype relationships are often complex and multifactorial

Efflux β-lactamase 
(acquired/intrinsic)

PBP
mutations

Reduced permeability

 MIC = x mg/L
 Zone diameter = xx mm



Multiple reasons for genotype-phenotype discrepancies

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
• Etc, etc.



Requirements for accurate genotype-phenotype 
relationship

High-quality genomic data

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

• Depth of genome coverage (e.g. >30x1)
• Low number of contigs (e.g. <5001)
• Genome size (within 10% of expected1)
• Read quality – low error rates
• N50 (>15,0001)
• ..

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

• AST method - Reference method
• Actual measurements – not only S-I-R

• Changes in breakpoints
• Included antimicrobials
• QC data

High-quality phenotypic data

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


Determination of the AMR genotype - resistance databases

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

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

Multiple databases developed over the years for different purposes

Xavier BB et al. J Clin Microbiol 2016



Determination of the AMR genotype - resistance databases

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 

• Curated databases

• ‘Frequently’ updated

• Resistance genes
• Point mutations (species specific)

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

https://card.mcmaster.ca/ 

https://genepi.dk/ 

https://www.ncbi.nlm.nih.gov/pathogens/refgene/
https://card.mcmaster.ca/
https://genepi.dk/


Database selection matters

Doyle RM et al. Microb. Genom. 2020

Inter-laboratory study (n=9)
(CARD, ResFinder, ARG-ANNOT)

➢ No. of AMR genes detected affected by the choice of database

➢ Different variants of same gene detected



Bioinformatical approach

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

Assembly-based or read-based approach



Interpretation – rules based approach
Genotype X -> Phenotype Y

ResFinder

• AMRFinderPlus/CARD – assign resistance genes/mutations to specific classes/antibiotics



Interpretation of genotype - phenotypic comparator?

• Clinical breakpoints – S-I-R categories?
• Not static
• Presence of resistance mechanisms do not always confer clinical 

resistance

• Wild type (WT) vs. non-wild type (NWT)?
• Genes associated with resistance are not always expressed
• Intrinsic/’silent’ resistance genes

S I R
WT NWT

Ljungquist O et al. Euro Surveill. 2023



https://github.com/interpretAMR/AMRrulesCuration 

Convenors: Kat Holt, Natacha Couto, Jane Hawkey

Develop interpretative standards for AMR genotypes

https://github.com/interpretAMR/AMRrulesCuration


Implementation of WGS – bioinformatical challenges

• Bioinformatical competence and infrastructure

Hospital IT infrastructure

• Bioinformatics = Linux

Alternative – commercial solutions?
• Bioinformatical approach?
• AMR database? Updated?
• Interpretive rules?



Implementation of WGS – ISO/IVDR
• ISO accredited workflows

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

IVDR???

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


Implementation of WGS – Ring trials?
• Lack of external quality assessment providers
• Examples of proficiency tests

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

Nordic NRLs

PHAS

K-resMRSA-
St.Olavs

THL

SSI
UHI



2017

2024-2025

Work
ongoing

Review the litterature and progress since 2017

Where are we now?



Changes from 2017
• 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 AI and ML -> Adrian Egli (tomorrow @ 10:40 ☺)
• Role of other OMICs

Enterobacterales

WGS for antimicrobial susceptibility testing (AST)

Change in terminology:

• WGS is not a antimicrobial susceptibility testing method – it is a genotyping method

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



Recent advances - Enterobacterales

• 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

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

Lam MMC et al. Nat. Commun. 2021

K. pneumoniae species complex 

https://github.com/typhoidgenomics/genotyphi 

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 blaSHV -> ampicillin resistance
• Mutations in chromosomal blaSHV -> ESBL or BLI
• Plasmid-borne blaSHV -> WT, ESBL, BLI

Interpretation of SHV-variants?

• 3999 isolates with ≥1 SHV allele but no other β-lactamase
• Geographically diverse - 24 countries, 2001-2021
• Human, animal, environmental isolates
• Broth microdilution, Disc diffusion, Agar dilution, Vitek 2, Phoenix

Tsang K et al. Microb. Genomics. 2024



SHV – K. pneumoniae
181 distinct blaSHV alleles

➢ Re-classification of multiple 
SHV-alleles 

Tsang K et al. Microb. Genomics. 2024



The Enterobacterales challenge

Adeolu M et al. Int. J. Syst. Evol. Microbiol. 2016

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

• P. mirabilis vs. E. coli TCs with same OXA-48 plasmid

Sattler J et al. Emerg. Microbes Infect. 2024

Matlock W et al. bioRxiv. 2024

Expression MIC

Lineage effect of blaTEM 
expression



Impact of the intrinsic resistome: AmpC+ vs. AmpC- 
Enterobacterales

• AmpC-negative: 
– 2.0% VME piperacillin

– 12.2% VME piperacillin-tazobactam

– 3.1% VME ceftazidime

• AmpC-producing:
– Prediction not attempted in 83.1-87.6% of AmpC-positive isolates!

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

➢  Only a minority of AmpC-producing strains had ampD and 
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 

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

Resistance mutations vs. natural polymorphisms?

Mutational mechanisms driving to AmpC hyperproduction

Heat-map of unique resistomes of 390 strains 



Example - P. aeruginosa

2. Genotypic ‘score’

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

Score <0.5 – predict phenotypic susceptibility

1. Natural polymorphism in 100 WT isolates & 40 genes

➢ 455 natural 
polymorphisms 

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



Example - P. aeruginosa

Meropenem:
• Genotypic S <0.5: 2.4% phenotypic R
• Genotypic R ≥1: 15.4% phenotypic S
• Not possible to predict ‘I’ catagory

Tobramycin:
• Genotypic S <0.5: all phenotypic S
• Genotypic R ≥1: 12.9% phenotypic S

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



Recent advances - Enterococci

Coll F et al. Lancet Microbe. 2024

• 4382 E. faecium isolates
• 11 countries 2000-2018
• 12 antibiotics – broth microdilution, Vitek 2, disc diffusion
• Curated database – 228 genetic markers



Recent advances - Enterococci

Coll F et al. Lancet Microbe. 2024



Example species specific tool – LRE-Finder

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

• E. faecalis: 4 copies
• E. faecium: 6 copies

• Susceptibility depends on no. of mutated copies 

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

MIC: >256 mg/L = R MIC: 4 mg/L = S



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

• Global standard for interpreting genotypic results
• ~52000 isolates
• High quality phenotypic data
• 48152 mutations

Also template for targeted NGS



Directly from clinical samples? Metagenomics

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

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

Sensitivity: 65.7-85.0% for predicting 
staphylococcal resistance

Customized bioinformatical approaches?

Bonin N et al. Nucleic Acid Res. 2023



Summary

«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»

2017 conclusion:

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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