
https://helda.helsinki.fi

Antibiotic resistance in European wastewater treatment plants

mirrors the pattern of clinical antibiotic resistance prevalence

Parnanen, Katariina M. M.

2019-03

Parnanen , K M M , Narciso-da-Rocha , C , Kneis , D , Berendonk , T U , Cacace , D , Do , T

T , Elpers , C , Fatta-Kassinos , D , Henriques , I , Jaeger , T , Karkman , A , Luis Martinez ,

J , Michael , S G , Michael-Kordatou , I , O'Sullivan , K , Rodriguez-Mozaz , S , Schwartz , T

, Sheng , H , Sorum , H , Stedtfeld , R D , Tiedje , J M , Varela Della Giustina , S , Walsh , F ,

Vaz-Moreira , I , Virta , M & Manaia , C M 2019 , ' Antibiotic resistance in European

wastewater treatment plants mirrors the pattern of clinical antibiotic resistance prevalence ' ,

Science Advances , vol. 5 , no. 3 , 9124 . https://doi.org/10.1126/sciadv.aau9124

http://hdl.handle.net/10138/305069

https://doi.org/10.1126/sciadv.aau9124

cc_by

publishedVersion

Downloaded from Helda, University of Helsinki institutional repository.

This is an electronic reprint of the original article.

This reprint may differ from the original in pagination and typographic detail.

Please cite the original version.



Pärnänen et al., Sci. Adv. 2019; 5 : eaau9124     27 March 2019

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

1 of 10

H E A L T H  A N D  M E D I C I N E

Antibiotic resistance in European wastewater treatment 
plants mirrors the pattern of clinical antibiotic 
resistance prevalence
Katariina M. M. Pärnänen1*, Carlos Narciso-da-Rocha2*, David Kneis3*, Thomas U. Berendonk3, 
Damiano Cacace3, Thi Thuy Do4, Christian Elpers5, Despo Fatta-Kassinos6, Isabel Henriques7, 
Thomas Jaeger8, Antti Karkman1, Jose Luis Martinez9, Stella G. Michael6, Irene Michael-Kordatou6, 
Kristin O�Sullivan10, Sara Rodriguez-Mozaz11, Thomas Schwartz8, Hongjie Sheng12,13, 
Henning Słrum10, Robert D. Stedtfeld13, James M. Tiedje14, Saulo Varela Della Giustina11, 
Fiona Walsh4, Ivone Vaz-Moreira2, Marko Virta1�, CØlia M. Manaia2�

Integrated antibiotic resistance (AR) surveillance is one of the objectives of the World Health Organization global 
action plan on antimicrobial resistance. Urban wastewater treatment plants (UWTPs) are among the most import-
ant receptors and sources of environmental AR. On the basis of the consistent observation of an increasing north-
to-south clinical AR prevalence in Europe, this study compared the influent and final effluent of 12 UWTPs located 
in seven countries (Portugal, Spain, Ireland, Cyprus, Germany, Finland, and Norway). Using highly parallel quanti-
tative polymerase chain reaction, we analyzed 229 resistance genes and 25 mobile genetic elements. This first 
trans-Europe surveillance showed that UWTP AR profiles mirror the AR gradient observed in clinics. Antibiotic use, 
environmental temperature, and UWTP size were important factors related with resistance persistence and 
spread in the environment. These results highlight the need to implement regular surveillance and control mea-
sures, which may need to be appropriate for the geographic regions.

INTRODUCTION
Antibiotic-resistant bacteria (ARB) can survive the inhibitory action 
of one or more antibiotics. These ARB reduce the success of infectious 
disease treatment, which results in important societal and economic 
costs to human well-being and health (1). ARB and their resistance 
genes are emerging and spreading globally among people, food, ani-
mals, plants, and the environment (soil, water, and air) (2,�3). The 
global action plan on antimicrobial resistance proposed by the World 
Health Organization (WHO) aims at combating antibiotic resistance 
at a global scale and across every domain of interface with humans, 
where the environment is implicitly included (1,�4). Surveillance and 
the assessment of control measures and the identification of geo-
graphical or temporal trends of antibiotic resistance distribution have 
been consistently shown to be crucial to understanding the impact of 
antibiotic resistance on human health (1,�2). However, although clin-
ical surveillance efforts are now capable of providing insightful infor-
mation on antibiotic resistance distribution (1,�5), there is a dearth of 
data concerning antibiotic resistance in the environment.

Urban wastewater treatment plants (UWTPs) have been recog-
nized as one of the most important routes for propagation of antibiotic 

resistance from humans to the environment (e.g., fresh water, soil) (2). 
The sewage entering the UWTPs combines the excreta and residues 
produced in the served area. Therefore, it is expected that the UWTP 
influents mirror, at least in part, traits of the microbiome of the human 
population served (2,�6,�7), including the presence of ARB, resistance 
genes, and associated mobile genetic elements.

This study aimed at launching the first European antibiotic re-
sistance surveillance in UWTPs, in accordance with objective 2 of the 
WHO global action plan on antimicrobial resistance: �Strengthen the 
knowledge and evidence base through surveillance and research� (4). 
The challenges of implementing reliable environmental antibiotic 
resistance surveillance efforts have been recognized, as the proce-
dures recommended for humans, animals, or food products are not 
applicable to environmental samples (2). Nevertheless, the clinical 
antibiotic resistance surveillance data stand as an important refer-
ence to assess the status of antibiotic resistance in different regions 
and environmental compartments. Therefore, the current study was 
designed on the basis of the major trends identified by the European 
Antimicrobial Resistance Surveillance Network (EARS-Net) cur-
rently promoted by the European Centre for Disease Prevention and 

1Department of Microbiology, University of Helsinki, Viikinkaari 9, 00014 University of Helsinki, Finland. 2Universidade Católica Portuguesa, CBQF - Centro de Biotecnologia e 
Química Fina�Laboratório Associado, Escola Superior de Biotecnologia, Rua Arquiteto Lobªo Vital, 172, 4200-374 Porto, Portugal. 3Technische Universität Dresden, Insti-
tute of Hydrobiology, Dresden, Germany. 4Department of Biology, Maynooth University, Maynooth, Co. Kildare, Ireland. 5Aquantec GmbH, Pfinztalstraße 90, D-76227 
Karlsruhe, Germany. 6Department of Civil and Environmental Engineering and Nireas�International Water Research Centre, University of Cyprus, P.O. Box 20537, CY-1678 
Nicosia, Cyprus. 7Department of Biology and CESAM, University of Aveiro, Campus UniversitÆrio Santiago, 3810-193 Aveiro, Portugal. 8Karlsruhe Institute of Technology 
(KIT)�Campus North, Institute of Functional Interfaces (IFG), P.O. Box 3640, 76021 Karlsruhe, Germany. 9Centro Nacional de Biotecnología, CSIC, Calle Darwin 3, 20049 
Madrid, Spain. 10Norwegian University of Life Sciences, Faculty of Veterinary Medicine, Department of Food Safety and Infection Biology, Section of Microbiology, Immu-
nology and Parasitology, Post Box 8146 Dep, 0033 Oslo, Norway. 11Catalan Institute for Water Research (ICRA), Emili Grahit 101, 17003 Girona, Spain. 12Key Laboratory of 
Soil Environment and Pollution Remediation, Institute of Soil Science, Chinese Academy of Sciences, Nanjing 210008, China. 13Department of Civil and Environmental Engi-
neering, Michigan State University, East Lansing, MI 48824, USA. 14Center for Microbial Ecology, Department of Plant, Soil and Microbial Sciences, Michigan State University, 
East Lansing, MI 48824, USA.
*These authors contributed equally to this work.
�Corresponding author. Email: cmanaia@porto.ucp.pt (C.M.M.); marko.virta@helsinki.fi (M.V.)

Copyright ' 2019 
The Authors, some 
rights reserved; 
exclusive licensee 
American Association 
for the Advancement 
of Science. No claim to 
original U.S. Government 
Works. Distributed 
under a Creative 
Commons Attribution 
License 4.0 (CC BY).

 on M
ay 3, 2019

http://advances.sciencem
ag.org/

D
ow

nloaded from
 



Pärnänen et al., Sci. Adv. 2019; 5 : eaau9124     27 March 2019

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

2 of 10

Control (ECDC). This surveillance integrates data from 30 European 
countries concerning invasive blood and cerebrospinal fluid isolates 
of Escherichia coli, Klebsiella pneumoniae, Pseudomonas aeruginosa, 
Acinetobacter spp., Streptococcus pneumoniae, Staphylococcus aureus, 
and enterococci (5). The 2017 EARS-Net surveillance report (5) high-
lights that, as in previous years, for the period of 2013�2016, �a north-
to-south and a west-to-east gradient is evident in Europe,� with a 
general increase of antibiotic resistance prevalence over this gradient, 
particularly for the Gram-negative bacteria surveyed. Considering 
this information, our study included seven countries distributed over 
the EARS-Net conceptual gradient represented by Portugal, Spain, 
Cyprus, Ireland, Germany, Norway, and Finland. The relative abun-
dance of different genes was compared in raw influent and final efflu-
ent of 12 UWTPs (because of restrictions in sampling authorization, 
influent samples were not available from Ireland; table S1). Our goal 
was to obtain an initial overview of the antibiotic resistance status; 
regular surveillance protocols implemented locally may support ro-
bust comparative analyses, where bias associated to sporadic events 
or regional features can be identified.

Metagenomics methods, based on shotgun high-throughput se-
quencing, have been used to analyze the presence of antibiotic resistance 
genes (ARGs) in ecosystems such as activated sludge, wastewater, and 
surface water. Whereas these studies are useful to obtain a general view 
of the most abundant genes, they are not effective for detecting low- 
abundance genes. As noted before (6), abundance does not necessarily 
correlate with risk, and in the case of antibiotic resistance, surveillance 
and risk estimation require the implementation of targeted metagenomic 
techniques (8), able to quantify those genes that are of relevance for 
human health, even when they are present in low amounts that may be 
nondetectable by using current metagenomics approaches. For these 
reasons, and also because we sought a quantitative analysis, we used a 

quantitative polymerase chain reaction (qPCR) array, whose appropri-
ateness as a tool for environmental surveillance has been demonstrated 
in previous research (9,�10). The array targeted sequences involved in 
gene transfer and recombination (n = 25; integrase, transposase, inser-
tion sequence, and plasmid replicon type) and antibiotic resistance, 
prevalent in bacterial pathogens (n = 229), including multidrug 
resistance genes (n = 39) (table S2). Twenty- four�hour composite 
samples were collected on each of three consecutive days (Tuesdays, 
Wednesdays, and Thursdays, in early autumn of 2015, early spring, and 
early autumn of 2016) at all sampling sites to mitigate biases and improve 
comparability. In addition, DNA was extracted using a common pro-
tocol (table S1), and the highly parallel qPCR analyses were all per-
formed using the same equipment and operational conditions. Of the 
384 qPCR array primer pairs, 289, targeting 259 genetic determinants, 
of which 229 were of resistance genes, 25 of mobile genetic elements, 
and 5 housekeeping genes, produced amplification in one or more of the 
analyzed samples, while 95 did not amplify (table S2 and fig. S1). The 
number of primers for each class of genetic determinants that pro-
duced amplification did not differ (P > 0.01, Mann-Whitney U test) 
among countries (data not shown). The abundance of antibiotic resist-
ance and mobile genetic elements are, unless otherwise stated, all desig-
nated as ARGs. They were normalized to the 16S ribosomal RNA 
(rRNA) gene abundance within the same sample, as described in 
Materials and Methods. Because this is a measure of the abundance of ARGs 
per total bacteria, we refer to this ratio as the ARG prevalence. Multidi-
mensional scaling was used to identify the patterns in the distribution 
of ARGs in the UWTPs� wastewater (Fig.�1). This analysis indicated 
that the relative abundance of influent ARGs supported the forma-
tion of two distinct groups: one group comprising Portugal, Spain, 
and Cyprus, and the other group Germany, Norway, and Finland. 
Although one of the Germany influent samples clustered together with 

Fig. 1. PCoA showing the distribution of resistance and mobile genetic elements using the Bray-Curtis dissimilarity index. (A) Influent water from European 
UWTPs. The HAC and LAC countries clustered separately (R2 = 0.37, P = 0.015). The exception was for three influent samples from German UWTPs that clustered with the 
HAC samples (DE2 in the figure). (B) Effluent water from European UWTPs. The HAC and LAC countries did not cluster together (R2 = 0.11, P = 0.181). The significance of the 
cluster separation between the HAC and LAC countries was calculated using adonis with 9999 permutations. The points represent individual samples in the ordination, 
named according to the UWTP, and latitude is indicated by the color gradient. The point size is according to the mean total antibiotic consumption in humans from 2005 
to 2015 from ECDC reports consisting of the human consumption of antibacterials for systemic use (ATC group J01) in the community (primary care sector) and the hos-
pital sector expressed as defined daily dose (DDD) per 1000 inhabitants and per day (available at https://ecdc.europa.eu/en/antimicrobial-consumption/database/
country- overview) (see also table S3). Countries: HAC�PT, Portugal; ES, Spain; CYP, Cyprus; IL, Ireland; LAC�DE, Germany; FI, Finland; NO, Norway.
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the Portugal, Spain, and Cyprus influent samples, the observed 
ARG distribution supported the conceptual EARS-Net anti biotic 
resistance gradient. The relative abundance of ARGs in influents from 
southern countries (Portugal, Spain, and Cyprus) and northern 
countries (Germany, Norway, and Finland) clustered separately (R2 = 
0.37, P = 0.015) (Fig.�1A). Because the UWTP influent is strongly 
influenced by human excreta, its resistome can be considered a picture 
of the general community resistome, hereafter designated �urban 
resistome.� This resistome can be influenced by, among a myriad of 
other factors, the general antibiotic resistance prevalence and anti-
biotic consumption in the community (2,�5). The distribution of 
urban resistomes based on ARG relative abundance observed in 
Fig.�1A is consistent with the human antibiotic consumption in those 
countries in the period 2005�2015 (Fig.�1 and table S3). These two 
groups of high (HAC) and low (LAC) antibiotic consumption countries 
are further compared. Because of the levels of antibiotic use in Ireland 
(Fig.�1), it was included in the HAC group.

INSIGHTS INTO THE URBAN RESISTOME
Most of the ARGs detected in the influents corresponded to genes 
with widespread environmental distribution encoding resistance 

against first-generation antibiotics. All influent samples contained 
genes conferring resistance to aminoglycosides (aadA and strB), 
b-lactams (blaGES, blaOXA, and blaVEB), macrolide�lincosamide�
streptogramin B (MLSB) (ereA, ermF, and matA/mel), sulfonamides 
(sul1), tetracyclines (tetM and tetQ), and multidrug resistance 
(qacEdelta1 and qacH). Moreover, the signatures of various genetic 
elements involved in gene transfer and recombination (intI1, tnpA, 
Tp614, ISAba3, ISPps, and ISSm2) were present in all influent sam-
ples (table S2). Regarding ARGs of high concern in clinical settings 
(blaNDM-1, blaKPC, blaVIM, blaIMP, mcr-1, mecA, or vanA), blaIMP and 
vanA were sporadically detected in the influent of different coun-
tries. The blaVIM gene was detected in Portugal, Spain, Cyprus, and 
Germany influents, and blaKPC in Portugal and Spain influents and 
sporadically in effluent samples. The ARG distribution that separated 
the HAC from the LAC countries was explained by a significantly (P < 
0.01, Mann-Whitney U test) higher relative abundance of most re-
sistance classes in HAC countries (Fig.�2A). Specifically, the relative 
abundance of gene families conferring resistance to aminoglycosides, 
sulfonamides, b-lactams, quinolones, amphenicols, and multidrug 
resistance was higher in the HAC countries (Portugal, Spain, Cyprus, 
and Ireland) than in the LAC countries (P < 0.01, Mann-Whitney 
U test). The opposite was observed for tetracycline and MLSB resistance 

Fig. 2. Relative gene abundance observed in influent samples from HAC and LAC countries. Relative abundance of (A) resistance genes and (B) mobile genetic ele-
ments. The data refer to the sum of relative abundance of amplification (ratio ARG or MGE copy number: 16S rRNA gene copy) for a given pair of primers, organized in 
classes of �resistance� or �transfer and recombination.� In the legend, for each gene class, the country group, HAC or LAC, with significantly higher relative abundance (P < 
0.01, Mann-Whitney U test) is indicated. Samples are organized according to the sampling campaign (C2, spring 2016; C3, autumn 2016), divided by HAC and LAC. Resistance 
categories: AMG (aminoglycosides), MDR (multidrug resistance), SUL (sulfonamides), BL (b-lactams), MLSB, TET (tetracycline), QUI (quinolones), AMP (amphenicols), VAN 
(vancomycin), and others. Note: Ireland data are missing because of restrictions on influent wastewater sample collection.
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