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Resistensutmaningen kräver åtgärder långt 
utanför sjukvården
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Carbapenem-resistant Acinetobacter baumannii

3rd generation cephalosporin-resistant E. coli

4.95 million deaths associated with antibiotic resistance in 2019 
1.27 million deaths attributable to antibiotic resistance

Murray et al, 2022. Global burden of bacterial antimicrobial resistance in 2019: a systematic analysis. Lancet 399:629-655.

Johnning A, Kristiansson E, Martin A, Marathe 
NP, Shouche YS, Johansson A, Larsson DGJ. 
(2015) Quinolone resistance mutations in the 

faecal microbiota of Swedish travellers to India. 
BMC Microbiology. 15:235.

Bengtsson-Palme J, Angelin M, Huss M, Kjellqvist S, 
Kristiansson E, Palmgren H, Larsson DGJ, Johansson A. 
(2015) The human gut microbiome as a transporter of
antibiotic resistance genes between continents. Antimicrobial
Agents and Chemotherapy. doi: 10.1128/AAC.00933-15

The world is interconnected! New antibiotics

• Limit infections

• Reduce resistance development

Reduce need for new antibiotics
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Resistance to aminoglycosides in E coli isolates 2020

Data from ECDC, Surveillance Atlas, 2021

Resistance for many
antibiotic-bacteria
combinations are limited
in Sweden because of 
good antibiotic
stewardship and good
infection control

There is a need for a wide range of solutions, 
and thus competences from different disciplines
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The Vision of CARe:

To limit mortality, 
morbidity and 
socioeconomic costs 
related to antibiotic 
resistance on a global 
scale through research 
www.gu.se/en/care

+100 researchers representing six faculties and 18 
departments, launched April 2016

Sahlgrenska Academy,  Faculty of Science, Faculty of Business, Economics and 
Law, Faculty of Humanities, Faculty of Social Sciences, Faculty of Education
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The environment’s role
in antibiotic resistance

• Transmission route for certain resistant
bacteria (human/animal – environment –
human/animal)

Huijbers PMC, Flach C-F, Larsson DGJ. (2019). A conceptual framework for the environmental surveillance of antibiotics and antibiotic
resistance. Environ Int. 130:104880.

Larsson DGJ, Flach C-F. (2022). Antibiotic resistance in the environment. Nature Reviews Microbiology. DOI: 10.1038/s41579-021-00649-x

Bengtsson-Palme J, Kristiansson E, Larsson DGJ. (2018). Environmental factors influencing the development and spread of antibiotic resistance. 
FEMS Micro Rev. 1;42.

• Transmission route for certain resistant
bacteria (human/animal – environment –
human/animal)

• Source and evolutionary ”arena” for the 
emergence of new forms of resistance

Huijbers PMC, Flach C-F, Larsson DGJ. (2019). A conceptual framework for the environmental surveillance of antibiotics and antibiotic
resistance. Environ Int. 130:104880.

Larsson DGJ, Flach C-F. (2022). Antibiotic resistance in the environment. Nature Reviews Microbiology. DOI: 10.1038/s41579-021-00649-x

Bengtsson-Palme J, Kristiansson E, Larsson DGJ. (2018). Environmental factors influencing the development and spread of antibiotic resistance. 
FEMS Micro Rev. 1;42.

The environment’s role
in antibiotic resistance

• Transmission route for certain resistant
bacteria (human/animal – environment –
human/animal)

• Source and evolutionary ”arena” for the 
emergence of new forms of resistance

• Possible indicator of the regional 
resistance situation

Huijbers PMC, Flach C-F, Larsson DGJ. (2019). A conceptual framework for the environmental surveillance of antibiotics and antibiotic
resistance. Environ Int. 130:104880.

Larsson DGJ, Flach C-F. (2022). Antibiotic resistance in the environment. Nature Reviews Microbiology. DOI: 10.1038/s41579-021-00649-x

Bengtsson-Palme J, Kristiansson E, Larsson DGJ. (2018). Environmental factors influencing the development and spread of antibiotic resistance. 
FEMS Micro Rev. 1;42.

The environment’s role
in antibiotic resistance

1. Transmission risks
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Globally, antibotic resistance is more strongly linked to 
lack of sanitation than to reported antibiotic use!

Aggregated resistance index

Infrastructure (sanitation control)

Escherichia coli resistance levels for fluoroquinolones and third-generation 
cephalosporins compared with antibiotic consumption

Collignon P, Beggs JJ, Walsh TR, Gandra S, Laxminarayan R. 
Anthropological and socioeconomic factors contributing to 

global antimicrobial resistance: a univariate and multivariable
analysis. Lancet Planet Health. 2018 Sep;2(9):e398‐e405

..but analyses of antibiotics in sewage influents
suggest under-reported use in some regions 

Reported antibiotic use Measured antibiotic concentrations in influents
(not adjusted for water-volume/capita)

Maria Virginia Prieto Riquelme, Emily Garner, Suraj Gupta, Jake Metch, Ni Zhu, Matthew F. Blair, Gustavo Arango-Argoty, Ayella Maile-Moskowitz, An-dong Li, 
Carl-Fredrik Flach, Diana S. Aga, Indumathi M. Nambi, D. G. Joakim Larsson, Helmut Bürgmann, Tong Zhang, Amy Pruden, Peter J. Vikesland (2022). 

Demonstrating a Comprehensive Wastewater-Based Surveillance Approach That Differentiates Globally Sourced Resistomes.
Environmental Science and Technology. https://doi.org/10.1021/acs.est.1c08673

Surfers are more likely to carry ESBL E.coli

Leonard et al. 2018. Environment International114: 326-333

Leonard et al. 2022. Current Opinion in Microbiology 65: 40-46.
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…while sewage treatment plant workers across three
European countries do not appear to be at increased risk

International travel still appears to be (one of) the 
largest risk factors for ESBL E. coli carriage

Rodríguez‐Molina D, Berglund F, Blaak H, Flach C‐F, Kemper M, Marutescu L, Gradisteanu LP, Popa M, Spießberger B, Wengenroth L, Chifiriuc
MC, Larsson DGJ, Nowak D, Radon K, de Roda Husman AM, Wieser A, Schmitt H. (2022). International travel as a risk factor for carriage of
extended‐spectrum β‐lactamase‐producing Escherichia coli in a large sample of European individuals ‐ The AWARE Study. International Journal
of Environmental Research and Public Health. 19:4758.

2. Evolution risks

Transmission
of resistant

bacteria

Emergence of 
resistance

Larsson DGJ, Flach C-F. (2022). Antibiotic resistance in the environment. Nature Reviews Microbiology. DOI: 10.1038/s41579-021-00649-x
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Where do the critical mobilization and 
transfer events occur?

Different scenarios for the emergence of resistance in pathogens
with different levels of involvement of the external environment

Larsson DGJ, Flach C-F. (2022). Antibiotic resistance in the environment. Nature Reviews Microbiology. DOI: 10.1038/s41579-021-00649-x

Can we draw conclusions on what
environments were involved based on the 

ARGs where we know their origin?

Known recent origin species/genera for antibiotic resistance genes

• Almost all known origin species have been
associated with infections

 Observation in line with mobilization/transfer 
primarily driven by exposure to antibiotics in 
humans/domestic anmals

Ebmeyer S, Kristiansson E, Larsson DGJ. (2021). A framework for identifying the 
recent origins of mobile antibiotic resistance genes. Communications Biology. 4:8.

• We know the origin only for a very small 
fraction of all ARGs present in pathogens

 Observation  in line with a dominant role of the 
external environment in the evolution of 
resistance
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Manuscript in review, and presentation at EDAR6 by Fanny Berglund

Risk factors for the emergence
of resistance in pathogens

Diversity of donors, reservoir size +

The external environment harbours many, many more
resistance genes than those currently found in pathogens Exploring the 

unknown and 
identifying emerging
threats via functional
metagenomics

Leiros H-K S, Thomassen A M, Samuelsen Ø , 
Flach C-F, Kotsakis S D, Larsson DGJ. 2020. 

Structural insight to the enhanced
carbapenemase efficiency of OXA-655 

compared to OXA-10.
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Risk factors for the emergence
of resistance in pathogens

Diversity of donors, reservoir size +

+

+ (+)

A path to human/domestic animal 
pathogens and infections (ecological
connectivity)

Antibiotic selection pressure
(concentration, time, bioavailability, mix)

Mobilizing agents, drivers of and 
opportunities for HGT 

In what external environments are there
selection pressures for resistant bacteria?

Sea

Rivers

Treated municipal sewage

µg/L10 00010001001010.10.010.001

Untreated municipal sewage

Untreated hospital effluent

Industrially-polluted
surface water

Typical MICs

Typical antibiotic concentrations

Larsson DGJ and Flach CF. 2022. 
Antibiotic resistance in the environment. 

Nature Reviews Microbiology. 
DOI: 10.1038/s41579-021-00649-x 

Antibiotics concentrations and risks for selection differ vastly between environments! Environments polluted with waste from antibiotic manufacturing 
carry more antibiotic resistance genes than any other environment

N=864 metagenomes

Pal C, Bengtsson-Palme J, 
Kristiansson E, Larsson DGJ. 
(2016). The structure and 
diversity of human, animal and 
environmental resistomes. 
Microbiome. 4:54.
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Karkman A., Pärnänen K. and Larsson DGJ. 
(2019). Fecal pollution can explain 
antibiotic resistance gene abundances in 
anthropogenically impacted 
environments. Nature Commun. 80:10.

Disentangling environmental transmission from 
environmental selection through combined

analyses of ARGs and a fecal marker (crAssPhage)

Flach CF, Genheden M, Fick J, Larsson DGJ. (2018). Environ Sci Technol, 52 (19), pp 11419–11428.

n=4028 isolates

A comprehensive screening of E. coli isolates from Scandinavia’s largest
sewage treatment plant indicates no selection for antibiotic resistance

Kraupner N, Hutinel M, Schumacher K, Gray DA, Genheden M, Fick J, Flach C-F, Larsson DGJ. (2021).
Evidence for selection of multi-resistant E. coli by hospital effluent. 

Environment international. Vol. 150:106436. https://doi.org/10.1016/j.envint.2021.106436

..but Swedish hospital effluent strongly selects for multi‐resistant E. coli!

Time‐kill assay

green=sensitive strains;  red=multi‐resistant strains
Selection of resistant E. coli in complex communities by saline or by 
different sterile‐filtered waste‐waters

1. Sample wastewaters

2. Remove all bacteria by sterile filtration

3. Test selective potency of the sterile 
filtrate in the lab in different assays
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New industry standard on antibiotic emissions
good initiative, but with critical shortcomings:

• PNECs for resistance selection applied only AFTER dilution - wastewater may contain mg/L!
• Chemical analyses of antibiotic concentrations not needed, just theoretical estimates
• No public transparency with regards to emission levels or production sites
• Industry defines the PNECs (and the entire standard)

Photo: C. de Pedro (2006)

DGJ Larsson (2022). Läkemedelsvärlden, June 14th. ”Industry sets standard on its own terms”

3. Reflection of the regional resistance situation

• Transmission risks

• Evolution risks

• Resistance situation

• Use of antibiotics

• Ecological risks with antibiotic pollution (not AMR)

Different objectives of environmental
surveillance/monitoring/studies of AMR
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Larsson DGJ, Flach C-F. (2021). Antibiotic resistance in the environment. Nature Reviews Microbiology. DOI: 10.1038/s41579-021-00649-x

Huijbers PMC, Flach C-F, Larsson DGJ. (2019). A conceptual framework for the environmental surveillance of antibiotics and antibiotic
resistance. Environ Int. 130:104880.

Untreated sewage -
contains pooled fecal bacteria from human populations

• Reveal trends
• Discover new threats
• Evaluate effects of interventions
• Guide empiric therapy

Sewage surveillance may: 
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Amoxicillin-
clavulanic acid

Cefadroxil
Cefotaxime

Ceftazidime

Ciprofloxacin

Nitrofurantoin

Trimethoprim

0%

5%

10%

15%

20%

25%

0% 5% 10% 15% 20% 25%

H
os

pi
ta

l u
rin

e

Hospital sewage

A

Mean resistance rates in E. coli isolated from hospital (A) or municipal (B) sewage samples compared to resistance rates in E. coli isolated
from urine from patients at the same hospital or from primary care patients in the region served by the municipal treatment plant.

Comparing antibiotic resistance prevalence in 
clinical isolates of E. coli with sewage isolates
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Hutinel M, Huijbers P, Fick J, Åhrén C, Larsson DGJ, Flach CF. 2019. Population-level surveillance of antibiotic resistance in 
Escherichia coli through sewage analysis. Eurosurveillance, 24(37).

Resistance rates in sewage E. coli correlate with
resistance rates in the clinics across 10 countries

Huijbers P, Larsson DGJ, Flach CF. 2020. Surveillance of antibiotic resistance in human 
populations through urban wastewater. Environmental Pollution. 261:114200.  

Samples from hospitalized patients (invasive isolates) 
and municipal sewage in ten European countries

Greatest potential value in regions with limited or
non-existing, systematic clinical surveillance

Flach CF et al, in prep

Analyses of resistance in sewage E. coli isolates
from sub-Saharan African countries suggests high

resistance to inexpensive antibiotics

Flach CF et al, in prep

New project funded by the Wellcome trust will compare clinical and sewage
surveillance data in three African countries (CF Flach is main PI)

Unpublished data 
removed from 

handout
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Karkman A, Berglund F, Flach C-F, Kristiansson E, Larsson DGJ. (2020). Predicting clinical resistance prevalence using sewage 
metagenomic data. Communications Biology. 3:711 https://doi.org/10.1038/s42003-020-01439-6

A different approach: 
predicting clinical resistance prevalence 

from sewage metagenomic data (gene-based) 

Aminopenicillin-resistance

3G-cephalosporin-resistance Aminoglycoside-resistance

Fluroquinolone-resistance

Analyses based on metagenomic data generated within the Global Sewage Project:
Hendriksen, R.S., Munk, P., Njage, P. et al. Global monitoring of antimicrobial resistance based on metagenomics analyses of urban sewage. Nat 

Commun 10, 1124 (2019). https://doi.org/10.1038/s41467‐019‐08853‐3

Larsson DGJ, Flach C-F. (2022). Antibiotic resistance in the environment. Nature Reviews Microbiology. DOI: 10.1038/s41579-021-00649-x

Comparison of sewage-based resistance surveillance* (gene- or 
isolate-based) with traditional clinical resistance surveillance

* Sewage surveillance with the specific objective to predict the resistance situation in humans

Comparison of sewage-based resistance surveillance* (gene- or 
isolate-based) with traditional clinical resistance surveillance

Larsson DGJ, Flach C-F. (2022). Antibiotic resistance in the environment. Nature Reviews Microbiology. DOI: 10.1038/s41579-021-00649-x

* Sewage surveillance with the specific objective to predict the resistance situation in humans

As sewage contains fecal bacteria from a very large number of 
people, outbreaks of rare forms of resistance may be spotted

early through selective culturing or qPCR
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Using tailored functional metagenomics approaches, or predictive
models, one can identify new resistance genes in pathogens (in 

sewage or other environments) that has escaped discovery in the 
clinic!

• The environment is a transmission route for already resistant pathogens – but
how large proportion this route is responsible for is uncertain. Its relative 
contribution to other routes is likely large in regions with no or limited
developed waste infrastructure. Consequences are incremental.

• Consequences of those rare evolutionary steps that lead to the emergence of 
resistance in pathogens may be very large and need more consideration. 

• The environment is likely an immense source for resistance genes that over 
time emerge in pathogens.

• We do not know where the different evolutionary steps towards the 
emergence of ARGs in pathogens takes place (discounting ”ancient” 
evolution of the ARGs themselves that indeed took place in the environment).

• Pollution with antibiotics, definitely from manufacturing and most likely also
from use and excretion (particularly in hospital sewers), is a clear risk factor
that needs urgent attention. 

• Sewage surveillance is promising for identifying emerging resistance threats
and possibly for predicting the regional, clinical resistance situation

Conclusions

6TH INTERNATIONAL SYMPOSIUM ON THE ENVIRONMENTAL 

DIMENSION OF ANTIBIOTIC RESISTANCE – EDAR6

September 22– 27, 2022
WELCOME TO GOTHENBURG, SWEDEN 

Read more and register at: 
https://www.gu.se/en/care/edar6-gothenburg-2022

 Physical conference with online options
 Learn about the latest advances in the field
 Share your research through talks and posters
 Meet international colleagues and peers

 Enjoy Gothenburg and Sweden

Thanks for listening!

E-mail: joakim.larsson@fysiologi.gu.se
Personal website: https://gu.se/en/biomedicine/our-research/joakim-larsson-group
CARe website: http://gu.se/en/care
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