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The environment’s role
In antibiotic resistance

* Transmission route for certain resistant
bacteria (human/animal —environment —
human/animal)

Larsson DGJ, Flach C-F. (2022). 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.

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

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

Larsson DGJ, Flach C-F. (2022). 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.

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

» Possible indicator of the regional
resistance situation

Larsson DGJ, Flach C-F. (2022). 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.

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



1. Transmission risks
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i Underappreciated Role of Regionally Poor Water Qualithf on Globally
' Increasing Antibiotic Resistance

David W. Graham,*" Peter Collignon,” Julian Davies,” D. G. Joakim Larsson,! and Jason Snapej'



Resistance (%)

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

Aggregated resistance index
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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)
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Figure S15. Average total antibiotic mass concentration in samples collected from Hong Kong,
1)) — - India, The Philippines, Sweden, Switzerland, and the US. Reported numbers reflect summed

averages of data reported in Table S5 for the antibiotics (= sulfonamides/trimethopim +
tetracyclines + macrolides + fluoroquinolones) and one or more treatment plants at each location.
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Year

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 Birgmann, 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

i :!_'., - -

Leonard et al. 2018. Environment International114: 326-333
Leonard et al. 2022. Current Opinion in Microbiology 65: 40-46.



...While sewage treatment plant workers across three
European countries do not appear to be at increased risk

European Journal of Clinical Microbiology & Infectious Diseases
https://doi.org/10.1007/510096-021-04387-z

ORIGINAL ARTICLE l.}

Check for
Updaies

Carriage of ESBL-producing Enterobacterales in wastewater treatment
plant workers and surrounding residents — the AWARE Study

Daloha Rodriguez-Molina'23 . Fanny Berglund*>© . Hetty Blaak®® - Carl-Fredrik Flach*> - Merel Kemper®-
Luminita Marutescu”2( . Gratiela Pircalabioru Gradisteanu”®( . Marcela Popa’®® - Beate SpieBberger™'%11.
Tobias Weinmann' - Laura Wengenroth' @ - Mariana Carmen Chifiriuc’®® - D. G. Joakim Larsson**

Dennis Nowak'- ' . Katja Radon'® . Ana Maria de Roda Husman®® . Andreas Wieser™'%11. Heike Schmitt®




International travel still appears to be (one of) the
largest risk factors for ESBL E. coli carriage
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Figure 2. Travel areas as risk factors for ESBL-EC carriage (adjusted OR). Note: The European spot in South America corresponds to French Guiana.

Rodriguez-Molina D, Berglund F, Blaak H, Flach C-F, Kemper M, Marutescu L, Gradisteanu LP, Popa M, SpielRberger 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 B-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



mmmdp- Transmission of pathogenic bacteria = = =» Uptake of new resistance factors
between humans, between animals or from the diverse environmental

Transm iss ion between humans and animals (either microbiota: Emergence Of

direct or via the environment):

of resistant resistance

b t . * Common ® Relatively rare
acteria ® Risks are in principle quantifiable and ® More challenging to predict
predictable
* Consequences of each transmission * Consequences of single
event is limited transfer events may be vast
¢ Transmission rates can be reduced * Irreversible




Microbial diversity of latent antibiotic resistance genes as a risk factor for
the emergence of mobile resistance in pathogens




Exploring the latent resistome using hidden Markov models
(FARGene) for different antibiotic classes

| Journal of
Antimicrobial

An updated phylogeny of the metallo-fi-lactamases

Fanny Berglund (& *Z, Anna Johnning**~, D. G. Joakim Larsson (3 ** and Erik Kristiansson®~**
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SOFTWARE Open Access

Identification and reconstruction of novel "’
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metagenomes
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Berglund et al Microbiome (2017) 5:134
DOI 10.1186/s40168-017-0353-8
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of genomic and metagenomic data
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Comprehensive screening of genomic and metagenomic data
reveals a large diversity of tetracycline resistance genes
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Boulund et al. BMC Genomics (2017) 18:682
DOl 10.1186/512864-017-4064-0
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&,, Computational discovery and functional
validation of novel fluoroquinolone

resistance genes in public metagenomic
data sets

BMC Genomics

e el
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fARGene performs very well compared to other methods
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Fig. 4 The ability to correctly classify metagenomic fragments for fARGene and five competing methods. The performance of fARGene was
consistently higher than all compared methods (in average, 87% compared to 55%, 7.5%, 52%, 429, 46%, and (%, for deepARG, Resfams, MEGAN
SEED, MEGAN eggNOG, ARGs-OAP, and GROOT, respectively)

Berglund F, Osterlund T, Boulund F, Marathe NP, Larsson DGJ, Kristiansson E. (2019). Identification and

reconstruction of novel antibiotic resistance genes from metagenomes. Microbiome. 7:52.




Predicting novel aminoglycoside
resistance genes using fARGene
across bacterial genomes

Unpublished data removed from slide

Lund D, Roelof Coertze R, Parras-Molté M, Berglund F, Johnning A, Larsson DGJ, Kristiansson E.
Detection of emerging aminoglycoside resistance genes in human pathogens. To be submitted soon.



Genetic context analysis reveales
new aminoglycoside resistance
genes of potential clinical relevance

Unpublished data removed from slide

Lund D, Roelof Coertze R, Parras-Molté M, Berglund F, Johnning A, Larsson DGJ, Kristiansson E.
Detection of emerging aminoglycoside resistance genes in human pathogens. To be submitted soon.



Exploring the latent mobile resistome by metagenomic sequencing
of amplified integrons in polluted sediment from India led to the
discovery of the fourth mobile sulfonamide resistance gene (su/4)

<34% aa-identity to Sul1-3

>256-fold increased
MIC in E. coli
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Environment International

journal homepage: www.elsevier.com/locate/envint

Functional metagenomics reveals a novel carbapenem-hydrolyzing mobile 4 )

Chack for

beta-lactamase from Indian river sediments contaminated with antibiotic Py

production waste

Nachiket P. Marathe™”", Anders Janzon™’, Stathis D. Kotsakis™", Carl-Fredrik Flach™",
Mohammad Razavi®”, Fanny Berglund®“, Erik Kristiansson™‘, D. G. Joakim Larsson™""




Discovery of novel integron-born aminoglycoside resistance gene that
had escaped discovery in the clinic, using tailored functional
metagenomics of wastewaters and sediments

Annotated functions

[] Hypothetical

B Asa domain protein
. Tunicamycin resistance
[] Methyitransferase
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2760-fold increase of the MIC for Present in clinical isolates of e.g.

gentamicin in E. coli Pseudomonas, Salmonella

Bohm M-E, Razavi M, Marathe NP, Flach C-F, Larsson DGJ. (2020). Discovery of a novel integron-borne aminoglycoside
resistance gene present in clinical pathogens by screening environmental bacterial communities. Microbiome. 8:41.



do ARGs become mobile?



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

Chromosomal, ARG mobilization within Relocation to an element Horizontal transfer of such a
immobile ARG the genome by, for example,  that can move autonomously mobile element, either directly

ISs or integrons

Environment

“ h .
Human or animal microbiota

between cells to a pathogen or via one or
several intermediary hosts

IR

mmm The source for the immobile ARG is a common resident of the human
or domestic animal microbiota, Mobilization and transfer to
pathogens occurs entirely within humans or animals

The source for the immobile ARG is a bacterium thriving in the
external environment that sometimes enters the human or domestic
animal microbiota. Mobilization and transfer to pathogen occurs
entirely within humans or animals

mmm The source for the immobile ARG is a bacterium thriving in the
external environment. The ARG is mobilized in the environment (to
variable degrees), but its final transfer to pathogens occurs within
humans or domestic animals

mmmm The source for the immobile ARG is a bacterium thriving in the
external environment. Mobilization and transfer to pathogen occurs
entirely within the 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?



Comparative genomics can reveal the
taxonomic recent, chromosomal origin of
mobilized ARGs

Pararheinheimera mesophila

metG apbC decd dmt/rhat DUF3300/ftsK-like blagg gst abct
Pararheinheimera sp. A13L
metG aphC ded dmt/rhat DUF3300/ftsK-like blageg gst abct
Pararheinheimera sp. KL1
metG apbC decd dmt/rhat DUF3300/ftsK-like blageg gst abct
Morganella morgonii
Tnp intl1 dfrAl1 aacA4 blagy, ;o qackA sull ISCR1 b’aptﬂ,i gst
Proteus vulgaris
Tn3-like ISAba28-like orfD  ISAba30-like DUF3300/ftsK4ikeﬂ ISPa12 blapgg.4
Psuedomonas aeruginosa Tn1213
I1SPal2 b’ﬂpggJ
~1kb I

Ebmeyer S, Kristiansson E, Larsson DGJ. (2019). PER extended-spectrum beta-
lactamases originate from Pararheinheimera spp. International Journal of

Antimicrobial Agents. 53:158.

Ebmeyer S, Kristiansson E, Larsson DGJ. (2019). CMY-1/MOX-family AmpC
beta-lactamases MOX-1, MOX-2 and MOX-9 were mobilized independently from
three Aeromonas species. Journal of Antimicrobial Chemotherapy.74 (5) 1202-

1206.

Ebmeyer S, Kristiansson E, Larsson DGJ (2019). The mobile FOX AmpC beta-
lactamases originated in Aeromonas allosaccharophila. International Journal of

Antimicrobial Agents 54 (6), 798-802.

gst
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Kieffer N, Ebmeyer S, Larsson DGJ (2020). The Class A Carbapenemases
BKC-1 and GPC-1 Both Originate from the Bacterial Genus Shinella.

Antimicrobial agents and chemotherapy 64 (12), e01263-20.

106571.

Kieffer N, Ebmeyer S, Larsson DGJ (2022). Evidence for
Pseudoxanthomonas mexicana as the recent origin of the blaAIM-1
carbapenemase gene. International Journal of Antimicrobial Agents 59 (4),

Ebmeyer S, Coertze RD, Berglund F, Kristiansson E, Larsson DGJ (2022).
GEnView: a gene-centric, phylogeny-based comparative genomics pipeline

for bacterial genomes and plasmids. Bioinformatics 38 (6), 1727-1728.

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



Known recent origin species/genera for antibiotic resistance genes

Table 1 Evidence for proposed origins of specific ARGs.
Resistance Origin taxon Antibiotic class  Co- Nucleotide identity MGE/  1S/ISCR on MGE MGE in proposed origin ARG lod in originrelated  Conclusive
determinant mobilized genes  origin species evidence
APH(3)-IV Acinetobacter guloulae  Aminoglycosides 1 95-98%* ISAba125, ISAbals Absent Yes Yes
AAC(6)-Ih Acinetobacter Aminoglycosides >1 98-299%* ISAba23, ISAcspS nt Yes Yes
gyllenbergli
FOX Aeramanas caviae p-Lactams Ly <78%* 1526, ISAs2, Tn3-ke? 1ISApu2 A (Yes)® No Fosse et al®'
FOX Aeramang p-lactams > 95-98% 1526, ISAs2, Tn3- ke Absent Yes Yes Ebmeyer et al 52
alla nhila
CMY-VMOX1 Aeramaonas sanarell p-Lactams > 97-98% Yes
MOX-2 A, caviae p-Lactams 1 91-99% £
A a ! ag oo
C 2 ike
DHA Mar: p-Lactams
ACTA E Al actame 1
MIR-1 Enter p-Lactams 1
ACC H p-Lactams 1
SHY 4 »1
OXA-23 A t 1
radiore sistens
OXA-48/181 Shewanela xlamenenss  f-Lactams 1 100% £33
OXA-51-lke Acinetobacter baurmandl  p-Lactams > >99%* Yes
PER ] p-Lactams > 78-96% a12,15Pa13, ISCR1 Yes
CTX-M-8/9/25 p-Lactams 1 99% 1510, ISEcpl, ISCR1 Yes
CTX-M- p-lactams 1 100% ‘es ¥ Rodriguez
1234567
LMBA p-Lactams 1 99%* 156, IS9N
KPC p-Lactams None identified <76% Tn3-ike (Tnd401)
GPC-1 p-Lactams None identified 89%
BKC-1 B-lactams None identified 87%
MCR-2 Colistin 1 96%* <, Kieffer et a.”>
MCR-4 s Colistin Nona identified  100% TnG044 Not identified No al 74
frigidimarina
MCR-3 Aeramanas spp.® Colistin 1 85-95% Different IS at conserved locus No >, Shen et al.’s, Khedher
MCR-8 Stenotrophamonas Colistin None identified <63% Vad No K etal?’
MCR-9 Buttiauxela spp 1 82% Yes No Kieffer et al”®
OnrB C. froundii » >97% Yes Yas lacohy ot 3l P Ribekoat al ™
QA Shewanela algae >1 297%* Absent Yes Yes Poirel et al4’
OneE Entarohacter enn /F >1 RI->00%2 Abhsant Yes Yes Abomo? et alV/This article
maorl
QnrS Vibrlo splendidus None identified <79%? 152 Unknown Yes No Cattokr et al¥
DaxAR . preumaoniae 1 97->90% K26 Abhsent Yes Yes Kim ot al?4
FosAl e/Enterabacter >1 88-99% Tn2921, 1S4 Absent Yes Yes Ito et al¥
FosAS/6 reumaniae >1 >99% 1510, 151 1526 Absent Yes Yes Ma et al %
FosA3/4 va georgana > 299% 1526, I1SEcpl Absent Yes Yes Rodriguez et al26, Ito et al48
FosA8 > >99% Unknown/none detected® Absent Yes Yes et al
adecar boxylata
TetX Sphingabacterium spp. Tetracyclin None identified 299% Tn6031 Different mob genes, integrases, Not identified No Ghosh et al 34
transposases
3Data added through this study
®See information on respective resistance determinant in Supplementary Note 1 for details

« Almost all known origin species have been *  We know the origin only for a very small
associated with infections fraction of all ARGs present in pathogens

» Observation in line with mobilization/transfer

primarily driven by exposure to antibiotics in
humans/domestic anmals

Observation in line with a dominant role of the
external environment in the evolution of
resistance

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



Evidence for wastewaters as evironments wheﬂ

mobile antibiotic resistance genes emerge
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Known origin species and corresponding IS-sequences are
both much more abundant in sewage than in human stool,
and they rarely co-exist in human stool!

Unpublished data removed from slide

Berglund et al, submitted



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



Larsson DGJ and Flach CF. 2022.—~
Antibiotic resistance in the environment.
Nature Reviews Microbiology.
DOI*@.1038/341579 -021-00649-x




Environments polluted with waste from antibiotic manufacturing

carry more antibiotic resistance genes than any other environment

ARG abundance
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Disentangling environmental transmission from
environmental selection through combined
analyses of ARGs and a fecal marker (crAssPhage)

India

Spain

Normalized ARG abundance

11111

—

3 1e-01 1e+01
Normalized crAssphage abundance

Karkman A., Parnanen K. and Larsson DGJ.

(2019). Fecal pollution can explain A /\

antibiotic resistance gene abundances in S 520 = -
anthropogenically impacted ' |
environments. Nature Commun. 80:10.




A comprehensive screening of E. coli isolates from Scandinavia’s largest
sewage treatment plant indicates no selection for antibiotic resistance
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Flach CF, Genheden M, Fick J, Larsson DGJ. (2018). Environ Sci Technol, 52 (19), pp 11419-11428.



% Resistant E. coli

% Resistant E. coli
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..but Swedish hospital effluent strongly selects for multi-resistant E. coli!

1. Sample wastewaters

Physiological saline Hospital effluent
B3 1:d=0 150
= 2:d=0 - . . . .
5 8 2. Remove all bacteria by sterile filtration
1d= wi ~
= 2 d=4 €
3. d=4 _‘g . .
g s 3. Test selective potency of the sterile
;e . . . .
. filtrate in the lab in different assays
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WWTP influent WWTP effluent
150 Physiological saline Hospital effluent o #1
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é S0 5 1%104~ & #48
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. . .. . . Time [h] i “ki .
Selection of resistant E. coli in complex communities by saline or by Time-kill assay Hire il

different sterile-filtered waste-waters green=sensitive strains; red=multi-resistant strains

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




The role of sub-MIC levels of
antibiotics in the environment:

> Plausible role in evolution of resistance

> Less likely to contribute to the transmission
of already resistant, enteric pathogens

Q@xﬂ“‘”‘af@‘ FEMS Microbiology Reviews, fux053, 42, 2018, 68-80
%,
[
% JOURNALS S
H iﬂVESTiﬂg in science oi: 10.1093/femsre /fux053
OXFORD = \é? Advance Access Pu blication Date : 24 Octol ber 2017
inngs Wt

Review Article

REVIEW ARTICLE
Environmental factors influencing the development
and spread of antibiotic resistance

Johan Bengtsson-Palme'%*1, Erik Kristiansson®- and D. G. Joakim Larsson??



Environment International 86 (2016) 140-149

Contents lists available at ScienceDirect

Environment International

journal homepage: www.elsevier.com/locate/envint
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Concentrations of antibiotics predicted to select for resistant bacteria:

Proposed limits for environmental regulation

Johan Bengtsson-Palme, D.G. Joakim Larsson *

AMR Alliance Recommended PNECs for Risk Assessments

@ CrossMark

oiree

a m r NDUSTRY
ALLIANCE

Active Pharmaceutical PNEC-ENV PNEC-MIC Lowest Value
Ingredient (ng/L) (ng/L) (ng/L)
Amikacin N/A 16 16
Amoxicillin Testing On-Going 0.25 0.25
Amphotericin B N/A 0.02 0.02
Ampicillin 0.87 0.25 0.25
Anidulafungin N/A 0.02 0.02
Avilamycin N/A 8.0 8.0
Azithromycin 0.02 0.25 0.02
Aztreonam N/A 0.50 0.50
Bacitracin 100 8.0 8.0




3. Reflection of the regional resistance situation



Untreated sewage -

Sewage surveillance may:

 Reveal trends

e Discover new threats

* Evaluate effects of interventions
« Guide empiric therapy



Hospital urine

Comparing antibiotic resistance prevalence in
clinical isolates of E. coli with sewage isolates
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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.

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




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

Unpublished data removed from slide

i

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)



A different approach:
predicting clinical resistance prevalence
from sewage metagenomic data (gene-based)
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Fig. 2 E. coli clinical resistance models based on the intl1 integrase gene. Proportion of resistant invasive E. coli clinical isolates to aminopenicillins a,
fluoroquinclones b, third-generation cephalosporins €, and aminoglycosides d against intll integrase gene abundance. The blue line shows the fitted clinical
resistance from the beta regression model with int/7 abundance as explanatory variable. Note that for some countries, data on clinical resistance was not
available for all classes.

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



Genomic analysis of sewage from 101 countries reveals

global landscape of antimicrobial resistance
Accepted in Nature Communications at 12:57 today!

Unpublished data removed from slide

Munk P, Brinch C, Mgller F, Petersen T, Hendriksen R, Seyfarth A, Kjeldgaard J, Svendsen C, van Bunnik B, Berglund F, Global
Sewage Surveillance Consortium, Larsson DGJ, Koopmans M, Woolhouse M, Aarestrup F. (2022). Genomic analysis of sewage
from 101 countries reveals global landscape of antimicrobial resistance. Nature Communications. Accepted for publication



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

Attribute

Potential bias comparing
trends over time and space

Risk that the end points
studied are influenced by
a non-human bacterial
population

Reflects intestinal carriage
orinfections

Reflects resistance in sick or
healthy part of population

Interpretation of numbers

Sewage-based resistance
surveillance (gene-based)

Sewage-based resistance
surveillance (isolate-based)

Clinical resistance surveillance
(isolate-based)

Standardization of sampling easy,
enables comparisons with limited bias

High risk

Reflects carriage, but may correlate
well with infection

Reflects both, but to steer the focus,
surveillance may target municipal or
hospital sewage

Represents the average abundance
of aselected gene or genes across the
faecal microbiota

Standardization of sampling
easy, enables comparisons with
limited bias

Low to high risk depending on
species

Reflects carriage, but may correlate
well with infection

Reflects both, but to steer the focus,
surveillance may target municipal or
hospital sewage

Represents the percentage of
carriers times the average proportion
of resistant strains within a speciesin
the faecal microbiota of the carriers

Ditterences in sampling strategies
often bias comparisons

No risk

Reflects infection or carriage
depending on sample type

Reflects the resistance in people
who are infected and seek care

Represents the percentage

of infected individuals or the
percentage of carriers depending
on the sample type

|dentification of resistance
phenotypes

Predicts resistance phenotypes broadly
from individual, acquired genes

Identifies resistance phenotypes

Identifies resistance phenotypes

Ability tolink resistance
tospecies

*

7~ <
Difficult to link genes and thus Links resistance to specific Links resistance to specific
predicted resistances to specific pathogen species pathogen species

| species )

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

Attribute

Ability to identify

multiresistance

Ability toidentify rare types

of resistance

Provides patient-specific
information

Ability to inform empirical

treatment

Prospect for acceptance
in clinical community

Ethical issues

Cost

Simplicity of sample
collection and processing

Need for many samples

Need forcalibration
against clinical resistance
prevalence

Need for development
of sampling protocol

Need for local health care
infrastructure

Sewage-based resistance

Sewage-based resistance
surveillance (isolate-based)

Clinical resistance surveillance
(isolate-based)

surveillance (gene-based)

Does not enable the identification
of multiresistance patterns

|dentifies multiresistance patterns

Identifies multiresistance patterns

Possible via targeted analyses (PCR)
No

Unlikely

Possible via selective culturing
No

Possibly, after evaluation

Challenging
Yes

Informs empirical treatment

major challenges

[ Very different from current surveillance,

Different from current surveillance,
but also bears similarities,
challenging

clinical community

The accepted standard among the]

No ethical issues with sampling
Inexpensive

Very simple sampling

A single sample can (to some extent)
reflect the resistance situationinan

No ethicalissues with sampling

Rather inexpensive

Simple, but more elaborate sampling
compared with gene-based sewage
surveillance

A single sample can (to some extent)
reflect the resistance situation inan

Ethical issues may arise when
carriers are identified

Expensive

Resource-demanding to process
samples from many individual
patients

A large number of samples are
needed to reflect the resistance

entire community entire community situation

More calibration against clinical More calibration against clinical Considered ‘gold standard’

resistance needed resistance needed but suffers from, for example,
sampling bias

One sampling protocol covers all
enteric species (but without separation)

No local health care infrastructure
needed

Efficient, specific sampling method
evaluated for Escherichia coli, not yet
for other species

No local health care infrastructure
needed

Sampling method exists for almost
all bacterial pathogens

Local health care infrastructure
needed

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

Water Research 200 (2021) 117261

Contents lists available at ScienceDirect

WATER
==% RESEARCH

Water Research

journal homepage: www.elsevier.com/locate/watres

Monitoring of hospital sewage shows both promise and limitations as = g
an early-warning system for carbapenemase-producing St
Enterobacterales in a low-prevalence setting

Carl-Fredrik Flach®P*, Marion Hutinel®”, Mohammad Razavi®®, Christina Ahrén <,
D.G. Joakim Larsson®”



Conclusions

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
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Research interests - Joakim Larsson group

Two postdoctoral bl
positions available

The Larsson group is engaged in research on several aspect of antibiotic resistance, but has a right now!

particular expertise in the environmental dimensions, spawning from a long-standing interest

in pharmaceuticals in the environment. A core challenge is to understand the flow of

resistance genes from the diverse environmental reservoir that over time are recruited into . .
the human microbiota. How did the genes that are clinical problems today make their way KU ntaktmformatmn
into pathogens? What antibiotic resistance genes are likely to be discovered in pathogens in
the future? What environments and conditions are driving the mobilization, transfer and
fixation of different resistance factors? The group is also interested in exploring the role of
environmental transmission routes of resistant pathogens, particularly via contaminated
water. Some of the ongoing projects are aiming at using the resistance pattern of fecal Diseases, Institute of

bacteria in sewage as a proxy for the resistance situation in the local human population. Biomedicine, University of
Finally, the research group is interested in the translational aspects, i.e. how can the research  Gothenburg, Guldhedsgatan 10,
results best be brought into effective policy? Larsson is also the director of the SE-413 46, Goteborg

interdisciplinary Centre for Antibiotic Resistance Research at University of Gothenburg
— CARe. Visiting adress:

YHVA‘ETRA

Joakim Larsson, Professor

Department of Infectious

Vetenskapsradet

E-mail: joakim.larsson@fysiologi.gu.se
Personal website:

GOTALANDSREGIONEN

wellcometrust

https://gu.se/en/biomedicine/our-research/joakim-larsson-group

University of Gothenburg / Centre for Antibiotic Resistance Research, CARe Sitemap

Centre for Antibiotic Resistance A global challenge
Research, CARe

CARe Twitter News

"This serious threat is no
longer a prediction for the
future, it is happening right
now in every region of the
world and has the potential

Tweets by @cire_cU

CARe - Centre for Antibiotic Resistance Research at University of
Gothenburg - has a vision is to limit mortality, morbidity and

; ) e to affect anyone, of any age, Two postdoctoral positions in
socioeconomic costs related to antibiotic resistance on a global scale in any country” molecular microbiology and
through research. CARe offers diverse expertise representing six antibiofic resistance available
faculties and a broad network of stakeholders within the health care "Without urgent, coordinated within the research group led by
sector and beyend to generate state-of-the-art science with the action by many stakeholders, Professor Joakim Larsson. The
intention to support rapid revision of policies and their the world is headed for a deadline for applying is the 10th

implementation. post-antibiotic era, in which
common infections and minor gu.sefenglish/about_....
injuries which have been
treatable for decades can
once again kill”

Our Resﬁamh (World Health Organization 2014
regal"llr‘j the global challenges
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