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The story of NDM-1

2

New Delhi Metallo-Beta-
Lactamase-1 (NDM-1)

Has emerged in 2008 in the 
Indian subcontinent

Spread to UK (medical tourism) 
and worldwide

NDM-1 genes found in surface 
and tap waters in 2010 in India, 
and in the environment in 
Bangladesh

In 2019, NDM-1 found in 
nutrient-rich Artic soil of a 
remote Norwegian archipelago

Kumarasamy et al, Lancet Infectious Dis 2010
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The story of Poecilia reticulata (guppy)

Levings et al, Emerg Infect Dis 2006

Aquariums as reservoirs of multidrug resistant Salmonella Paratyphi B

Canada UK
France

Japan

Indonesia

Australia

Singapore

Tropical fish isolate Human isolates
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2011

The story of mecC-MRSA
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2017

2013

2019

The story of mecC-MRSA
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The story of mecC-MRSA

Larsen et al, Nature 2022

mecC-MRSA was driven by natural 
selection by dermatophyte 

Trichophyton erinacei producing 
penicillin and colonizing hedgehogs



AMR is One 
Health

Need for an integrated 
and holistic multi-
sectoral approach



The complex interplay between different sectors in the spread of antimicrobial resistance
(from Davies & Davies, Microbiol Mol Biol Rev. 2010)

AMR is One 
Health

What definition for 
“the environment “ ?
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(from Larsson et al, Environment International, 2018)

Dual aspect of the 
environment

Source of …
Polluted by …
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Antibiotics and AMR were present in the environment well before 
anthropogenic use 

The role of antibiotics in nature

What concentrations of antibiotics 
are bacteria exposed to in nature ?

Dating the origin of antibiotics

AMR in environmental isolates is far 
more diverse than that observed  in 
pathogens 



Antimicrobial peptide from frog skin 

Antibiotics and AMR were present in the environment well before 
anthropogenic use 

Teixobactin produced by Eleftheria terrae

Ling et al, Nature 2015Rollins-Smith et al, Bioch Bioph Research Comm 2002
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AMR genes in clinics have progenitors in nature

The epidemic spread of CTX-M beta-
lactamases

AMR genes are actually pleiotropic in 
environmental isolates

It also questions the commonly held 
notion that AMR genes mobilization 
is in response to human antibiotic 
use

Coevolution of antibiotics and AMR 
genes in a co-evolutionary setting



The pandemic expansion of CTX-M enzymes
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(from Larsson et al, Environment International, 2018)

Dual aspect of the 
environment

Source of …
Polluted by …



15

Pollution with (anthropogenic-related) AMR

Kola JAC 2012

Hartmann Frontiers 2012

Van Hoek IJFM 2015

Blaak AEM 2014
Hernandez PLoS One 2013ESBL E. coli

Yaici JAC 2017Mani AAC 2018

Bréchet CID 2014



JAC 2017

AAC 2018

Bizerte Lagoon

Pollution with (anthropogenic-related) AMR
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Pollution with (anthropogenic-related) AMR

Microbiology Spectrum 2022



Haenni Frontiers 2020

Over 400 wild animals at wildlife rescue 
center (France)

25% of animals acquired ESBL during 
their stay

Limited number of ESBL clones, one 
dominant ESBL plasmid

It questions the ecological impact when 
animals are released in nature after 
recovery

Pollution with (anthropogenic-related) AMR



Wastewater is a major issue for AMR



Metagenomic analyses
Differences observed
between regions

Hendriksen et al, Nature Com, 2019

Global monitoring of AMR in urban sewage



21Wilkinson et al, PNAS 2022

Pollution with pharmaceuticals
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Shimizu et al, Sci of the Total Environment, 2013

Pollution with pharmaceuticals

Sulfonamides dominant in sewage in tropical Asia 

Sulfamethazine and oxytetracyclines dominant in 
livestock and aquaculture waste

12 tons/year of sulfamethoxazole is supplied from 
Mekong river to South China sea
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Pollution with pharmaceuticals

Kristiansson et al, PLoS One, 2021
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Fluoroquinolones and trimethoprime
at higher risk of AMR selection

Effluents of wastewater treatment 
plants as a major source of antibiotics 
pollution 

Proposed list of indicators

Harmonization of methods and 
sampling strategies

Pollution with pharmaceuticals
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What levels of antibiotics are needed to 
select AMR in complex bacterial 

communities ?

CIP-R E. coli grown in complex 
aquatic biofilms with different 

CIP concentrations

Kraupner et al, Environment International 2018

Pollution with pharmaceuticals
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What levels of antibiotics are needed to 
select AMR in complex bacterial 

communities ?

One µg/mL of tetracycline selects tetA and tetG genes in freshwater biofilms
Ten µg/mL of tetracycline selects for phenotypic resistance
Selective concentrations overlap with those reported in sewage treatment plants

Lundström et al, Sci of the Total Environment 2016

Pollution with pharmaceuticals
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Do other chemical compounds than 
antibiotics select AMR ?

Pollution with pharmaceuticals

AMR from marine biofilms on
painted and unpainted 

surfaces 

Carl et al, Sci of the Total Environ 2017
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Do other chemical compounds than 
antibiotics select AMR ?

Pollution with pharmaceuticals

Effect of triclosan on 
conjugative transfer of 

sulfonamide resistance from a 
complex sewage community 
effluent to an E. coli recipient

Jutkina et al, Sci of the Total Environ 2018
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Do other chemical compounds than 
antibiotics select AMR ?

Pollution with pharmaceuticals

Petrol and diesel exhaust 
particles induces 

concentration-dependent 
increase in conjugative 

transfer rates of AMR genes

Zhang et al, Environ International 2018
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Do other chemical compounds than 
antibiotics select AMR ?

Pollution with pharmaceuticals

Jin et al, Environ International 2018

Antidepressant fluoxetin
induces resistance to multiple 
antibiotics in E. coli through 
chromosome mutagenesis
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Do other chemical compounds than 
antibiotics select AMR ?

Pollution with pharmaceuticals

Wang et al, Environmental pollution 2017

Polycyclic aromatic hydrocarbons (PAH) 
accelerate the propagation of AMR genes in 

coastal water microbial communities
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Do other chemical compounds than 
antibiotics select AMR ?

Pollution with pharmaceuticals

Wei et al, Journal of Hazardous Materials 2022

Metformin promotes AMR development in 
E. coli through chromosome mutagenesis
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What about risk assessment 
related to AMR in the 

environment ?
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Arguments for immediate human exposure ? 

Leonard et al, Environment International, 2018



35Mughini-Gras et al, Lancet Planet Health 2019

Immediate human exposure ?  

Huijbers et al, Environmental Sci Technol 2015
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Arguments for immediate human exposure ? 

Paltiel et al, Environmental Sci Technol 2015

Increased use of reclaimed wastewater as an alternative for crop irrigation
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Is manure application at risk to spread AMR ?

Tetracycline resistance genes abundance in soils after 6 years with manure
tet genes were present in all soil layers (0-5 cm, 5-10 cm, 10-20 cm)
tetO was introduced by manure, and tetG, tetL abundance increased after fertilization 
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Is manure application at risk to spread AMR ?

Macrolide exposure of soils for 8 years at a dose from 0.1 to 10 mg/kg soil
Several AMR genes were enriched at the 10 but not the 0.1 mg/kg soil
Exposure at realistic concentrations did not increase AMR genes abundance

Ho-Fung Lau et al, Sci of the Total Environment 2020
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Minimal environmental targets for antibiotic manufacturers ?

UN High-Level Meeting on AMR (2016)
13 pharmaceutical companies
Roadmap with 4 key commitments to reduce AMR

Tell et al, Integrated Environmental 
Assessment and Management, 2019
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Is the environmental risk assessment (ERA) appropriate to protect 
against AMR ? 

In Europe, an ERA is required for a medicine if the predicted environmental concentration 
exceeds 10 ng/L
It leads to the calculation of a Predictable No Effect Concentration (PNEC)

There is a concern that ERA is biaised for antibiotics
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Modelling approaches to estimate the risks of AMR development in the 
environment 



United Nations Environment Programme (UNEP)



1. What are the relative contributions of 
different sources of antibiotics and 
AMR into the environment ?

2. What is the role of the environment
(as affected by anthropogenic inputs) 
on the evolution of AMR ?

3. How significant is the exposure of 
humans to AMR via different
environmental routes, and what is the 
impact on human health ?

4. What technological, social, economic, 
behavioral interventions are effective 
to mitigate the spread of AMR via the 
environment ?

Final remarks



‘In India’

‘Are you sure 
water is safe ?’

‘Of course ! It’s full 
of antibiotics !’
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