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# Topic Time

1 Introduction 12:30 - 12:40

2 Brush-up antimicrobial resistance (AMR) 12:40 - 13:10

3 Fundamentals of WGS-based detection of AMR 13:10 - 13:40

4 Q&A 13:40 - 13:45

5 Break 13:45 - 14:00

6 Tools for WGS-based detection of AMR 14:00 – 14:45

7 WGS-based detection of AMR in Enterobacterales 14:45 – 15:00 

8 Break 15:00 – 15:10

9 WGS-based detection of AMR in Staphylococcus aureus 
and Enterococcus spp.

15:10 – 15:30

10 Explanation of the exercise 15:30 – 15:35

11 Q&A, conclusions and session evaluation 15:35 – 16:00



Meeting rules
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• Camera and microphones are automatically de-activated

• Recording

• Use the Q&A for questions



Active participation is key!
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• Ask questions

• Share your knowledge

• Exchange your experiences

• Raise hands

• Participate in Slido polls and quizzes

• Interact after the session using the discussion 
forum in EVA

Let’s try Slido! (Q1)



GenEpi-BioTrain

• 4-year contract (2023-2026)

• Funded by ECDC

• Managed by DTU and SSI

• Executed within a consortium

(DTU, SSI, IP, KUH, RCB, THL)
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Bridging the Gap

Interdisciplinary 
GenEpi and PH 
Bioinformatics

Specific topics

Exchange visits

Virtual trainings

Country team

1 day

2 days

3 days

…

1x

(2x)

(3x)

Training activities in GenEpi-BioTrain

You are welcome to use the dedicated 
space in EVA to express wishes for 
topics of virtual trainings!



A few words about myself
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…and a few words about you

Slido Q2 and Q3

• Working at Statens Serum Institut (SSI), Denmark

• DVM from University of Pisa, Italy

• PhD in AMR and zoonoses from University of Copenhagen, Denmark

• Working with several aspects of AMR
• Research (evolution and transfer of ESBLs and carbapenemases)

• Advisory services (EFSA, WHO, UNIDO)

• Capacity building (EURL-AR, EURGen-RefLabCap, GenEpi-BioTrain) 



Objectives

Specific objectives of this session:

1. Brush-up concepts of AMR: what is it and how do we detect it

2. Examine widely used tools for WGS-based detection of AMR

3. Introduce species-specific concepts of AMR for Enterobacterales, S. aureus and 
Enterococcus spp.

Related to the course goals to enable trainees to:

• Describe available open-source tools for detection of AMR in WGS data

• Describe the impact of different sequencing technologies on the detection of AMR

• Evaluate the advantages and disadvantages of AMR prediction based on phenotypic 
and genotypic methods in the context of surveillance
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Antimicrobials target vital parts of bacterial cells
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Bacteria natively have/can acquire mechanisms to 
avoid that antimicrobials reach their target
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A

A, decreased cell permeability

B, alteration, replacement

or protection of the target

X
B

D

D, active export out of the cell

C

C, enzyme inactivation



Antimicrobial Resistance
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Intrinsic (expected resistant phenotypes):

due to structural or functional trait allowing tolerance by all members 
of a group (species, genus, etc…)

• Inaccessibility of the drug into the bacterial cell

• Innate production of enzymes that inactivate the drug

• Lack of affinity of the drug for the bacterial target



Antimicrobial Resistance

Acquired:

due to changes within an initially susceptible population
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Key AMR concepts

13Tascini et al., 2016

Microbiological definition

Resistance is the property
of bacterial strains to 
survive at higher
antibiotic concentrations
compared with the wild-
type population

Clinical definition

Resistance is the bacterial 
ability to survive 
antimicrobial therapy



Phenotypic methods for detection of AMR
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• Predict susceptibility and resistance
• Quantifiable
• Standard methods and breakpoints have been

established
• Not always straightforward to read



Genotypic methods for detection of AMR

• PCR

• Microarrays

• WGS

Outcome:

• Presence/Absence of genes/chromosomal mutations mediating AMR

• Caveats in making “Presence-Resistance” and “Absence-
Susceptibility” correlations

• For WGS: lots of additional information useful for epidemiological 
purposes

15
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Fundamentals of WGS-based detection of AMR
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Input sequence

Algorithm 

Database 

Report 

Modified from Hendriksen et al., 2019

https://www.frontiersin.org/articles/10.3389/fpubh.2019.00242/full


Fundamentals of WGS-based detection of AMR
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Input sequence

Algorithm 

Database 

Report 

Modified from Hendriksen et al., 2019

Microbiologist realm

Bioinformatician realm

https://www.frontiersin.org/articles/10.3389/fpubh.2019.00242/full


Fundamentals of WGS-based detection of AMR
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Bioinformatician realm

Microbiologist realm

Input sequence

Algorithm 

Database 

Report 

Modified from Hendriksen et al., 2019 Slido 4

https://www.frontiersin.org/articles/10.3389/fpubh.2019.00242/full


Input

• Nucleotide sequences
- Raw reads (FASTQ files)

- produced by the sequencer

- Assembled sequence data aka 
contigs (FASTA files)
- produced processing raw reads through 

assemblers

• Amino acid sequences
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Users must ensure 
good quality of input 
sequences

(bad sequence 
quality = missing 
data)



Input – Nucleotide sequences

• Raw reads (FASTQ files)
- Data of sub-optimal quality affect results

- No information on location of the AMR genes

- (!) some pipelines may perform assembly of the input raw reads 

• Assembled sequences (FASTA files)
- Poor assemblies (due to sub-optimal quality of WGS data) affect results

- Different assemblers may lead to different results

21

GenEpi-BioTrain Virtual training “From sequencer to polished reads for bacteria” on 12 
and 14 September 2023, at 9:00-13:00
The participants will gain insights into interpreting quality control (QC) parameters as well as 
handling bad quality reads and contaminated data.  



Input – Amino acid sequences

• (!) Some tools translate nucleotide sequence input into proteins

• Different annotation software may have an impact on the outcome 
of the analysis

• The AMR function is determined by the protein sequence and even 
single amino-acid changes can affect the phenotype

• A nucleotide approach can miss nonsense mutations

• Working in protein space also enables the use of protein-based 
HMMs that have been informed by biological data to discover 
potentially novel AMR genes
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Algorithms

• BLAST
• Applied to assembled data and 

amino acid sequence inputs 

• k-mers
• Applied to raw reads inputs

• Rapid

• HMMs
• Applied to amino acid 

sequence inputs 
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Algorithms are 
specific to each tool. 
For some algorithms, 
identity and 
coverage thresholds 
can be arbitrarily 
selected by the users



Databases

• They heavily influence the performance of tools

• They differ for structure, content and curation
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A database of genes is a collection of sequences in 
FASTA format 
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Critical steps:

• Include the correct 
sequences
• True AMR genes (literature 

searches, retrieve sequences 
from curated repositories)

• Full-length sequences

• Include the correct header

There are also AMR databases
of protein sequences



A database of chromosomal mutations contains two 
key elements 

• Sequence of each wild-type (WT) gene that is used for comparison 
(it is species-specific!)

• A list of mutations mediating resistance
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Critical steps:

• Include the correct WT 
sequences
• True WT

• Full-length sequences

• Include the correct 
mutations and positions



A database of phenotypes is a list of resistance 
phenotypes associated to specific genes/chromosomal 
mutations
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Database warnings!

• Familiarize with inclusion criteria of databases

• Nomenclature can be tricky: same gene but different name in 
different databases

• Be critical about the content of databases

28



Report  - identity and coverage
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Q
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Coming next… Tools for WGS-based detection of AMR 

We will focus on:

• AMRFinderPlus

• CARD/RGI

• PathogenWatch

• ResFinder

30

Several other tools exist

• See “Resources and further 
reading” on EVA



Q&A
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AMRFinderPlus - NCBI
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AMRFinderPlus - NCBI
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AMRFinderPlus output
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CARD

36Website



CARD
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CARD/RGI output
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CARD/RGI output
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Pathogenwatch
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Pathogenwatch
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Pathogenwatch
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Pathogenwatch output
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Pathogenwatch output
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ResFinder

45Website
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ResFinder output
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ResFinder output
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ResFinder output
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ResFinder output
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ResFinder output
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ResFinder output
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Which drug/bug combinations should we monitor in different 
bacterial species?

Which resistance genes/chromosomal mutations can we 
detect with the available tools/current knowledge?

53



Expected phenotypes
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WGS-based detection of AMR in Enterobacterales
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Introduction to AMR genes/mutations in 
Enterobacterales

Antimicrobial class AMR genes/mutations (list not exhaustive)

Beta-lactams • bla genes
• specific mutations in promoter of intrinsic genes (e.g. ampC)
• specific mutations in porin-encoding genes 

Fluoroquinolones • specific mutations in gyrA, parC, gyrB, parE
• PMQR genes (oqxAB, aac(6')-Ib-cr, qnr, qep)

Aminoglycosides • aac(1), aac(3), aac(6’), aac(2’)
• ant(2’’), ant(3’’), ant(4’)
• aph(3’), aph(3’’), aph(4), aph(6)

Tetracyclines • tet genes

Colistin • specific mutations in pmrCAB, phoPQ, mgrB, crrAB, yciM, lpxM
• mcr genes ((!) mcr-9)

Fosfomycin • fos genes

Folate pathway antagonists • sul genes, dfr genes
• specific folP mutations

56



Understanding beta-lactamases for interpreting bla
genes findings

Beta-
lactamases 
are enzymes 
that degrade 
beta-lactams

57

bldb.eu



Beta-lactamase types and variants definitions
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Gene Protein

blaCTX-M-1 CTX-M-1

blaTEM-52 TEM-52

etc. etc.

They are the same ESBL!
They can be defined as blaESBLa and blaESBLb

Important! Variants are defined based on amino acid sequences

which should be taken into account when using AMR detection tools working in the nucleotide space
and allowing for <100% identity and coverage

• Each type is further divided into variants: e.g. CTX-M-1, CTX-M-2,…. CTX-M-265

• Correct nomeclature: 

Example (hypothetical ESBL):

a. ”ATG TTC CCG” is ”MFP”

b. ”ATG TTC CCA” is ”MFP”

c. ”ATG TTC CTA” is ”MFL” It is a different ESBL!



Highly-related beta-lactamase may encode diverse beta-lactam
resistance phenotypes
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Pictures: Patrice Nordmann

ESBL phenotype ESBL phenotype

CTX-M-3 CTX-M-15



Interpretation of reports requires knowledge of tools and bacteria
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ResFinder v4.3.3 (web) Pathogenwatch v21.0.0
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WGS-based detection of AMR in Staphylococcus aureus
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Introduction to AMR genes/mutations in S. aureus
Antimicrobial class AMR genes/mutations (list not exhaustive)

Beta-lactams • blaZ
• mecA, mecC

Fluoroquinolones • specific gyrA, gyrB, grlA, grlB mutations

Aminoglycosides • aac(6’), aac(6’)-aph(2’’)
• ant(4’), andt(6), ant(9)
• aph(3’)

Glycopeptides • vanA operon
• specific rpoB mutations

Macrolides, lincosamide, streptogramins • ere, mef, erm genes

Tetracyclines • tet genes

Oxazolidinones • specific rplC, rplD mutations
• cfr

Daptomycin • specific mprF mutations
• specific rpoB mutations

Fosfomycin • fos genes
• (chromosomal mutations)

Fusidic acid • specific fusA mutations
• fusB, fusC, fusD

Folate pathway antagonists • specific dfrB mutations
• dfr genes
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Existing tools can be used to detect novel AMR genes 
(with some degree of similarity to known AMR genes)
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• Meticillin-resistant S. aureus

• No mecA

• Analysis of WGS data reveals 
presence of a novel meticillin
resistance gene with 70% 
identity to mecA (now known 
as mecC)

Lancet Infect Dis 2011



WGS-based detection of AMR in Enterococcus spp.
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Introduction to AMR genes/mutations in Enterococcus spp.
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Antimicrobial class AMR genes/mutations (list not exhaustive)

E. faecium E. faecalis*

Beta-lactams • Specific mutations in pbp5 • Specific mutations in pbp4

Fluoroquinolones • specific gyrA, parC mutations • specific gyrA, parC mutations

Aminoglycosides • aac(6’), aac(6’)-aph(2’’)
• ant(3’’), ant(4’), ant(6)
• aph(2’’), aph(3’), aph(6)

• aac(6’), aac(6’)-aph(2’’)
• ant(3’’), ant(4’), ant(6)
• aph(2’’), aph(3’), aph(6)

Glycopeptides • vanA, vanB operons • vanA, vanB operons

Macrolides, lincosamide, 
streptogramins

• eat, erm, mefA, lsa, lnu, vat, 
vga genes

• (Expected R to streptogramins)
• eat, erm, mefA, lsa, lnu, vat, 

vga genes

Tetracyclines • tet genes
• specific rpsJ mutations

• tet genes

Oxazolidinones • specific rplC, rplD, rplV, 23S 
RNA gene mutations

• cfr, optrA, poxtA

• specific rplC, rplD, rplV, 23S 
RNA gene mutations

• cfr, optrA, poxtA

Daptomycin • specific cls, liaF, liaS, liaR
mutations

• liaF, liaS, liaR mutations



Phenotype & WGS data complement each other
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E. faecium isolate

The entire vancomycin resistance (vanA) operon is present:
vanR, vanS, vanY, vanZ: 100% id
vanA: 99.9% id
vanX: 99.8% id Slido Q8 and Q9



Introduction to the practical exercise

• In this exercise, you will detect AMR determinants in four bacterial 

isolates based on whole genome sequence (WGS) data.

• As there are many bioinformatics tools available for this purpose, and 

due to the lack of a gold standard, you will have to familiarize yourself 

with as many tools as possible and understand which one(s) you can or 

cannot use based on your expertise.

• You will also have to assess if results differ when using different tools, 

and you should try to understand and explain the underlying reasons.

• Finally, you will have to predict a phenotype for the isolates under 

investigation based on the results of the WGS analysis and, for a subset 

of isolates, compare it with the phenotype obtained in the laboratory, 

and troubleshoot in case of discordances.
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Stage 1: Exploring tools for WGS-based detection of 

AMR

• Instructions are available on EVA – “Practical exercise”

• Submission of answers: from 4 September at 16:00 to 5 

September at 23:00 (CEST)

Stage 2: Using tools for WGS-based detection of AMR

• WGS data and instructions will be available on EVA on 6 

September at 9:00 CEST

• Submission of answers: from 6 September at 12:00 to 7 

September at 14:00 (CEST)



In summary

List of learning points in this session:

1. In relation to “Brush-up concepts of AMR”, we rehearsed how antimicrobials affect bacteria, 
how bacteria can survive the presence of antimicrobials and how we define AMR

2. In relation to “Tools for WGS-based detection of AMR”, we dissected the fundamentals of 
bioinformatics tools and examined AMRFinderPlus, RGI/CARD, Pathogenwatch and ResFinder

3. In relation to “Species-specific concepts of AMR for Enterobacterales, S. aureus and 
Enterococcus spp.”, we summarised the most common AMR determinants and exemplified 
situations in which use of WGS was key to advance knowledge of AMR

If you combine the above, you should now be able to:

• Describe available open-source tools for detection of AMR in WGS data

• Describe the impact of different sequencing technologies on the detection of AMR

• Evaluate the advantages and disadvantages of AMR prediction based on phenotypic and 
genotypic methods in the context of surveillance
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Further reading

Please refer to “Resources and further reading” file that will be 
uploaded on EVA
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