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Intended Learning Objectives

Specific objectives of this session:

1. Understand antimicrobial resistance (AMR) and the diversity AMR genes and 
their associated mechanisms 

2. Background on the current epidemiology of AMR in the main foodborne 
pathogens (Salmonella, Shigella/E. coli, Campylobacter, Listeria)

3. Gain knowledge on AMR genes databases and tools for in silico genotyping 

4. Current situation and perspectives of AMR prediction phenotype from the 
genotype 
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Outline
This session consists of the following elements

1. Antimicrobial resistance (AMR) – overview

2. AMR genes and their associated mechanisms 

3. From farm to fork: epidemiology of AMR in the main foodborne 
pathogens (Salmonella, Campylobacter, Shigella, Listeria)

4. AMR genes databases and tools for in silico genotyping

5. Group exercises integrating phenotype and genotype detection of AMR
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Antibiotics Revolutionized Medicine 
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Gaines, EID 2017



Antimicrobial Resistance (AMR) – a silent pandemic

5https://www.bioversys.com/global-research-on-antimicrobial-resistance-gram-study/
Murray et al, The Lancet 2022

Global Deaths in 2019

Back to the pre antibiotic era !!

FIGURES

https://www.bioversys.com/global-research-on-antimicrobial-resistance-gram-study/


AMR and One Health

6
EFSA and ECDC, 2023. The European Union Summary Report on An=microbial Resistance in zoono=c and indicator bacteria from humans, animals and food in 2020/2021. EFSA 
Journal 2023;21 (3):7867, 232 pp. hNps://doi.org/10.2903/j.efsa.2023.7867 

DEFINITION



Antimicrobial Resistance – Main settings 
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> 50% in animals
- Therapy

- Prophylaxis
- Growth promotion (banned in

EU in 2005*)

*This prohibition was extended by a EU Regulation which
entered into force on 28 January 2022: Article 118 of
Regulation (EU) 2019/6 on veterinary medicinal products
requires that products imported into the EU come from
animals which have not been treated with growth-
promoting antibiotics

Graphic (Danger from the Stall) withdrawn from the newspaper “Der Spiegel”_Original URL: http://www.spiegel.de/international/world/bild-811560-309342.html

Different AB polices according to the country
Absence of regulation and control on AB use in most areas of the world

Cumulative effects - e.g. 7000 tones / 12 years / Netherlands 

FIGURES



Antimicrobial Resistance – Main settings 
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ANTIBIOTIC RESISTANCE

?
MRSA, VRE

GN-ESBL/Carba

Different studies point out for the correlation between antibiotic use in humans 
and emergence of resistance. 
Use and misuse of antibiotics are involved in the emergence of resistant 
microorganisms involved in epidemic and endemic situations that menace the 
success of human therapy and are associated with higher rates of mortality. 

But the contribution of animal setting to this burden has been a 
matter of debate for too long…



Most antibiotics used both in humans and animals
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Black colour- antibiotics or similar molecules not used in animals for food production

Antibiotics commonly used in animals are identical or belong to the same classes of important human antibiotics 
Extended spectrum cephalosporins, macrolides and fluroquinolones

Few molecules with new activities in the last years!!

FIGURES



Medically Important Antimicrobials – WHO - 2024

10https://cdn.who.int/media/docs/default-source/gcp/who-mia-list-2024-lv.pdf?sfvrsn=3320dd3d_2

Update of the 2019 version

https://cdn.who.int/media/docs/default-source/gcp/who-mia-list-2024-lv.pdf?sfvrsn=3320dd3d_2
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AMR main characters ?  

13Murray et al, The Lancet 2022

FIGURES



AMR main characters ? 
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Main mechanism of AMR

15Wright, BMC 2010 - https://bmcbiol.biomedcentral.com/articles/10.1186/1741-7007-8-123
E.g. β-lactamases;  AMEs

E.g. AcrAB; OqxAB, Tet,
Porin mutations

E.g. QRDR, MgrB, PmrB, Qnr;
16S rRNA methylases; Mcr,
PBPs

FIGURES

https://bmcbiol.biomedcentral.com/articles/10.1186/1741-7007-8-123


Main mechanisms of AMR

1616

1. Mutations in chromosomal genes leading to
increased expression of intrinsic R mechanisms
(antibiotic-inactivating enzymes or efflux pumps),
alterations in permeability due to loss of EM porins, or
changes in the target (QRDR)

2. Horizontal transfers of mobile genetic elements
carrying β-lactamase genes; aminoglycoside-modifying
enzymes (AMEs), Mcr - or non-enzymatic mechanisms
(Qnr).

Ruppé et al. Ann. Intensive Care (2015) 5:21; Venter H Bioscience Reports (2019) 39 16Wright, BMC 2010 - https://bmcbiol.biomedcentral.com/articles/10.1186/1741-7007-8-123
E.g. β-lactamases;  AMEs

E.g. AcrAB; OqxAB, Tet,
Porin mutations

E.g. GyrA, ParC, MgrB, PmrB ,
Qnr; 16S rRNA methylases;
Mcr, PBPs

FIGURES

https://bmcbiol.biomedcentral.com/articles/10.1186/1741-7007-8-123


Main mechanisms of AMR

17

Emergence of ABR

Plasmid

Transposon

Integron

AMR genes
(blaCTX-M, blaVIM, mcr, aac, sul, tet)

Clone

The accumulation of genes in 
different mobile genetic 

elements/strains

é co-selection events

gyrA, gyrB, parC, parE
Quinolone Resistance 
Determining Region 

(QRDR)

HORIZONTAL GENE TRANFERCHROMOSOMAL MUTATIONS



Resistance to beta-lactams

18Ruppé et al. Ann. Intensive Care (2015) 5:21;

FIGURES



Resistance to other critical antimicrobials
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Aminoglycosides Fluoroquinolones Polymyxins

ArmA
Rmt

(high R levels)

Qnr (A,B,C,D,S,VC)
QepA

OqxAB
AAC(6′)-IB-cr *

(low R levels)
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Mobilizable colistin 
resistance genes

AAC (aminoglycoside N-
acetyltransferase)

ANT (aminoglycoside O-
adenyltransferase)

APH (aminoglycoside O-
phosphotransferase)

Aminoglycoside-modifying 
enzymes (AMEs)

16S rRNA methylases 
(16S-RMTase)

Plasmid-mediated quinolone 
resistance (PMQRs) 

DNA gyrase (GyrA) and 
topoisomerase IV (ParC) 

mutations (QNDRs)

*aminoglycoside and quinolone inactivating acetyl-transferase

Mutations in genes 
involved in outer 

membrane polarity

PmrAB-PhoPQ
MgrB

Mcr

(variable R levels)

Macrolides

Point mutations in 23S rRNA

23S rRNA methylases
Erm
Mef

MsrA
MphA

(high R levels)
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Epidemiology of AMR in non-typhoid Salmonella
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Higher resistance rates to older drugs such as ampicillin – sulfamethoxazole - tetracycline 

R to ciprofloxacin arising specially in food-producing animals, low R to 3GC 

Antibiotics are usually not recommended for mild cases. However, in severe cases or for high-risk groups 
(infants, elderly, immunocompromised), 1st line antibiotics are ciprofloxacin, ceftriaxone or azithromycin.

EFSA Journal 2023;21 (3):7867, 232 pp. https://doi.org/10.2903/j.efsa.2023.7867

FIGURES

https://doi.org/10.2903/j.efsa.2023.7867
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Epidemiology of AMR in non-typhoid Salmonella

Trends in resistance to ampicillin, 
ciprofloxacin/pefloxacin/nalidixic acid, 
cefotaxime and tetracycline in 
Salmonella spp. from humans in 27 
reporting countries and EU MSs group, 
2013–2021

EFSA Journal 2023;21 (3):7867, 232 pp. https://doi.org/10.2903/j.efsa.2023.7867

FIGURES

https://doi.org/10.2903/j.efsa.2023.7867
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Epidemiology of AMR in non-typhoid Salmonella
blaCTX-M-1/32ISEcp1

blaCMY-2ISEcp1 blc sugE

IncI1

IncA/C IncI2

IncN

blaCTX-M-2/-9ISCR1 Tn21 IncHI2

blaCTX-M-14
ISEcp1

ISCR1
IncK

Quinolone/fluoroquinolone R: 
• Maily due to point mutations within the DNA gyrase (gyrA

and gyrB) and topoisomerase IV (parC and parE) genes
(QRDRs).

• Plasmid-mediated quinolone resistance (PMQR)
mechanisms have also been recognised : efflux pumps
(qepA and oqxAB genes), enzymatic modifications
(aac(60)Ib-cr gene) and protection of the DNA gyrase (qnr)

EFSA Journal 2023;21 (3):7867, 232 pp. https://doi.org/10.2903/j.efsa.2023.7867

FIGURES

https://doi.org/10.2903/j.efsa.2023.7867
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Epidemiology of AMR in non-typhoid Salmonella

https://www.cdc.gov/antimicrobial-resistance/media/pdfs/2019-ar-threats-report-508.pdf?CDC_AAref_Val=https://www.cdc.gov/drugresistance/pdf/threats-report/2019-ar-threats-report-508.pdf

FIGURES

https://www.cdc.gov/antimicrobial-resistance/media/pdfs/2019-ar-threats-report-508.pdf?CDC_AAref_Val=https://www.cdc.gov/drugresistance/pdf/threats-report/2019-ar-threats-report-508.pdf
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Epidemiology of AMR in Campylobacter

In both species - High R levels to ciprofloxacin (point mutations on the gyrA gene) and tetracycline

R to macrolides arising levels to macrolides (ermB)
EFSA Journal 2023;21 (3):7867, 232 pp. https://doi.org/10.2903/j.efsa.2023.7867

FIGURES

https://doi.org/10.2903/j.efsa.2023.7867
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Epidemiology of AMR in Campylobacter

Sproston et al. Microbial Genomics, 2018 

FIGURES
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Epidemiology of AMR in Campylobacter

Fluorquinolones introduction (animals), USA in the 90’s

1982-1992

0% CIP-R in Campylobacter spp

(humans)

https://www.cdc.gov/antimicrobial-resistance/media/pdfs/2019-ar-threats-report-508.pdf?CDC_AAref_Val=https://www.cdc.gov/drugresistance/pdf/threats-report/2019-ar-threats-report-508.pdf

AMR acquisition in zoonotic bacteria: First Evidences

2001

20% CIP-R in Campylobacter spp

(humans)

2017

30% CIP-R in 
Campylobacter spp

(humans)FIGURES

https://www.cdc.gov/antimicrobial-resistance/media/pdfs/2019-ar-threats-report-508.pdf?CDC_AAref_Val=https://www.cdc.gov/drugresistance/pdf/threats-report/2019-ar-threats-report-508.pdf
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Epidemiology of AMR in Campylobacter

Usually campylobacterioses are mild, self-limiting
Due to the high levels of CIP-R, macrolides are now the first-line treatment of human campylobacteriosis

Campylobacter jejuni Campylobacter coli

EFSA Journal 2023;21 (3):7867, 232 pp. https://doi.org/10.2903/j.efsa.2023.7867

FIGURES

https://doi.org/10.2903/j.efsa.2023.7867
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Epidemiology of AMR in Campylobacter

EFSA Journal 2023;21 (3):7867, 232 pp. https://doi.org/10.2903/j.efsa.2023.7867

FIGURES

https://doi.org/10.2903/j.efsa.2023.7867
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Epidemiology of AMR in Shigella

Lefevre et la, NatComm, 2023 https://www.nature.com/articles/s41467-023-36222-8

Moderate to severe infection is typically treated with antibiotics
(CIP, 3CG or AZM) =>  growing incidence of MDR and

XDR Shigella globally – limited treatment options

FIGURES

https://www.nature.com/articles/s41467-023-36222-8
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Epidemiology of AMR in Shigella

https://www.cdc.gov/antimicrobial-resistance/media/pdfs/2019-ar-threats-report-508.pdf?CDC_AAref_Val=https://www.cdc.gov/drugresistance/pdf/threats-report/2019-ar-threats-report-508.pdf

FIGURES

https://www.cdc.gov/antimicrobial-resistance/media/pdfs/2019-ar-threats-report-508.pdf?CDC_AAref_Val=https://www.cdc.gov/drugresistance/pdf/threats-report/2019-ar-threats-report-508.pdf


AMR genes databases and tools for in silico genotyping
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NCBI - NDARO CARD ResFinder

PathogenWatch Bandage



AMR genes databases and tools for in silico genotyping
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https://www.ncbi.nlm.nih.gov/pathogens/antimicrobial-resistance/

https://www.ncbi.nlm.nih.gov/pathogens/antimicrobial-resistance/
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NDARO

FIGURES
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NDARO – Reference Gene Catalog
https://www.ncbi.nlm.nih.gov/pathogens/refgene/#

https://www.ncbi.nlm.nih.gov/pathogens/refgene/
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NDARO – Reference Gene Catalog
https://youtu.be/T8HluuzOb5c

https://youtu.be/T8HluuzOb5c


The Comprehensive Antibiotic Resistance Database (CARD)
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https://card.mcmaster.ca 

https://card.mcmaster.ca/
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1. Search for information about AMR genes

NDM-1

The Comprehensive Antibiotic Resistance Database (CARD)
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2. Download AMR gene reference sequences

The Comprehensive Antibiotic Resistance Database (CARD)
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The Comprehensive Antibiotic Resistance Database (CARD)

2. Download AMR gene reference sequences
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3. Molecular Sequence Analysis Tool (BLAST)

The Comprehensive Antibiotic Resistance Database (CARD)
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4. Resistance Gene Identifier (RGI) software for resistome prediction

The Comprehensive Antibiotic Resistance Database (CARD)
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Download and open in excel

plusieurs fichiers 
d'assemblage peuvent être 

lancés en même temps

The Comprehensive Antibiotic Resistance Database (CARD)

4. Resistance Gene Identifier (RGI) software for resistome prediction
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ResFinder
https://cge.cbs.dtu.dk/services/ResFinder/ 

https://cge.cbs.dtu.dk/services/ResFinder/
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ResFinder
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1. Table with predicted phenotype based on genotype

2. Table with AMR genotype presented according to antibiotic class

ResFinder



Pathogen Watch
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AMR detection available only for some species



Time to discussion 
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https://docs.google.com/forms/d/e/1FAIpQLSc7Ruzi2p3v2qv-
r924SKDDNoPmLM0FLvj-3vbAR_NXFfxKQQ/viewform

https://pubmed.ncbi.nlm.nih.gov/38355048/

https://docs.google.com/forms/d/e/1FAIpQLSc7Ruzi2p3v2qv-r924SKDDNoPmLM0FLvj-3vbAR_NXFfxKQQ/viewform
https://docs.google.com/forms/d/e/1FAIpQLSc7Ruzi2p3v2qv-r924SKDDNoPmLM0FLvj-3vbAR_NXFfxKQQ/viewform
https://pubmed.ncbi.nlm.nih.gov/38355048/


Acknowledgements
The creation of this training material was commissioned by ECDC to Institut Pasteur with the direct involvement of Carla Rodrigues

48


