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Summary
This white paper presents and exhaustive review of the monitoring strategies, challenges
and potential solutions relating to dissemination of antibiotic resistance elements from
WWTP effluents. It focuses on a broad continuum including raw sewage, WWTP effluents
and aquatic and terrestrial receiving environments. Section 2 documents three analytical
approaches for detecting and quantifying ARB and ARGs in wastewater and receiving
environments that were conducted within the framework of NEREUS. Section 3 evaluates
the impact and potential risks of antibiotic resistance elements disseminated from WWTPs
including various means for horizontal gene transfer, which may facilitate the
dissemination of antibiotic resistance in the receiving environments and thus contribute to
global antibiotic resistance. Finally, Section 4 presents various strategies that can be
applied to mitigate antibiotic resistance from WWTPs.
The three methods presented in Section 2 are unique because they targeted multiple
samples from different countries and geographical regions and thus provide a more
holistic overview of WWTP-associated resistomes. We believe that each of these methods
allow an orientation for scientists or stakeholders to evaluate antibiotic resistance and
contain data, which can be used as a “baseline” for future studies. Section 2.1 presents a
culture-based method that evaluates resistance to a specific antibiotic (cefotaxime) in a
specific group of bacteria (faecal coliforms) that are routinely monitored to assess
microbial water quality. It is a cheap and methodologically robust method, which can be
easily applied in a worldwide context. Section 2.2 highlights a study that screened shotgun
metagenomes (containing millions of DNA sequences) to identify the most abundant
ARGs in WWTP effluents. This method is very robust, but is expensive, requires
exhaustive computational capacities and has a relatively low sensitivity (may not detect
rare ARGs). Section 2.3 applied qPCR to quantify ARGs in treated effluents and surface
waters. This method is more expensive and complex than the culture based method but
easier to apply than shotgun metagenomics. Although qPCR can only target a limited
number of ARGs at a time, it is very sensitive and multiple samples can be screened in a
short period of time. It can be applied at a continental scale, given that the sampling
equipment and the infrastructure for the analyses are available, and unlike bacterial
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cultures, DNA samples can be easily shipped between countries or sampling sites and
laboratories.
This survey described in Section 2.1 demonstrated how targeting a single third generation
cephalosporin antibiotic resistance determinant (i.e. CTX-R) using standard isolation
protocols provided important data on the distribution of antibiotic resistance in the
community, the capacity of WWTPs to remove antibiotic resistant bacteria and the levels
of antibiotic resistant bacteria that are released into downstream environments. Although
effluent levels were generally below 1 CFUs mL-1, numerous WWTPs from around the
world consistently displayed values exceeding 100 CTX-R FC CFUs mL-1. These values
are clearly above those recommended for microbiological standards for wastewater
effluents, and the associated impacts can be overwhelming. We believe that this approach
has great potential as a tool that can be applied by stakeholders to determine the level of
resistance in wastewater effluents. Within the concerted effort to mitigate antibiotic
resistance in the EU and globally, we recommend that stakeholders and policymakers
define criteria for CTX-R FC release based on specific effluent receiving environments.
The metagenomic approach presented in Section 2.2 targeted 26 WWTP effluent
metagenomes from around the world. It validated that many ARGs considered to be
prevalent based on NEREUS brainstorming and surveys (i.e. blaOXA, blaTEM, sul1, sul2,
tetW, qnrS, ermB), were indeed highly abundant in effluents; while others ARGs not
defined in NEREUS reports should also be considered. These include aminoglycoside
resistance genes- aph(6)id, apH(3'')-ib and aac(6')-ib7 and tetracycline resistance genestetQ, tetW and tetO, which should be considered in future studies targeting WWTP
effluents and downstream environments. Interestingly, the most hazardous ARGs based
on NEREUS characterizations (i.e. vanA, blaOXA-48, blaOXA-58, blaKPC and blaNDM-1) were
almost never detected in the analysed effluents. While this is reason for cautious optimism
regarding the capacity of WWTPs to disseminate hazardous ARGs, shotgun
metagenomics is less sensitive than qPCR and contrary to these results the qPCR-based
study described in Section 2.3 did detect blaOXA-48 and mcr-1 in certain effluent and
receiving river samples. This again raises questions regarding what levels are considered
safe and how to integrate these values into risk assessments.
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The qPCR-based quantification of ARGs described in Section 2.3 showed that the
quantifications of different seasons has been surprisingly robust and shown relatively low
variation. The results show a clear ranking of the analysed resistance genes: Essentially,
the distribution of the relative concentrations (ARG copies/16S rRNA gene) fall into three
groups: intI1, sul1 are the most abundant; tetM, blaOXA58, blaTEM, blaOXA48, blaCTX-M-32 are
present at intermediate relative abundance and MCR-1, and blaCTX-M-15 and blaKPC3 are
detected at very low levels. An example for a low concentration of e.g. tetM would be 9*102
ARG copies/ml and a high concentration 1*108 copies/ml. The results of the chapter also
clearly show that an analysis of the impact of a WWTP on its receiving water needs to
include some basic hydrological data. Nevertheless, the study documented clearly that
the ARGs of the WWTP effluents are generally not diluted in the receiving rivers, but the
concentrations within the receiving river will be stabilized or even increased.
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Introduction
Antimicrobial resistance (AMR) is one of the largest health-related issues worldwide,
recently acknowledged by the General Assembly of the United Nations in the
A/RES/71/3/2016 resolution. While reducing antibiotic consumption and other measures
at the source are important measures to lower AMR in medical contexts, they cannot
reverse AMR evolution and they do not prevent AMR from disseminating through the
environment. Presently, these is global consensus that tackling AMR requires a holistic
perspective in which human, veterinary, and the environmental spheres are
interconnected.
Recently on the homepage of the European Centre for Disease Prevention and Control
(an agency of the European Union) a study published in The Lancet (Cassini et al., 2018)
is cited, referring to a death toll of 33,000 people a year in Europe due to antibiotic resistant
bacteria. Those numbers compare to that of influenza, tuberculosis and HIV/AIDS
combined! Antibiotic resistance is currently characterized by all mayor international public
health organizations as e.g. EU, US, WHO, OECD, G7, (EC, 2012; 2017; WHO 2015) to
be one of the most challenging threats for humankind due to international occurrence, high
health impact as well as economic and social implications. It is agreed that this challenge
can only be addressed by applying a “One Health Approach”, joining and synthesizing
tactics, methods and efforts from human health, veterinary medicine and the
environmental perspectives (e.g. EC, 2017).
In an article on “the antibiotic resistome”, Wright (2010) reasons on the significance of the
resistance gene pool in environmental matrices on the development of clinically relevant
resistances. Davis and Davis (2010) developed a framework for habitats and vectors that
link human, veterinarian and environmental compartments of relevance, to proliferation of
antibiotic resistance, both emphasizing the one health approach.
Whereas human health and veterinary medicine have a certain tradition on tackling the
issue of antibiotic resistance, substantial investigation in environmental matrices only
started few years ago (Berendonk, 2015).
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In the context of increased urbanization and industrialised agriculture, environmental
dissemination routes for resistant bacteria have been identified as potentially important for
proliferation of AMR. The lack of knowledge on how the environment propagates and even
amplifies AMR also complicates AMR mitigation in the human and veterinary spheres
(Berendonk, 2015). Soils harbour some of the most biodiverse biocenosis on Earth and
are an essential base for food production. Surface waters are likewise diverse and highly
interconnected habitats with a multitude of ecosystem services including provision of
drinking and irrigation water for human use. Water contaminated by wastewater treatment
plant (WWTP) effluents or agricultural soils receiving manure from animal husbandry may
subsequently harbor antibiotic-resistant bacteria (ARB) that may be transferred back to
humans and animals via various exposure pathways. En route, ARB may evolve, e.g. by
acquiring new resistance mechanisms from environmental bacteria. From an
anthropocentric point of view, this “resistome” (pool of antibiotic resistance genes or
ARGs) may be envisioned as a reservoir of genes coding for phenotypes posing an
imminent threat to human and animal health if transferred to bacterial pathogens causing
infections Wright (2010). Thus the various environments now influenced by inputs of ARB
which also carry many determinants of genetic mobility and gene assembly (such as
transposons, integrons, and conjugative plasmids) may well represent more than just
simple routes of dissemination.
However, in order to understand the spread and proliferation of ARB and ARGs related to
wastewater, the first objective must be to assess, to qualify and if possible to quantify the
content and release and potential impact of ARB and ARGs in untreated and treated
wastewater on the receiving environment. In order to reach this objective, members of the
Action have assembled several datasets to obtain a first comprehensive dataset
throughout Europe. To address the proliferation and transfer of ARG in complex
communities is extremely challenging and although initial studies indicate the importance
of this process, the understanding of this process is still in its infancy. Accordingly, the
Action has addressed the question of gene transfer and accumulated knowledge on
existing studies and classified different forms of transferrable DNA and evaluated these in
the context of ARGs mobility.
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This comprehensive white paper summarizes activities, discussions and experimental
studies conducted within the framework of NEREUS WG1 that specifically focused on
antibiotic resistance elements in municipal wastewater treatment plant effluents, and their
potential impact on downstream environments, with special emphasis on surface waters,
treated wastewater irrigation and aquifer discharge. The report is divided into two main
chapters. The first assesses the potential contribution of WWTPs to dissemination of
antibiotic resistance elements (ARB and ARGs), while the second proposes various
approaches that can be implemented to reduce the adverse effects of antibiotic resistance
in these downstream environments.

Section 2. Assessing the potential contribution of wastewater treatment
plants to antibiotic resistance
Wastewater treatment facilities are considered hotspots for dissemination of ARB and
ARGs to downstream environments. However, the scope, composition and potential
epidemiological implications of these elements in discharged effluents are not fully
understood. Despite the multitude of studies that have investigated ARB and ARG in
WWTP effluents, due to differences in methodological approaches, there is a lack of data
integration, which prevents us from acquiring a holistic perspective on this topic.
This chapter is comprised of three sections that include original research conducted within
the framework of NEREUS WG1 and comprehensive literature reviews, which collectively,
provide a global overview of ARB and ARG in WWTPs. Section 2.1 summarizes a global
survey initiated within the framework of NEREUS WG1 that applied a simple culture-based
method to elucidate the scope of ARB in WWTP influents and effluents. Section 2.2
describes a comprehensive assessment of ARGs extrapolated from wastewater effluent
metagenomes, aimed at identifying the most abundant and hazardous genes that are
being discharged in effluents. Section 2.3 presents results from a comprehensive panEuropean study that applied quantitative real time PCR (qPCR) to evaluate the abundance
of clinically-relevant ARGs. This initiative was conducted by NEREUS members within the
framework of the NORMAN network.
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2.1. Application of a simple culture-based method for assessing ARB in
WWTPs: Insights from a global initiative
Introduction
Standard microbial water-quality assessment methods including quantification of total
coliforms, fecal coliforms, Escherichia coli and Enterococci, are frequently applied for
monitoring microbial quality in wastewater treatment effluents (Tallon et al., 2005). While
these methods are considered to be suitable indicators for fecal contamination, they do
not shed light on antibiotic resistance. The evaluation of the water quality within the context
of antibiotic resistance has applied both culture-based and -independent methodologies.
Culture-dependent methods are considered biased because they often overlook a large
fraction of the wastewater microbiome. However, Bengtsson-Palme et al. (2016)
suggested that they can provide fundamental data on resistance patterns of individual
species coupling antibiotic resistance phenotypes to individual bacterial isolates of clinical
concern, disregarding the plethora of unknown and often strictly environmental bacteria
that are anyway present in wastewater samples. Additionally, standard isolation methods
that are used for monitoring fecal indicators in wastewater treatment plants can be
adapted to assess antibiotic resistance, without involving additional costly equipment
and/or reagents or training as required for culture-independent methods such as
quantitative PCR (Manaia et al., 2018).
Within the framework NEREUS WG1, we conceived a simple and applicable scheme for
estimating the scope of antibiotic resistance relying on culture-dependent methods that
can easily be applied and interpreted by WWTP stakeholders. The method incorporates
standard mFC Agar medium to quantify fecal and total coliforms (Rompre et al., 2002),
but in tandem also quantifies antibiotic resistant fecal and total coliforms by testing in
parallel, mFC Agar medium amended with cefotaxime, a third-generation cephalosporin.
Resistance to this antibiotic has considerable clinical significance due the increasing
abundance of resistant bacteria harboring extended spectrum β-lactamase (ESBL) genes,
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which are recurrently associated with multidrug resistance (Bradford 2001; Pitout and
Laupland, 2008).

Figure 1 - Overview of the global cefotaxime resistant fecal coliform survey. Black
triangles show geographic location of the participating countries where WWTPs were
targeted. Square insert shows targeted European WWTPs.
We evaluated the applicability and the potential epidemiological indicative capacity of this
method by launching a global initiative that encompassed fifty-seven WWTPs in twentytwo countries across five continents in two independent (winter and summer) profiles
(Figure 1). For most of the targeted WWTPs the method was applied to both raw sewage
(influent) and effluents, and stakeholders provided a myriad of metadata associated with
the treatment plant. We exhaustively analyzed and evaluated the data, which collectively
provided novel insight on the global scope of antibiotic resistance in the community, the
occurrence and the scope of ARB discharge into downstream environments.

Experimental methods
Site description and WWTP characteristics. Fifty-seven WWTPs worldwide from
twenty-two countries were sampled. Most of the WWTPs were in Europe, but we also
received samples from North America, South Africa, the Middle East, Eastern Asia, India
and Australia. We conducted two monthly sampling campaigns; the first included a sample
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collection per day along three months between December 2016 and February 2017; and
the second two days’ sample collection per month between May and October 2017.
Participating groups received directives for sampling and bacterial enumeration and were
provided with questionnaires for retrieving country- and WWTP-related metadata. All data
were screened, quality checked and assembled as described below before proceeding
with statistical analyses.
The participating groups filled out a questionnaire with data related to the sampled
WWTPs’ operating conditions, the physicochemical characteristics of effluent TWWs,
population size and urban context of each WWTPs’ inflow, the meteorological conditions
of the sampling seasons, the antibiotic consumption in each country, and WWTPs’
coordinates for geographical distribution. The description of WWTP’ treatment technology,
operating conditions, urban context, and the physicochemical characteristics of effluent
TWW, whenever available, were provided by the WWTP associated personnel.
Meteorological conditions were retrieved by official national forecast online web
databases, using average temperatures in the months of December and August as
references for winter and summer seasons respectively; countries from the southern
hemisphere had seasonality sorted accordingly. Antibiotic consumption, available from
European countries only, was retrieved from the antimicrobial-use database of the
European Centre for Disease Prevention and Control (www.ecdc.europa.eu) using the
filters: 2016, β-lactam antibacterials and penicillins, and primary care sectors; antibiotic
consumption is indicated as ‘defined daily doses (DDD) per 1000 inhabitants per day’.
Sampling. Grab samples included inflow sewage after primary decantation tank and
secondary effluents after biological treatment, mostly conventional activated sludge (CAS)
and in a few cases membrane bioreactor (MBR) treatment, and Trickling Filter
Technology, following secondary clarification and/or after disinfection. When available,
disinfection accounted for one of the following: chlorination, UV radiation, chlorination &
UV radiation, or ozonation.
Microbiological analyses. Membrane fecal coliforms agar (mFC, Difco®) supplemented
with 0.01% (w/v) Rosolic Acid (Difco®), supplemented or not with cefotaxime sodium salt
(Sigma®) at a 4 µg·mL-1 final concentration, was prepared according to the manufacturer's
12
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instructions, no more than three days prior to sampling and dispensed in 60 mm diameter
petri plates. In selected cases, Difco® and Sigma® products were not available so products
from alternative suppliers were used. Samples were serially diluted and 1 mL from 2-4
consecutive 10-fold serial dilutions were filtered through 47 mm diameter 0.45 µm pore
size nitrocellulose membrane filters, incubated onto mFC agar plates with and without
cefotaxime. Subsequently, cultures were incubated for 24 hours at 37 °C and blue (fecal
coliform) and all (total coliform) colonies were enumerated. All the microbial enumerations
were made in triplicate. To ensure reproducibility, it was recommended that in each group,
the same operator carried out the same procedure (media preparation, dilutions, filtration,
colonies enumeration) for the distinct samples of the same plant.
Colonies were segregated to blue, corresponding to presumptive fecal coliforms, and total
coliforms, which had no specific colour, enumerated on mFC agar, corresponding to total
counts or on the same medium supplemented with cefotaxime, corresponding to putative
resistant isolates. Hence, four categories were defined as follows: FCs (fecal coliforms),
TCs (total coliforms), CTX-R FCs (cefotaxime resistant fecal coliforms) and CTX-R TCs
(cefotaxime resistant total coliforms) respectively, whose abundance was expressed as
colony forming units (CFUs) mL-1.
Data analyses and statistics. The data from the different serial dilutions from all of the
samples were collated and subjected to quality control using the following criteria to select
plates for CFU enumeration: (i) enumerations were made on cultures with between 1080 CFU; (ii) when this range of values was not available, we used the highest dilution with
an accountable number of CFU; (iii) whenever necessary, cultures corresponding to
dilutions where FCs counts were >0 even if it entailed choosing dilutions where the total
CFUs exceeded the range established in the first criterion, were preferred; (iv) when a
selected dilution had replicates with inconsistent CFU counts (for this purpose defined as
standard deviation, SD>20% of the mean), a different dilution range was chosen according
to the above inclusion criteria; and (v) whenever particularly adverse meteorological
conditions, or technical issues from WWTPs or groups’ were reported, data were
discarded regardless of the above inclusion criteria.
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Following the described inclusion criteria for each sample (each sampling date and point
of each sampled WWTPs), the percentage values of CTX-R TCs and CTX-R FCs were
calculated in triplicate, as the ratio between each of the three CFU mL-1 plate count on
mFC+CTX and the average CFU mL-1 counterpart from the triplicates of the related counts
on mFC without antibiotic. WWTPs treatment removal efficacy of FCs, TCs, CTX-R FCs
and CTX-R TCs from the inflow of the WWTPs was calculated comparing influents and
effluents as the following ratio: (CFUs inflow - CFUs effluent)/CFUs inflow.
Statistical analyses were conducted using GraphPad Prism® version 6.00 for Windows
(GraphPad Software, La Jolla, CA, United States). To calculate removal efficiency of CTXR FCs and CTX-RTCs in WWTPs located in regions with different temperature, ranks were
compared with a non-parametric Mann Whitney t test. Analysis of variance of CTX-R FCs
and CTX-R TCs distribution in influents was performed with an F-test. Linear regression
analyses of CTX-R FCs and CTX-RTCs at different temperatures in outflows was
assessed with GraphPad, and homoscedasticity test of residuals was performed with a
Breuch-Pagan test in XLSTAT (XLSTAT 2017: Data Analysis and Statistical Solution for
Microsoft Excel®. Addinsoft, Paris, France (2017)). The comparison of CTX-R FC
percentage between inflow and final effluent to pinpoint possible reduction or enrichment
in final effluents was based on multiple t-tests for country and season using within-country
WWTP values as replicates and testing for significance from zero in JMP®, Version 14
(SAS Institute Inc., Cary, NC, 1989-2007). All statistical analyses were conducted using a
significance level set at p ≤ 0.05.

Results and discussion
Nearly all groups succeeded in providing data and metadata for both winter and summer
profiles, having 2-3 sampling points within each season, one every consecutive month;
fourteen countries over twenty-two had two or more WWTPs sampled. Following initial
data trimming and quality control, we gathered 288 inflow samples, 199 secondary effluent
samples (120 of which also being final effluents) and 79 final effluent samples that
underwent a disinfection process.
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Analysis of influent bacteria. Figure 2 collectively summarizes the global coliforms
trends from all of the analysed campaigns. The (northern hemisphere) winter and summer
profiles were numerically comparable, with FC counts spanning four orders of magnitude.
CTX-R FCs’ and CTX-R TCs counts had a wider dispersion, spanning six orders of
magnitude with a significantly variance (p<0.0001) relative to their total counterparts. The
comparable FC values reflect similar loads in raw sewage entering urban WWTPs,
contrasted with the high variance of R-FCs which ranged between <0.1% and 38% of the
total FC abundance, with a worldwide annual average of 2.7%. These observations may
suggest both the ubiquitous presence of CTX-R FCs in wastewater and reveals the highly
unequal distribution of this resistance phenotype, which may be due to occasional events
or to geographic or socioeconomic factors.

Figure 2 - Distribution of total and resistant fecal coliforms in WWTP influents. Based on
288 influent samples from 57 sampled WWTPs. Asterisks refer to a p<0.0001 on a F-test
to compare variance.
β-lactam DDD per 1000 inhabitants in European countries did not correlate with R-CTX
FCs and R-CTX TCs CFU ml-1 values in influents, having a coefficient of determination of
0.2 and 0.1 respectively. It should be noted that these values reflect only the general
trends of the countries and might not be representative of the local area that a given
WWTP serves. However, this observed lack of clear correlation corroborates the idea that
15
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annual average β-lactam usage in populations might not be a reliable predictor of
resistance levels of fecal coliforms in wastewater. This same conclusion was reached by
Collignon et al. (2018) in a global study where they assessed the contribution of different
factors to antibiotic resistance, and antibiotic use did not correlate to antibiotic resistance
prevalence. This may be due to low resolution of national antibiotic consumption data and
may be resolved if coupled with accurate local surveys on antibiotic prescriptions in the
area served by a given WWTP, as shown by Caucci et al. (2016).
CTX-R FCs removal efficiency. We compared the influent vs. effluent CTX-R FCs levels
of 215 individual WWTPs where inflow and outflow samplings were available across the
two sampling campaigns and found that all of the WWTPs removed CTX-R FCs by 0.1 to
6.7 log10 units (Figure 3).
Several previous studies have shown conflicting results regarding whether wastewater
treatment processes select for antibiotic resistant bacteria (Seiler and Berendonk, 2012;
Bengtsson-Palme et al., 2016; Caucci et al., 2016), and therefore, we compared the
relative abundance of CTX-R FCs in the influent and effluent samples. Disregarding
specific parameters (i.e. treatment technology, load, etc.), collectively, this study did not
show any positive or negative cefotaxime resistance selection, although fluctuations in
resistance levels did occur in selected WWTPs at different sampling times.

Figure 3 - Distribution of Log10 CTX-R FCs removal values from WWTPs’ influents. Box
plot based on 215 WWTPs having inflows and effluents sampled.
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We further evaluated the effect of temperature in the WWTP vicinity on FC and CTX-R FC
removal rates. Neither absolute (CTX-R) FC CFUs mL-1 levels nor CTX-R FCs percentage
in influents or effluents were significantly correlated with temperature in linear regression
analyses (R2 always <0.1). Certain WWTPs showed a reduction in removal efficiency at
temperatures below 10 °C, but collectively, differences between these two clusters were
not statistically significant (p=0.11 for percentage reductions and p=0.6 for Log10
reduction). Biotic factors, such as reduced predation and phage activity and/or reduced
competition from local microbial communities, may remove fecal contaminants at suboptimal temperatures, but we could not confirm such hypotheses in the current survey.
Additionally, the contribution of abiotic factors, such as aerobic and anaerobic conditions,
might have an indirect influence in shaping microbial community shifts occurring during
biological treatments at higher temperatures, eventually affecting the prevalence of FCs,
as suggested by Bengtsson-Palme et al. (2016).
Potential impact on downstream environments. Conventionally, WWTP effluents are
either released into natural aquatic bodies (streams, rivers, lakes, oceans etc.), or used
for irrigation. In both scenarios, resistant bacteria (and specifically human commensals or
pathogens) can potentially reach humans through the water cycle and food webs,
respectively. The absolute levels of CTX-R FCs in the targeted WWTP effluents are
shown in Figure 4. As with the influent samples, cefotaxime resistant fecal coliform
abundance in the effluents was highly diverse, ranging from values exceeding 103 CFUs
mL-1 to 0. Samples from India proved to have the highest resistance percentage, with
consistently high levels of CTX-R FCs in both influents and effluents. This was the most
concerning scenario potentially due to the lack of strict regulation of pharmaceutical
industry effluents and also in antibiotic consumption, where both factors, combined with
fragile sanitary infrastructure, might significantly contribute to these observed values
(Bengtsson-Palme et al., 2014; Collignon et al., 2018). However, such simplistic inference
might not be applicable to other countries where high values were consistently observed,
such as Poland, where regulations follow European trends.
In several WWTPs CTX-R FC levels were below 1 CFUs mL-1, numerous WWTPs from
around the world consistently displayed values exceeding 100 CTX-R FC CFUs mL-1.
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While these values are clearly above those recommended for microbiological standards
for wastewater effluents, the associated impacts can be overwhelming. If one considers
that a large wastewater treatment plant can release more than 106 L day-1 of effluent (Drury
et al., 2013), this suggests that under suboptimal treatment conditions up to1010
cefotaxime-resistant fecal coliforms may be released daily into effluent receiving rivers.
Alternatively, if we consider that in Mediterranean climate conditions, seasonal irrigation
can exceed 1 m3 of water per square meter of soil, this would mean that in sub-optimal
treated wastewater, each cubic meter of soil could potentially receive 107 cefotaximeresistant fecal coliforms per season. ‘How much is too much’ is currently an open question
that is vital for risk assessment, as there are currently no regulations indicating safety
threshold levels of ARB. Defining such emission limit values should depend on the type of
downstream environment of discharge or the type of use the in case of reclaiming. For
instance, release into surface water bodies can have a different and broader impact than
release in soil (Munck et al., 2015; Eckert et al., 2018; Leonard et al., 2018;). Different
types of downstream environments might indeed behave as differential ecological barriers
that can buffer or enhance the persistence and/or spreading capacity of different ARB.

Figure 4 - CTX-R FCs mL-1 in effluents with average seasonal outflow CFU values mL1. Asterisks indicate WWTPs sampled only in winter season.
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Concluding remarks
This survey demonstrated how targeting a single third generation cephalosporin antibiotic
resistance determinant (i.e. CTX-R) using standard isolation protocols provided important
data on the distribution of antibiotic resistance in the community, the capacity of WWTPs
to remove antibiotic resistant bacteria and the levels of antibiotic resistant bacteria that
are released into downstream environments. We believe that this approach has great
potential as a tool that can be applied by stakeholders to determine the level of resistance
in wastewater effluents. Within the concerted effort to mitigate antibiotic resistance in the
EU and globally, we recommend that stakeholders and policymakers define criteria for
CTX-R FC release based on specific effluent receiving environments.

2.2. A metagenomic initiative to identify prevalent and clinically-hazardous
ARGs in WWTP effluents
Currently, two culture-independent approaches are used to assess ARG abundance in the
environment. Qunatitative PCR (qPCR) and shotgun metagenomics. Quantitative PCR is
advantageous in that it is highly sensitive, high-throughput, relatively inexpensive and
fairly easy to conduct, but it is limited to detection of specific ARGs. In contrast, shotgun
metagenomics is more expensive and requires exhaustive bioninformatic analysis, but
provides a holistic (unbiased) overview of ARGs in a particular sample. However, the
inclusiveness of shotgun metagenomic data is strongly associated with sequencing depth,
which can result in overlooking rare ARGs that can be epidemiologically relevant.
This survey extrapolated ARGs data from the shotgun metagenomes of 26 WWTP
effluents from around the world. The metagenomes were generated using Illumina high
throughput sequencing (HTS) and the data collected were characterized as absolute
abundance of individual ARGs in each effluent. In order to homogenise the dataset, the
30 most abundant ARGs for each effluent sample were assigned with a score from 30 (the
most abundant) to 1, and the total score for each gene was summed up. In this way, we
prevented over representation of very abundant ARGs in specific locations.
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Results and discussion
The survey collected about sixty metagenomes, but at the time of this report, only 26 were
bioinformatically analysed. The remaining metagenomes are still under evaluation and we
expect to publish the full data analysis in the course of 2019. Specifically, 18
metagenomes obtained from members of the NEREUS group (8, from Cyprus, are still
under evaluation) and 8 from published studies were analysed in this survey. The
metagenomes were collected from WWTP effluents from Australia (14), Italy (3), United
Kingdom (3), China (2), and United States (4). To the best of our knowledge, this study
represents the first global survey of WWTP effluent resistomes ever conducted.
The data demonstrated high variability between single samples, but an overall selection
towards specific ARGs. Considering resistances to specific classes of antibiotics (Figure
5), the most common resistances are to macrolides (21% in terms of relative importance),
followed

by

beta-lactams

(20%),

tetracyclines

and

aminoglycosides

(15%),

sulphonamides and quinolones (6%).

Figure 5 - Relative abundance of the different ARG classes in the WWTP effluents
studied.
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When specific genes (or in some cases gene families, e.g. for qnr, blaOXA or blaTEM) were
considered (Figure 6), tetracycline resistance genes were the most important by far,
followed by the aph and by the blaOXA families. This analysis shed light on the relative
importance in terms of absolute abundance of those families (e.g. the OXA group) with a
genetic composition that does not allow a single quantification.
In fact, when we switch to single ARGs (Figure 7) relative importance, these
heterogeneous groups tend to disappear, hiding their presence because of genetic
variability.

Figure 6 - Relative importance of the different ARGs (or ARG families)
in WWTP effluents.
Considering the relative importance of single genes only, we obtain a list (Figure 3)
dominated by sul genes and with a large number of tet genes, while the different OXA or
TEM disappear from the list of the 20 most prevalent ARGs.
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Figure 7 - Relative importance of the different ARGs in WWTP effluents. In fact, the OXA
group represent the third most abundant ARG group in WWTP effluents and our survey
demonstrates how a targeted analysis considering one or more specific variants of a gene
(e.g. qPCR) can result in a strong underestimation of the presence of the related
resistance.
This is well illustrated for the blaOXA gene family, which was present in 30 different variants
in the 26 analysed effluents. This variance substantially limited their inclusion into the 30
most abundant genes per sample when assessing their abundance on an individual basis,
thus reducing very much the screening efficiency (Figure 8).

Figure 8 - Relative importance of the blaOXA gene variants in WWT effluents. These results
have been compared to the answers of a poll within the NEREUS members on their
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perception regarding the most hazardous, prevalent, and persistent ARGs in wastewaters
(Figure 5), in order to define possible correspondence between the perception of
researchers and stakeholders from the different fields interested in antibiotic resistance
(clinic, veterinary, environment) and the data actually measured.
This comparison (Figure 9), demonstrates that for some genes the perception of the
NEREUS members regarding most abundant ARGs (see NEREUS Deliverable 2) was
confirmed by actual data (e.g. blaOXA family, sul1, sul2, tetW, qnrS, ermB and ermF as
prevalent only); ARGs that were prevalent based on this metagenomic analysis were not
characterized in the NEREUS report (e.g. tetQ, Aph, mel, mef); while other ARGs
described as hazardous in the NEREUS report were almost not detected (vanA, blaCTX
and others).

Figure 9 - Comparison between true metagenomic data and NEREUS members’ opinion.
This can be due either because of a limited power of the WWTP effluents survey (at this
stage limited to 26 effluents) but also to a general misunderstanding connected to what
was heavily searched in the last decades on the base of limited data availability and of
general clinical interest. It is pretty interesting that the overestimated genes are those of
clinical relevance, for which also a presence in very limited quantities can call for actions
to preserve human health. It should be noted that some of these abundant ARGs (i.e.
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mefA, mel) encode for transporters that may be intrinsic to specific bacterial phyla. Due to
mechanistic limitations the capacity of these ARGs to be horizontally transferred is
constrained and therefore their epidemiological significance is not as high as genes that
can be mobilized.

Concluding remarks
Analysis of 26 WWTP effluent metagenomes from around the world validated that many
ARGs considered to be prevalent based on NEREUS brainstorming and surveys (i.e.
blaOXA, blaTEM, sul1, sul2, tetW, qnrS, ermB), were indeed highly abundant; while others
ARGs not defined in NEREUS reports should also be considered. These include
aminoglycoside resistance genes- aph(6)id, apH(3'')-ib and aac(6')-ib7 and tetracycline
resistance genes- tetQ, tetW and tetO, which should be considered in future studies
targeting WWTP effluents and downstream environments.
The most hazardous ARG based on NEREUS characterizations were almost never
present in the analysed effluents. The blaOXA-58, blaKPC and blaNDM-1 genes encoding
carbapenem resistance were never detected, and blaOXA-48 was only detected twice (in two
Australian WWTP). Furthermore, the vancomycin resistant gene vanA was detected in a
few of the WWTPs at very low concentrations. While this is reason for cautious optimism
regarding the capacity of WWTPs to disseminate hazardous ARGs, as discussed above,
shotgun metagenomics is less sensitive than qPCR and therefore we cannot rule out the
possibility that these hazardous ARGs are present at low levels.
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2.3. Antibiotic resistance genes in treated sewage and the receiving water
bodies: A pan-European survey

Introduction
The evolution of antibiotic resistance has historically been viewed as a strictly medical
related issue and considered to be exclusively related to the use and misuse of antibiotics
(Levy, 2002). In recent years, the fate of ARGs emitted from WWTP has received
increasing attention (Stoll et al., 2012; Jia et al., 2017; Lorenzo et al., 2018; Sabri et al.,
2018). There is a worldwide consensus on the role that raw municipal wastewater, treated
effluent wastewater, and wastewater sludge play, where environmental bacteria with
genetically different “composition” interact with each other, are reservoirs of ARGs
(Auerbach et al., 2007; Ghosh et al., 2009; Zhang et al., 2009). These are considered to
be hotspots for the evolution and spread of antibiotic resistance (Rizzo et al., 2013; Caucci
et al., 2016; Guo et al., 2017).
Even though treated wastewater effluent contains significantly lower amounts of ARGs
than raw wastewater, various researchers have demonstrated that discharged treated
municipal wastewater can increase the abundance of ARGs in receiving water bodies
(LaPara et al., 2011; Pruden, et al., 2012; Amos et al., 2018). Aquatic environments
downstream of WWTP effluents can eventually become enriched with mobile genetic
elements, such as conjugative plasmids, transposons and integrons (van Hoek et al.,
2011; Di Cesare et al., 2016; Marano and Cytryn, 2017), which represent effective carriers
of ARGs (including multi-resistances). Currently, little is known about the mechanisms
controlling transport, transfer and accumulation of ARGs in these aquatic ecosystems.
Based on published research, we hypothesize that WWTP effluents serve as a source of
ARGs and mobile elements carrying resistance for downstream aquatic environments,
independent from the treatment processes in a specific WWTP, and the country of origin
(Freeman et al., 2018; Karkmann et al., 2018, Liu et al., 2018). Among the screened ARGs
and genetic elements, we find that intl1 the gene encoding integrase of class 1 integrons,
is the most abundant genetic component in both effluents and water environments, relative
to other antibiotic resistance elements that have been screened (Khan et al., 2013; Gillings
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et al., 2015). Nevertheless, studies on a larger geographic scale supporting these findings
are still largely lacking. This is unfortunate, because these studies also clearly suggest
that ARGs as environmental contamination must be monitored in order to generate
information of a quality that can support the establishment of legislative policies
(Berendonk et al. 2015). A large-scale geographic analysis of the levels of ARGs
discharged by different WWTPs and their impact on the receiving rivers is still largely
missing. To obtain such data “a method that can achieve high specificity, based on
targeted detection, rendering reliable and reproducible quantifications and therefore
quantifiable ranges of variation, is the best choice. Real-time quantitative PCR (qPCR) is
currently the best candidate for such an application,” (cited from Rocha et al. 2018).
Consequently,

we

pursued

the

following

objectives:

1) To quantify the concentration of selected ARGs and intI1 in WWTP effluents and the
receiving rivers across Europe (10 participating countries).
2) To identify minimum and maximum values for selected ARGs in WWTPS and rivers in
urban settings.
3) To test the hypothesis that the ARGs concentration of the WWTP effluents will be
diluted significantly by the receiving rivers.
We focused on ten antibiotic resistance determinants, considered to be good indicators of
the resistome of different environments (Berendonk et al., 2015; Rocha et al., 2018).
Among the chosen ARGs were six beta-lactamase genes, a tetracycline and sulfonamide
resistance gene, as well as the plasmid mediated colistin resistance gene mcr-1. The latter
is of particular interest because, to the best of our knowledge, it has only been detected
in treated wastewater by two other groups (Hembach et al., 2017; Lekunberri et al., 2017).
Materials and methods
Sample collection and DNA extraction. Sampling was performed in two different
campaigns. In the first campaign 1 L of composite (24 hours) treated wastewater samples
were collected during three consecutive days (14th, 15th and 16th of October 2014) from 16
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urban WWTP from 10 different European countries (France, Italy, Norway, Portugal,
Germany, Netherlands, Cyprus, Turkey, Austria and United Kingdom) (Table 1).
Table 1 - Characteristics of WWTP sampled in this study.

WWTP code

Country

Size (PE)

Year

Hospitals in
catchment

Inhabitants
served

FR

France

500000

2002

7

350000

IT

Italy

700000

1988

1

250000

NO1

Norway

700000

2008

3

580639

NO2

Norway

150000

2010

2

130000

PT

Portugal

160000

1986

0

73150

DE1

Germany

140000

2001

2

68000

DE2

Germany

740000

2006

8

594000

DE3

Germany

550000

2007

10

550000

DE4

Germany

4500

2013

1

4477

DE5

Germany

440000

2015

3

220000

DE6

Germany

50000

2012

-

-

NL

Netherlands

500000

1991

3

256467

CY

Cyprus

100000

2012

0

27000

UK

United
Kingdom

900000

1950

1

900000
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TR

Turkey

-

2008

5

120000

AT

Austria

42000

2007

1

20000

The second sampling campaign took place 11 months later (8th, 9th and 10th September
2015). Receiving waters corresponding to these WWTP effluents were also sampled as
depicted in Figure 10. Grab samples were taken up- and downstream from the point of
WWTP effluent discharge, when these were accessible. Consequently, due to lack of
accessibility the IT, NO1, CY and DE6 WWTPs were excluded from this sampling. Briefely,
500 ml of water were collected from each of the two banks of the water body and mixed
to obtain a 1L grab sample. The downstream sampling point was extrapolated by
multiplying 10 times the width of the river, this decision was made in order to homogenise
and standardise the sampling method among a large number of participants.

Figure 10 - Schematic sampling strategy.
The samples were transferred in sterile glass bottles to local laboratories, where three 150
mL aliquots were filtered through polycarbonate membrane filters (0.22 μm) and stored at
−20 °C prior to DNA extraction. DNA was extracted from the three filters using the
PowerWater DNA Isolation kit (Mo Bio Laboratories Inc., Carlsbad, CA) according to the
manufacturer’s instructions. Total DNA was recovered in 100 μL of elution buffer,
replicates were pooled to reduce variations in extraction efficiencies and sampling. The
concentration of extracted DNA was measured using a NanoDrop® Spectrophotometer
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ND-1000 (Thermo Scientific, Waldham, USA). The extracted DNA was stored at −20°C
pending further analysis.
Quantification of antibiotic resistance genes. A total of nine resistance genes: blaTEM,
blaOXA48, blaOXA58, blaCTX-M-15, blaCTX-M-32, blaKPC3, sul1, tetM, mcr-1, the 16S rRNA gene and
intI1 gene were quantified. The ARGs conferring resistance to antibiotics of different
classes such as β -lactams, sulphonamides and tetrarcycline were chosen as widely
recognised to be occurring in urban wastewater and widely diffused in water environments
(Szczepanowski et al. 2009; Narciso-Da-Rocha and Manaia 2016). The ARGs, which
encode for broad (blaTEM) and extended-spectrum (blaOXA, blaCTX-M and blaKPC3) βlactamases (ESBLs) were chosen in relation to their ability to confer resistance against an
essential class of antibiotics for the treatment of infectious disease (Graham et al. 2016).
MCR1 is a plasmid-mediated colistin resistance gene and its occurrence and prevalence
in WWTPs and surrounding environments is still largely unknown (Poirel et al. 2016;
Hembach et al. 2017; Lekunberri et al., 2017). The intI1 gene, encoding the class 1
integrons integrase, is abundant in both wastewater and freshwater environments and is
commonly used as an indicator for anthropogenic pollution because of its linkage to gene
cassettes containing genes conferring resistance to antibiotics (Power et al., 2013; Gatica
et al., 2016). The qPCRs were performed in 20 μL volumes on 96-well plates on a
Mastercycler® ep realplex (Eppendorf, Hamburg, Germany) containing 10µl 1x Luna®
Universal qPCR Master Mix (New England Biolabs, Ipswich, USA), 0.5μ L of the
respective primers (stock concentration 10μM), 4 µl of Nuclease-free water and 5μL of
template DNA (2 ng/μL) (Heß et al., 2018). The qPCR cycling conditions were as follows:
95°C for 10 min for DNA polymerase activation followed by 40 cycles of 15 s at 95° C and
1 min at respective temperature for primer annealing and elongation (See Table/supp.
material). A melting curve was obtained to confirm amplification specificity. Reactions
were performed Both samples and standards were analyzed in technical duplicates. Data
analysis was performed by using the Realplex software (Eppendorf AG, Hamburg,
Germany).
The abundance of the above-listed ARGs was quantified via qPCR using different ARGs´
fragments, cloned into plasmid vectors and used as standards. The fragments of 16S
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rRNA, Intl1, sul1 and blaCTX-M-32 were embedded into a single plasmid “pNORM” (Supp.
Inform) designed by Christophe Merlin for the NORMAN project; (www.normannetwork.net) (Stalder et al. 2014; Hembach et al. 2017; Rocha et al., 2018). The rest of
the ARGs were quantified by using, for each of them pUC19 plasmids and corresponding
gene fragment (Heß et al., 2018). Plasmid-DNA was extracted using the QIAprep Spin
Miniprep Kit (Hilden, Germany) and used to generate a standard curve, between 108 and
101 copy numbers, which was used in duplicate in each qPCR run.
Results
Averaged bacterial biomass (measured as 16S rRNA gene copies) was quantified in 16
different European WWTP´s effluents over the two sampling campaigns. Also the
prevalence and relative abundance of nine ARGs, conferring resistance to beta-lactams
(blaTEM, blaOXA48, blaOXA58, blaCTX-M-15, blaCTX-M-32, blaKPC3), sulfonamides (sul1), tetracycline
(tetM) and polymixin (MCR-1) and of the class 1 integrase gene (intI1) were determined.
Effluent samples from the two different sampling campaign showed no significant
difference for each of the screened ARGs (data not shown), and therefore it was decided
to pool the data into a single dataset.
Generally, the variation of the 16S rRNA gene-normalized concentration of the analysed
genetic determinants was consistent over all WWTPs and therefore the relative
concentration of the ARGs could be ranked along the following order, the ranking starts
with the highest relative concentration: intI1 > sul1 > tetM > blaOXA58 > blaTEM > blaOXA48 >
blaCTX-M-32 > MCR-1 > blaCTX-M-15 > blaKPC3. However, it is important to note that BlaOXA48
and blaKPC3 were not detected in all effluents. The overall relative and absolute ARG
concentrations in the effluent did not follow a clear geographical pattern. The samples
from the WWTP in Cyprus always contained the lowest concentrations of ARGs´ in effluent
wastewater, except in the case of blaCTX-M-32. Figure 11 illustrates the median of the
measured relative

concentrations.

Essentially,

the

distribution

of

the relative

concentrations falls into three groups: intI1, sul1, form the group with the highest
concentration; tetM, blaOXA58, blaTEM, blaOXA48 and blaCTX-M-32 form a group with intermediate
concentrations and mcr-1, blaCTX-M-15, blaKPC3 belonged to the group with the lowest
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concentration. Figure 12 shows the spatial overview of the targeted genes in the different
WWTP locations.

Figure 11 - Relative abundance of the monitored antibiotic resistance genes in the
effluents of European WWTP (a) and in the receiving rivers upstream(b) and downstream
(c) of the plant’s discharge sites.

Figure 12 - Spatial overview of ARGs´ concentration in wastewater effluents in Europe.
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In order to identify which parameter might affect the ARGs´ relative abundance in each of
the WWTPs effluents, the collected data were separated into two main groups for each of
the investigated WWTP factors (Nr. of hospital beds in the catchment, nr. of biological
stages, COD concentration, nr. of hospitals in the catchment, latitude, plant size) The
results of the analysis are visualized in Figure 13.

Figure 13 - Relative abundance of ARGs in wastewater treatment plant effluents. Boxes
represent the whole spectrum of considered samples showing an ARGs concentration
above the limit of quantification, LOQ. Circles denote outliers. Performed a two-sample t
test on the log-transformed relative abundances of the two data groups. The boxes are
symmetric around the median on a log-axis (indicating that the condition of normality might
be fulfilled). To reduce the chance of false positives, the obtained p-values were adjusted
using Holm's method. Asterisks indicate statistically significant differences (* p < 0.05; **
p < 0.01; *** p < 0.001).
Most of the analysed factors showed no significant correlation with the relative
concentrations of ARGs. A few exceptions were observed for intl1 and blaTEM, which show
a significant correlation (p < 0.001) to latitude, with a higher relative concentration in
southern countries than northern ones. Additionally, blaTEM was present in significantly (p
< 0.01) higher relative abundances in locations with fewer hospital beds and, together with
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mcr-1, had higher relative abundance (p < 0.05) in effluents with lower COD
concentrations. Finally, intl1 occurred in higher relative abundances in WWTPs with less
than two biological steps in the treatment process. Generally, we detected no clear trend
or pattern for a factor correlating with relative ARG concentrations.
Relative abundance of ARGs in receiving bodies. During the second sampling
campaign, water samples from WWTP effluents and the receiving river upstream and
downstream of the treatment plants' discharge points were collected. The relative and
absolute abundance of the measured ARGs are illustrated in Figures 14 and 15,
repsectively. Interestingly, we observed a similar ranking as for the concentrations of
WWTPs effluent samples, with some variation in the ranking within the above-formulated
groups.

Figure 14 - Relative abundance of screened ARGs upstream, downstream and in the
effluent of each of the investigated WWTP. ARGs are ranked from left to right in ascending
order.
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Figure 15 nicely illustrates the respective relative concentrations, the observed pattern
shows that the concentrations of most WWTP effluents is above the concentration in the
receiving rivers and that the concentration downstream is higher or similar to the
concentrations upstream of the WWTP. A more detailed analysis shows that all the
investigated locations show the same relation between the three sampling points (Effluent
> Downstream >Upstream) for the most abundant analysed components (blaOXA58, sul1,
tetM and intI1). With the exception of WWTPs DE5 and NO2 that do not show any
substantial difference between the three sampling points. IntI1´s normalized abundance
was always higher than all the other screened components in all the locations and in all
sampling points; with the exception of TR and Downstream of NL. In addition, the colistin
resistance gene mcr-1 was detected and quantified in all the investigated effluents, except
for NO2. In the rivers, the gene was detected in seven downstream sites (UK, DE1, DE2,
DE3, DE4, DE5, PT) and four upstream sites (TR, PT, DE5, NL).

Figure 15 - Absolute abundance of the monitored antibiotic resistance genes in the
effluents of European WWTP (a) and in the receiving rivers upstream(b) and downstream
(c) of the plant’s discharge sites
Collectively, the highest relative abundance of antibiotic resistance associated genes in
the effluent samples was observed for intI1 and sul1, followed by tetM, blaOXA58, blaTEM,
blaOXA48, blaCTX-M-32, mcr-1, blaCTX-M-15 and blaKPC3. In more than 50% the analysed rivers,
the concentrations of the downstream ARGs and intI1 exceeded the upstream
concentrations (Table 2), with the exception of blaCTX-M-32. However, this was only
statistically significant for blaOXA58 and sul1 (Table 2). Given that fact that both the river and
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effluent volumes vary strongly between the sampled sites, it is not surprising to find low
significance values for most ARGs. To reduce the variation caused by the different water
volumes we compared the expected ARG concentrations at the downstream site with the
data collected from the upstream point by using a mass balance analysis described by
Eqn.1 (C: Concentration, Q: flow rates, u: Upstream, d: Downstream, e: Effluent).
Cd= (Cu*Qu+Ce*Qe)/(Qu+Qe)
The impact of the WWTP is expressed as the ratio of the ARG´s concentration at the
downstream and the upstream sampling site, respectively (Cd=Cu). The information
obtained by applying the mass balance equation was then plotted against the data
produced via the data set of the sampling campaign. A selected group of analysed WWTP
was used for this analysis, due to lack of hydrological data for some of the water bodies.
This information is shown in Figure 16.
Table 2 - Test for systematically increased ARGs abundances (copies per 100 ml)
downstream of WWTP effluents in comparison to upstream sampling sites.
Gene

Number of
samples (n)

Cases where downstream level
exceeds upstream level (%)

Significance

16S rRNA

31

39

0.65

blaTEM

20

60

0.27

blaCTX-M-32

6

17

0.89

intI1

31

55

0.31

blaOXA48

23

57

0.25

blaOXA58

23

74

p < 0.05

sul1

30

77

p < 0.01

tetM

21

71

0.11

Cases with n < 5 not shown. The p-values refer to a one-sided Wilcoxon signed rank test (null
hypothesis: downstream level is less or equal to upstream level).
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Figure 16 depicts the expected and observed values observed for the targeted genes in
the selected WWTPs. For most genes a reasonable relationship between expected and
observed ARG concentrations, interestingly the biggest error seems to occur because we
have measure higher concentrations than expected and only rarely lower values. Overall,
the Portuguese site (PT) consistently showed for all the screened ARGs the highest
impact of the WWTP on the water body. A high theoretical impact is generally caused by
a high gene load in the effluent compared to the gene load in the river. This could be due
to a high effluent concentration, a high discharge from the plant, or both. A thoroughly
analysis was not possible to be carried out for the ARGs: MCR-1, blaCTX-M-32, blaKPC3 as
their concentration in the natural environment never or rarely reached the limit of
quantification.

Figure 16 - Observed vs expected impact of the treatment plants on the receiving rivers.
Each dot represents a particular plant and sampling date. The vertical dotted line marks
the point of 'no expected impact'. Points on the diagonal indicate a perfect match between
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the observed and expected impact. The diagonal line describes a perfect fit between
expected (calculated) and observed ARG concentration. Values above the diagonal line
show a higher observed (measured) concentration than expected (calculated) and values
below the diagonal line reflect values lower than expected and would illustrate a dilution
effect. WWTPs with a negligible expected impact are to be found close to the vertical
dotted line (Cd=Cu ≈1). Note the different scaling of the sub-figures.
Discussion
This study is among one of the first continental scale study on the investigation on the
effects of human-impacted environments on the abundance and dissemination of ARGs
in inland freshwater bodies. It generated a comprehensive qPCR dataset on clinically
relevant antibiotic resistance-associated genes in WWTP effluents and receiving rivers
throughout Europe. It validates on a pan-European level that sul1 followed intI1 are the
most abundant antibiotic resistance-associated genes in European WWTP effluents,
supporting the notion that these genes are excellent indicators for source tracking of
antibiotic resistance in effluent-impacted aquatic environments (Nardelli et al., 2012;
Gillings et al., 2015). Furthermore, it provides a comprehensive evaluation of clinically
important ARGs in both effluents and receiving rivers and therefore can be used as a
reference for future studies that evaluate these genes in WWTPs and downstream
environments. The normalized abundance of ARGs didn´t exhibit biogeographical
patterns in WWTP effluents. This suggests that it is unlikely that environmental factors,
such as climate or latitude, are driving the structure of ARGs in European WWTP effluents.
Similar results have been documented also by Zhu et al. (2017) in a continent-scale
investigation in sediments. Samples originating from the Cypriot WWTP had the lowest
normalized abundance of ARGs among the investigated plants. This facility applies
membrane bioreactors (MBR) as an advanced treatment technology, which has been
proven to be an efficient process to reduce the concentration of both ARBs (Schwermer
et al., 2017) and ARGs (Kappell et al., 2018). Hospitals are considered as a direct source
of ARGs (Griffiths and Barza, 2014; Hocquet et al., 2016; Szekeres et al., 2017). On the
other hand, our data suggest that the number of hospitals and the number of hospitalized
patients don´t play a significant role in the amount of ARGs that are released from the
37

This article is based upon work from the COST Action ES1403: New and emerging challenges and opportunities in
wastewater reuse (NEREUS), supported by COST (European Cooperation in Science and Technology).

WWTP. Indicating that eventually hospital wastewater might have a relatively low impact,
in terms of ARGs load, on the total amount of wastewater collected from an urban area,
being approximately 0.2 - 2% of the total wastewater flow (Carraro et al., 2016; Buelow et
al., 2018).
Our findings indicate that European WWTP effluents contain ARGs levels that are higher
in relative abundance than the levels found in the surrounding environment. This clearly
refutes our hypothesis that ARGs concentrations in WWTP effluents are diluted. On the
contrary, our results clearly suggest that the impact of the WWTP effluent on the receiving
waters leads to a stabilization of ARGs concentrations or even to an increase of ARGs
concentration in the receiving rivers. Nonetheless, qPCR analysis of certain ARGs can be
plagued by high levels of variation (Rocha et al., 2018) and therefore, robust statistical
analyses need to be performed to validate ARGs results. The study focused on mcr-1, first
detected by Liu et al. (2016) in E. coli isolated from raw meat and Chinese inpatients, it
has since been found in bacterial isolates from pig farms or slaughterhouses in Mexico
(Garza-Ramos et al. 2018), Japan (Kusumoto et al., 2016), USA (McGann et al., 2016),
Vietnam (Nakayama et al 2016), Korea (Yoon et al. 2018) and throughout Europe (El
Garch et al., 2018). The occurrence of mcr-1 in freshwater environments has been
confined to a limited number of researches (Hembach et al., 2017; Lekunberri et al., 2017;
Yang et al., 2018). The most likely explanation for the numerous cases of reported
presence of mcr-1 in this study, in both WWTP effluents and downstream environments,
is that this ARG is widespread among European WWTPs and that, in accordance with
Hembach et al. (2017), it is able to withstand the treatment processes and to be persistent
in downstream environments.
The study of antibiotic resistance in environmental reservoirs has opened new challenges,
mainly related to the definition and understanding of the processes behind the movement
of contaminants in the different environmental matrices (soil, water, sludge etc.) (Keen et
al., 2012). The results of this study and in particular the calculation of the mass balance
could provide a basic understanding of the phenomena of the proliferation of ARGs in the
environment, in order to identify and develop successful management strategies.
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Section 3. Impact and potential risks of antibiotic resistance elements
disseminated from WWTPs
This Section is divided into two parts. Section 3.1 explores the knowns and unknowns
regarding persistence of ARB and ARGs in aquatic and terrestrial environments receiving
WWTP effluents. Section 3.2 reviews the potential risks associated with DNA that is not
associated with bacterial cells (sometimes termed "free DNA"), an area that is widely
unexplored, but that may have substantial impact on dissemination of ARGs from WWTPs
to receiving aquatic and terrestrial environments.

3.1 Elucidating the scope and impact of ARB and ARGs in downstream
environments
A multitude of studies including novel data presented in this report within the framework
of NEREUS WG1 indicates that treated wastewater contains high levels of ARB and
ARGs, and these discharged effluents are subsequently transferred to downstream
aquatic and terrestrial environments (Rizzo et al., 2013). However, the scope, magnitude
and dynamics of this phenomenon and how it potentially contributes to the global scope
of antibiotic resistance are not well understood. In this section we overview the state-ofthe-art regarding persistence of ARB and ARG in effluent receiving environments. The
NEREUS "Blue Circle Society" is in the process of compiling a review paper
regarding persistence of ARB and ARGs in effluent receiving environments, which
will elaborate on the data presented here.
A major challenge that currently restricts holistic understanding of the above phenomenon
on a more global basis stems from the high diversity of genes and bacteria targeted in
different studies. The application of harmonized culture- and qPCR-based approaches
can be imperative for assessing ARB and ARGs in these environments (see Sections 2.1
and 2.3). Application of shotgun metagenomics studies (see Section 2.2) with high
sequencing depth may circumvent the issue of "what genes to target", and examples of
these are presented below, but application of this method requires high sequencing depth
and exhaustive data analysis to comprehensively assess ARGs.
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Generally, conditions present in receiving environments are significantly different then in
wastewater treatment plants. Therefore, when evaluating the dynamics of effluentsderived ARB and ARGs in downstream environments, it is crucial to apply a holistic
approach that takes into consideration both abiotic (temperature, moisture, pH, radiation,
salinity) and biotic (predation, competition and viral infection) features of the receiving
environments (soil, sediment, freshwater, saltwater etc.). The capacity of effluent-derived
bacteria to persist and of ARGs to be horizontally-transferred is thus dictated by the
complex interactions between these elements and the receiving environment.
Impact of effluent discharge to rivers and lakes
When evaluating ARB and ARGs dissemination in aquatic environments, we can define
three specific ecosystems: the aqueous (dissolved) fraction of the water body, suspended
particulate matter within the water column and the sediment. Each of these environments
have unique physicochemical and biological characteristics and thus the persistence of
ARB and ARG can vary significantly depending on which fraction is analysed. This was
recently demonstrated by (Heß et al., 2018) who found compared the antibiotic resistance
profiles of E. coli isolates and the relative abundance of ARGs in a stream sediment to
that of the stream water column. While no significant difference was observed in the
resistome of the E. coli isolates, there was a higher relative abundance of ARGs in the
sediment vs. the water column, suggesting that the sediment may serve as a reservoir of
ARGs.
The physical characteristics of the receiving body such as flow velocity, depth, substrate
characteristics, dissolved organic matter and light penetration can significantly influence
ARB and ARG dissemination and persistence (LaPara et al., 2015). One aspect that
needs to be considered when targeting ARGs using qPCR, is illustrated in a recent study
of a river water column in Nova Scotia, Canada. While the authors found that ARG
abundance was generally significantly higher downstream from a tertiary WWTP relative
to the relatively pristine upstream environment, they found that (i) there were major
differences in the persistence of specific ARGs, and (ii) many ARGs are detectable in nonimpacted environments. This highlights that fact that when source tracking WWTP-derived
ARGs in downstream environments we need to identify genes that are specifically40
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associated with WWTPs and profile "upstream/control environments" to evaluate the
relative contribution of the WWTP effluents to the targeted aquatic ecosystem (McConnell
et al., 2018).
One approach to the question of "what to target" in downstream environments is to focus
on hazardous ARB and ARGs (see NEREUS Deliverable 2 and Section 2 of this report)
that are generally strongly associated with anthropogenic activity. A recent study
evaluated the scope of antibiotic resistance and virulence phenotypes in opportunistic
pathogen Aeromonas spp. isolated upstream in effluents and downstream from a
municipal WWTP (Harnisz and Korzeniewska, 2018). Results showed higher levels of
resistant and multidrug resistant strains in the downstream vs. upstream samples with
higher resemblance of the downstream strains to those from the wastewater effluent.
Similarly, a recent study in specifically elucidated the loads of two highly hazardous ARGs
(mcr-1, and blaNDM-1 in the water column of the Yangtze River in China at various points
downstream from a municipal WWTP (Wang et al., 2019). The authors reported that these
ARGs were correlated to various water column characteristics including organic load,
nitrogen and turbidity. However, there was not a clear indication of how far these genes
were disseminated and which hosts they were associated with. The mcr-1 gene was
similarly detected in WWTP effluents and effluent-receiving river water in specific WWTPs
throughout Europe in the NORMAN survey described in Section 2.3 above. These two
genes are strongly associated with multidrug resistance in clinical pathogens and their
detection in effluents and the environment merit concern.
Contrary to the targeted approach described above, recent studies have applied shotgun
metagenomics to acquire a more conclusive evaluation of how effluents affect
downstream aquatic environments (Chu et al., 2018; Lekunberri et al., 2018). Using an
exhaustive shotgun metagenomic approach to assess the resistome of a river in Spain,
Lekunberri et al. (2018) found substantially higher levels of both ARGs and markers of
mobile genetic elements (MGEs) (integron integrases and ISCR elements) in samples
downstream from a WWTP compared to those upstream of the plant. These genes were
strongly correlated to genetic signatures of bacteria affiliated with families encompassing
well-known human and animal pathogens (Lekunberri et al., 2018). Chu et al. (2018),
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applied a similar metagenomic approach to characterize ARGs and bacteria in sediments
from Lake Michigan, USA at different distances from WWTP effluent discharge points.
They determined that the sediment ARG profile closer to the effluent discharge was more
similar to that of the effluent than the sediments that were further away, indicating that
these genes are of WWTP origin. Furthermore, they found that many of the sediment
ARGs proximal to the point of discharge were associated with MGEs, indicating a relatively
broad propensity for horizontal gene transfer (Chu et al., 2018).
The scope of sampling sites and times and the quality of an experimental setup are critical
for elucidating the impacts of wastewater effluents on the resistome of downstream
environments, and comprehensive experiments can often reveal trends that are not
apparent from single site sampling. For example, Czekalski et al. (2015) assessed the
abundance of ARGs in water columns of 21 Swiss lakes at points that were not directly
influenced by effluents. The authors were able to identify specific ARGs that were profuse
in lakes that received WWTP effluent discharge but not in lakes not affected by WWTPs.
Despite the broad base of evidence indicating that ARB and ARGs levels in receiving
aquatic bodies are strongly influenced by WWTP effluents, there are still questions
regarding the scope of this phenomenon and the factors that dictate its magnitude. In a
study that assessed the impact of multiple WWTP effluent entries in the Upper Mississippi
River, USA, on ARG abundance in the water column, the authors found that despite the
fact that the wastewater effluents contained 75- to 831-fold higher levels of ARGs than the
upstream river water; the quantities of ARGs did not increase with downstream distance.
Plasmids from the incompatibility group A/C were detected at low levels in
the wastewater effluents but not in the river water, suggesting low potential for HGT. Using
modelling, the authors inferred that this phenomenon was primarily due to the high flow
rate of the river occurring in the river; but also concluded that environmental factors were
also responsible for the reduction in detectable ARG (LaPara et al., 2015). Eckert et al.
(2018) recently suggested that abiotic factors and the food-web structure determine the
survival of specific bacterial genotypes in lakes and thus the resistance genes they
harbour (Eckert et al., 2018). Indeed, a recent study (Marano et al., unpublished) found
that reservoirs receiving both secondary and tertiary effluents significantly reduced both
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ARG and faecal coliform loads. Thus, a growing body of work suggests an important role
of ecological interactions in the persistence or elimination of such genes from the
environment (see below).
Impact of reclaimed wastewater irrigation on the soil resistome
Irrigation with reclaimed wastewater is a widespread practice in arid and semi-arid regions
in Europe and around the world, which will inevitably expand with growing populations and
the impacts of climate change. This raises serious questions regarding the dissemination
of antibiotics, ARB and ARGs in soil and irrigated produce, which may contribute to
antibiotic resistance (Christou et al., 2017). Several studies have indicated a potential
contribution of sewage sludge application on ARB and ARGs dissemination in soil (Chen
et al., 2016), but there are relatively few studies that have assessed the impact of irrigation
using reclaimed wastewater and these have contradicting results (Gatica and Cytryn,
2013).
A comprehensive study that targeted parks in Australia found a significant increase in
ARGs abundance and a shift in ARGs composition in reclaimed wastewater irrigated vs.
groundwater irrigated soils. This included increase in the relative abundance of genes
encoding KPC and IMP-2 β-lactamases, which have been defined by NEREUS WG1 as
hazardous ARGs (Han et al., 2016). In contrast, other studies have found little or no
contribution of reclaimed wastewater irrigation to ARB and ARG abundance in soil when
compared to freshwater irrigation (Negreanu et al., 2012; Gatica et al., 2016). A recent
study that screened selected ARGs and intI1 in commercial reclaimed irrigated fields from
across Israel (Marano et al., unpublished) supported these findings. Interesting, despite
large quantities of genes encoding OXA-10 and GES β-lactamases in many of the
reclaimed irrigation water, these genes were always below detection limits the irrigated
soils. While it is often difficult to determine the factors that dictate the observed
dissemination of ARGs and ARBs in the irrigated soils, we believe that it may be strongly
linked to the ecosystem functioning of the soil (Bardgett and Van Der Putten, 2014).
Nonetheless, when interpreting qPCR-based ARG levels in soil, it is vital to consider a
recent study that determined that due to DNA extraction procedures and other factors, the
levels of quantification are often extremely high and therefore ARG accumulation in soils
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may only be noticeable at very high levels (Fortunato et al., 2018). This means that
although genes may not be detected, they still may be present in soils at epidemiologically
relevant concentrations.

3.2. Elucidating the scope, persistence and horizontal gene transfer potential
of DNA that is not associated with viable bacterial cells - in wastewater
effluents and downstream environments.
The dissemination of ARB and ARGs in effluent-impacted environments is a question of
concern when considering the safety aspects of reclaimed water (Hong et al., 2018). With
this respect, the efficiency of the processes implemented for treating effluents has been
assessed by various technics lying either on the cultivability of ARB or molecular
approaches to estimate the abundance of ARGs. As a matter of fact, one cannot fully be
taken for the other, simply because ARGs are not always associated with cultivable ARB
(Figure 17). On the one hand, cell-associated ARGs can reside in bacteria that are noncultivable (lack of proper culture medium, or “viable but non cultivable state”, or dead
cells). On the other hand, there is also a non-negligible amount of ARGs that are carried
by cell-free DNA (free DNA, bacteriophage-associated DNA, membrane vesicleassociated DNA). This raises two interconnected questions with respect to water reuse
and associated water treatment processes. (i) Can reclaimed water be considered safe
enough when a treatment process leads to an undetectable level of ARB while ARGs are
still quantifiable? Actually this will depend on the ability of the former ARB to revive, but
also on the fate of cell-free associated DNA, which leads to the second question. (ii) What
is the dynamics of ARGs associated to cell-free DNA, and what is the risk of this cell-free
ARGs/DNA to be captured and expressed by living bacteria? In the following sections,
three main mechanisms leading to cell-free DNA and recapture by living bacteria will be
discussed, namely natural transformation of bacteria with free DNA, transduction by
bacteriophages, and DNA transfer by membrane vesicles. Each mechanism has the
potential to promote the horizontal gene transfer (HGT) of ARGs to recipient bacteria
through independent pathways. The frequency of these HGT events is strongly dependent
on the cell-free DNA concentration, host physiology and local environmental conditions.
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Figure 17 - Forms and origins of quantified ARGs.

Membrane vesicle-mediated gene transfer
The formation of membrane vesicles (MV) by bacteria has received increasing attention
in the past decade, as they seem to be largely involved in the transport of a myriad of
biomolecules between bacteria (Grüll et al., 2018). Several types of membrane vesicles
can be distinguished. In Gram-negative bacteria, budding of the outer membrane (OM)
results in the formation of 10-300 nm wide outer membrane vesicles (OMV) trapping
periplasmic materials. Several non-exclusive mechanisms have been proposed to explain
OMV formation as consequences of local OM shape alterations (Gaudin et al., 2013;
Toyofuku et al., 2015): lack of linkage between OM and peptidoglycan, accumulation of
OM proteins, turgor pressure, OM rigidity by accumulation saturated fatty acids, anionic
charge repulsion between saccharide chains of lipopolysaccharides (LPS), wrong
localization of phospholipids in the outer layer of OM (instead of LPS), insertion of
amphiphilic molecules in the OM (e.g. quinolones). Sometimes, plasma membranes are
dragged along during OM budding, thus leading to double layered vesicles (outer-inner
membrane vesicles or O-IMV) with cytoplasmic content, including DNA (Pérez-Cruz et al.,
2015). MVs with cytoplasmic content are also produced by Gram-positive bacteria as a
consequence of localized cell wall damage and the concomitant action of the turgor
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pressure, and by Archaea (Gaudin et al., 2013; Toyofuku et al., 2017). Interestingly, the
size and the relative amount of MVs tend to increase in antibiotic-stressed environments
(up to two orders of magnitude (Fulsundar et al., 2014; Devos et al., 2017). Antibiotics
may directly destabilize the OM thus leading to an increased OM budding, but periplasmic
actors involved in the relocation of wrongly positioned phospholipids have also been
suspected (Roier et al., 2016).
Several important functions, fortuitous or not, have been attributed to bacterial MVs
(Toyofuku et al., 2015). Physically, MVs appear as a major components of biofilm matrices
(Schooling and Beveridge, 2006), they can be involved in bacterial cell protection by
adsorbing antimicrobial agents (e.g. bacteriophages, antimicrobial molecules). However,
they seem to fulfill multiple roles depending on the kind of biological material they trap,
including: cell-cell communication (transport of signaling molecules), virulence (transport
of toxins), electron transfer (transport of redox-active proteins) and finally horizontal gene
transfer (transport of DNA) (Toyofuku et al., 2017; Grüll et al., 2018). Concerning the last
point, the size distribution of MV-packaged DNA ranges from a few base pairs to several
dozen kilobases depending on the species and its physiological state (Biller et al., 2017;
Bitto et al., 2017). Because the carried DNA exhibits a respectable size, HGT mediated
by MVs has been suggested repeatedly, but its demonstration remains relatively sporadic.
Using immunolabelling, Fulsundar et al. (Fulsundar et al., 2014) demonstrated that
bacterial DNA can enter MVs, be transported, and physically delivered to recipient cells.
As such the gene transfer process proposed resemble some kind of MV-assisted
transformation. Several studies reported on MV-mediated transfer of chromosomal and
plasmid DNA between either Gram-negative bacteria, Gram positive bacteria or Archaea,
and even from bacteria to the nuclear fraction of eukaryotic cells (Bitto et al., 2017). But,
in all cases, gene transfers were assayed in pure cultures and both the environmental
dimension and the frequency of the phenomenon remain unexplored (Domingues and
Nielsen, 2017).
To the best of our knowledge, the global occurrence of ARGs in environmental MVs is a
subject that is largely unexplored, and even less is known regarding MVs in WWTP
effluents or in effluent-impacted downstream environments (i.e. aquatic environments or
effluent irrigated soil). This probably comes from technical challenges of separating MVs
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from bacteriophages as they share common properties for isolation (Biller et al., 2017).
On the other hand, this also raises the question of the accuracy of what was once
attributed to bacteriophages. However, it can be taken for granted that (i) MVs are
produced by numerous bacteria, (ii) MVs can transport any kind of DNA and this should
include ARGs, (iii) with a membrane fusion-based mechanisms for MV-assisted DNA
transformation no taxonomic limitation are expected regarding the DNA uptake process,
(iv) maintaining the acquired DNA in bacterial cell is likely to meet the same limitations as
for natural transformation (see below), (v) the budding process is favored in antibioticstress environments. Putting these observations together, the implication of MVs in the
dissemination of ARGs in WWTP and downstream environments is likely but its incidence
remains to be elucidated. With this respect, structures once known as “biological colloids”
or “liposomes-like biogenic materials”, probably MVs, have already been described in
wastewater effluents and sometime reported to affect the operation and the quality of
treatment processes such as membrane fouling in ultrafiltration (Song et al., 2010; Barry
et al., 2014; Toyofuku et al., 2015). Second, considering that WWTP combines both MV
forming bacteria and stressing molecules (e.g. antibiotics), it is of prime importance to
determine: (i) whether the induction of MV formation can occur during the wastewater
treatment processes, (ii) where in the wastewater treatment process MV formation occurs,
and (iii) whether a given advanced treatment process (and which one) could eliminate or
retain MVs in the final effluents.

Horizontal gene transfer by natural transformation in wastewater and soils
Natural transformation may be defined as the physiologically regulated uptake of
extracellular DNA (exDNA), plasmid or chromosomal, into transformation-competent
bacteria, i.e. bacteria that have reached the state of natural competence (Nielsen and Van
Elsas, 2018). The DNA uptake process either utilizes distinct species-specific uptake
sequences (e.g. Neisseria sp, Haemophilus sp etc.) or is independent of the sequence
(e.g. Streptococcus sp.) (Nielsen and Van Elsas, 2018). In both cases, efficient
transformation depends on sequence similarity between incoming linear and
chromosomal recipient DNA for facilitating homologous recombination (Lorenz and
Wackernagel, 1994). The efficiency of recombination decreases in a log-linear relationship
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with increasing sequence divergence between potential DNA partner molecules (Ray et
al., 2009) dropping usually below the limit of detection if sequence identity is below approx.
75% (Townsend et al., 2003). Two additional recombination processes relevant for natural
transformation, homology facilitated illegitimate recombination (HFIR) (de Vries and
Wackernagel, 2002) and short patch double illegitimate recombination (SPDIR) (Harms et
al., 2016), with more relaxed requirements concerning sequence identity have been
identified. These illegitimate recombination processes are not supposed to occur at a
significant rate in natural bacterial populations (Nielsen and Van Elsas, 2018). However,
HFIR is thought to play a decisive role during the formation of mosaic antibiotic resistance
genes (Woegerbauer et al., 2015). Natural transformation does not require physical
contact between donor and recipient bacteria but allows large tempo-spatial separation
between source and recipient of genetic information and is exclusively regulated by the
recipient cell (Johnston et al., 2014).
Only a limited number of bacterial species (approx. 130 (Woegerbauer et al., 2015);
including important human and animal pathogens like Streptococcus spp., Neisseria,
Haemophilus and Moraxella spp.) has been characterized as able to develop competence
under naturally occurring environmental conditions (Johnston et al., 2014). The identified
taxa cover a broad phylogenetic range comprising Archaea, Actinobacteria, Firmicutes,
Cyanobacteria, Bacteroidetes, alpha-, beta-, gamma- and epsilion-Protobacteria and
comprise explicitly soil bacteria like Acinetobacter baylyi, Bradyrhizobium sp.,
Sinorhizobium sp., Agrobacterium sp. and significant plant-specific pathogens like
Ralstonia solanaceae and Xylella fastidiosa (Woegerbauer et al., 2015).
ARGs are prevalent in wastewater treatment plants (Reinthaler et al., 2003; da Costa et
al., 2006; Auerbach et al., 2007; Novo and Manaia, 2010; Munir et al., 2011; Yuan et al.,
2014) and in their effluents (Liu et al., 2018). Initially attributed to intracellular ARGs it was
demonstrated that ARGs encoded on fragments of free exDNA persist throughout different
wastewater treatment plant compartments (ranging between 1 – 16 ng/ml) and resistanceencoding exDNA is present in substantial amounts even in purified discharged effluents
(Zhang et al., 2018). Although several research groups have reported that WWTPs reduce
ARG loads by up to 3 orders of magnitude (Auerbach et al., 2007; Zhang et al., 2009;
Munir et al., 2011), 105 – 109 copies of ARGs per liter of effluent are generally discharged
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(Gao et al., 2012), which can foster the spread of antibiotic resistance in receiving
environments (Proia et al., 2016). It is not clear if the currently applied effluent disinfection
procedures are sufficient to reduce the load of ARGs adequately (Zhang et al., 2018).
Extracellular DNA appears to be only marginally degraded during conventional
wastewater treatment processes and shows a low decay rate (Zhang et al., 2018). A 25day storage period appeared to increase the ARG concentration in the biologically treated
and disinfected effluent (Liu et al., 2018; Zhang et al., 2018). It is supposed that upon entry
into the wastewater environment a fraction of free exDNA adsorbs to particulate material,
which renders it inaccessible to nuclease activities (similar to processes in soil
environments). Actively excreted exDNA is a core structural component of bacterial
biofilms especially in activated sludge (Dominiak et al., 2011). A high abundance of
extracellular ARGs, between 1.7 x 103 to 4.2 x 108 copies per gram of dry weight, have
been observed in sludge (Zhang et al., 2013).
During aerobic granulation, exDNA induces microbial aggregation on sludge colloids
(Xiong and Liu, 2012). Exposure to sub-inhibitory concentrations of antibiotics – a situation
commonly encountered in communal wastewater environments – leads to an overall
increase in antibiotic resistance accompanied with higher amounts of exDNA present in
the respective ecosystem (Johnson et al,. 2013; Lewenza, 2013; Doroshenko et al., 2014;
Hathroubi et al. 2015; Schilcher et al., 2016). Besides its structural role, exDNA is an
important source of genetic information fueling HGT via natural transformation especially
in biofilms (Wang et al., 2002; Merod and Wuertz, 2014). Biofilms are characterized by
high cell densities, which facilitate the formations of hot spots for genetic recombination
and HGT and foster the development of genetic competence (Zhang et al., 2018).
Natural transformation of highly competent E. coli laboratory stains in freshwater
environments was reported (Baur et al., 1996). Similar results were obtained with wildtype E. coli strains of clinical origin (Woegerbauer et al., 2002). Natural transformation in
marine environments (water column and sediments) has also been previously
documented (Stewart and Sinigalliano, 1990; Paul et al., 1991; Lorenz and Wackernagel,
1994). While natural transformation in wastewater environments is believed to occur,
information on naturally occurring transformation and parameters which may induce
competence of bacteria in the respective habitats are scare.
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In the context of wastewater reuse, agricultural soils are prominent downstream
environments primarily exposed to ARGs encoded on free extracellular DNA from
reclaimed wastewater used for irrigation purposes. As one of the limiting factors for
efficient transformation of competent bacteria in soil environments, a limitation in the
availability of free exDNA was proposed (Nielsen and Van Elsas, 2018). However, the
situation is unclear as fragments of exDNA show long-term persistence (several years) in
soil and other natural environments (Overballe-Petersen et al., 2013), and despite
adsorption to soil particles exDNA is capable to transform competent cells in these
environments (Romanowski et al., 1993; Thomas and Nielsen, 2005; Morrissey et al.,
2015).
HGT by natural bacterial transformation in soils is assumed to be an infrequent process
(Nielsen et al., 1998; Pietramellara et al., 2006; Pietramellara et al., 2007). But there are
indications that this is an inappropriate underestimation due to the substantial number of
non-cultivable soil bacteria that may be able to develop competence (Pietramellara et al.,
2009), and the fact that many transformation events in natural environments remain
undetected due an absence of a distinct newly expressed phenotype. Although it could be
shown that mobile genetic elements are efficiently disseminated by natural transformation
(Domingues et al., 2012), conjugation is still perceived as the key mechanism of HGT in
soil (van Elsas et al., 2003, Heuer and Smalla, 2012, Zhang et al., 2014). As hot spots for
HGT in soil, the rhizosphere (van Elsas et al., 2003) and the mycosphere (Zhang et al.,
2014) – nutritionally rich habitats with high bacterial densities - have been identified. There
are still substantial knowledge gaps relating to the impact assessment of HGT in soil
concerning the genetic diversity of soil microbiomes, their biological functions, the spatial
and temporal variability of natural selection, the genuine stochastic nature of gene
acquisition and bacterial survival and dispersal in the relevant habitats (Nielsen and Van
Elsas, 2018). There is currently no published information available on the relative
importance of transformation compared to conjugation and transduction in naturally
occurring soil bacterial populations (Nielsen and Van Elsas, 2018).
The following conclusions on the relevance of natural transformation and the spread of
reclaimed wastewater-borne ARGs encoded on free exDNA can be drawn (Nielsen and
Van Elsas, 2018): Environmental conditions in soil averse to bacterial growth and
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proliferation are expected to be the rule rather than the exception. HGT via transformation,
however, may occur in the absence of host cell proliferation. There is still a substantial
lack of thorough understanding of the real, microhabitat-specific, impact of these
processes in relation to the selective forces that operate in these ecological niches.
Bioinformatics analyses of soil metagenomes provide strong evidence for the importance
of HGT for bacterial biodiversity in natural soil habitats. It must be stressed that the impact
and long-term effects of natural transformation - which is considered a rare event in soil
environments – is not determined by the frequency of the event but by selection (Nielsen
and Townsend 2004; Townsend et al., 2012; Nielsen et al., 2014). Stochastic survival,
dissemination and natural selection will determine the outcome of natural transformation
(Nielsen and Van Elsas, 2018). The relative contribution of natural transformation to the
dissemination of ARGs in the various compartments of a wastewater treatment plant
compared to conjugation and transduction is also unclear. Due to these knowledge gaps
and a certain lack of relevant empirical data additional studies in these area of research
are warranted.

Phage-mediated transfer of DNA
Transduction is a HGT mechanism involving bacterial viruses, i.e. bacteriophages (or
phages), a class of microorganisms that have been reported to be the most abundant on
Earth (1030 - 1032 phages vs. 1029 - 1031 bacteria) (Chibani-Chennoufi et al., 2004; Brabban
et al., 2005). After their injection into a bacterial cell, phage genomes can either
immediately enter into an active replicative state, leading to the production of new phages
(lytic state), or eventually enter into a dormancy state (lysogenic state). The latter case is
restricted to temperate bacteriophages, which integrate into the host genome as a
prophage. There are two distinct mechanisms of transduction. The “generalized
transduction”, mediated by either lytic or temperate (lysogenic) phages, allows transferring
any part of a bacterial genome form one bacteria to another, by accidentally
packaging/encapsidating bacterial DNA fragments instead of the phage genome. On the
other hand, the “specialized transduction”, solely mediated by temperate phages, leads to
the HGT of the few bacterial genes located in the vicinity of the prophage insertion sites
in the bacterial genome. Here, the inaccurate excision of prophage DNA leads to the
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formation of chimerical prophage-bacterial DNA molecules that are encapsidated in the
newly formed virions. Even when virions solely contain bacterial DNA, they retain their
"nucleic acid syringe" function and allow the packaged bacterial DNA to be injected into a
new recipient bacterium (Calendar, 2012). A successful gene transduction event requires
the injected DNA, or a part of it, to be integrated into the bacterial host genome in order to
be maintained and expressed. Linear bacterial DNA fragments can be integrated in the
new host genome thanks to its homologous or illegitimate recombination machinery,
whereas transduced MGEs such as transposons or plasmids can ensure their
maintenance by transposition or self-replication, respectively (Berg et al., 1983; Jiang and
Paul, 1998; Calendar, 2012). It is worth noting that gene transfer can also be mediated by
phage-resembling particles encoded by bacterial chromosomes, called Gene Transfer
Agents or GTAs (Grüll et al., 2018).
Although HGT mediated by either infectious phages or GTAs have been well studied in
vitro, their propensity to occur in natural environments remain to be fully elucidated (von
Wintersdorff et al., 2016; Balcázar, 2018; Grüll et al., 2018). Metagenomic or qPCR-based
studies investigating the content of phages/GTAs purified from natural environments
impacted by human activities (river waters, sediments, soils) (Muniesa et al. 2013; Ross
and Topp 2015; Colombo et al., 2016; Calero-Cáceres et al., 2017; Lekunberri et al., 2017;
Larrañaga et al., 2018;), or from animal/Human feces and wastewater treatment plant
sludge and effluents (Modi et al., 2013; Muniesa et al., 2013; Calero-Cáceres et al., 2014;
Brown-Jaque et al., 2018; Wang et al., 2018), have shown that both particles often carried
ARGs. However, a recent work based on database mining has shown that phage
genomes rarely encode ARGs by themselves (Enault et al., 2017). This suggests that the
ARG content detected in environmental phages/GTAs mainly consist of bacterial DNA
fragments containing ARGs. Although important for maintaining the transduced DNA in
the new host, to date, the association of such transduced ARGs with MGEs has only be
described in recent works (Yang et al., 2018).
Many environmental stressors, anthropogenic or not, have been demonstrated to be
inducers of the proliferation of phages DNA within environmental microbial communities.
These stressors are often of chemical nature: genotoxic compounds (including some
antibiotics), metallic trace elements (Cu2+, Cd2+, etc.), polycyclic aromatic hydrocarbons
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(phenanthrene, pyrene, ...), polychlorinated biphenyls or pesticides (Danovaro et al.,
2003; Lee et al., 2006; Allen et al., 2010); but can also be of physico-chemical nature when
temperature increase, UV radiation, Ca2+ depletion or inorganic phosphate enrichment
(eutrophication) are concerned (Danovaro et al., 2003; Yue et al., 2012; Colomer-Lluch et
al., 2014). These stressors are commonly encountered in wastewater treatment plants, as
pollutants or as disinfection processes, and in the environments in which treated/untreated
wastewater are discharged. Therefore, studying the ARG content of phages/GTAs
released from wastewater treatment facilities is of particular interest, to identify specific
pollutants and processes favoring the formation of transducing particles, and evaluating
the role of phages/GTAs in the dissemination of ARGs in the downstream environments
(Calero-Cáceres et al., 2014).
Considering that environmental phages/GTAs are relatively abundant and that they are
likely to mobilize ARGs, it is strongly assumed that they would play a significant role in the
environmental dissemination of ARGs/MGEs. With this respect, a few studies suggest that
transduction events indeed happen in these environments, especially when impacted by
human activities (Kenzaka et al., 2007; Ross and Topp; 2015, Shousha et al., 2015).
Unfortunately, as discussed in (Ross and Topp, 2015), the effective transfer of a specific
ARG has never been formally shown to date in environmental setting. Consequently, the
real chances of success of the transduction of ARGs, i.e. their stable integration into the
genome of a recipient bacterium after being injected into the cell, have never been
explored and the global propensity of the phenomenon to occur in the environment
remains to be assessed quantitatively.

Concluding remarks
It is well understood that HGT plays a significant role in the dissemination of ARGs in
bacterial communities. To date, efforts have primarily focused on elucidating HGT events
promoted by MGEs, especially conjugative elements, which rely on direct cell-to-cell
contacts. However, as described above, HGT can also occur by alternative mechanisms
comprising transduction, transformation and membrane vesicle-assisted transformation,
for which the transfer of DNA can take place distantly from the donor host in time and
53

This article is based upon work from the COST Action ES1403: New and emerging challenges and opportunities in
wastewater reuse (NEREUS), supported by COST (European Cooperation in Science and Technology).

space. This is particularly worrying in the context of wastewater reuse because
conventional estimation of effluent quality based on the reduction of ARB will be of no help
to estimate the occurrence of ARGs in free exDNA (solvated or associated to particles),
and/or phage, and/or vesicle fractions. According to sporadic observation, the abundance
of ARGs in all of these fractions tends to increase in anthropogenically stressed
environments. This is the case for WWTPs, which receive both ARB and antibiotics that
have been reported to increase vesicle formation or phage production at sublethal
concentrations. At present, there is an obvious lack of empirical evidence assessing the
type and extent of cell-free DNAs in the environment and their persistence in various
WWTP processes. This results from the fact that most emphasis has been given to HGT
by “conventional” MGEs and little case has been given to HGT by cell-free DNA.
Considering the potentially high risk of ARGs dissemination by means of cell-free DNAs,
there is an urgent need to assess both the persistence of such cell-free DNAs and the
efficiency of the cognate HGT mechanisms along wastewater reuse processes, to limit the
dissemination of ARGs and preserve the downstream food chain and water cycles from
being exposed.

Section 4. Measures to minimize adverse effects of antibiotic resistance
Minimizing the adverse effects of antibiotic resistance can only be achieved by a concerted
effort that combines several measures in tandem. The following sections elaborate on two
approaches for mitigating antibiotic resistance in wastewater effluent-impacted
environments. Section 4.1 describes concerted national and international efforts that are
currently being implemented to reduce the use of antibiotics and how these initiatives are
reducing antibiotic resistance. Section 4.2 specifically focuses on a systematic review on
solutions to control the spread of antimicrobial resistance in the environment, which was
compiled within the framework of an interdisciplinary French initiative coined SCARE.
While a vast array of wastewater treatment technologies strongly reduce both ARB and
ARGs levels, these engineering-based solutions are the focus of NEREUS Working Group
4 and are therefore not discussed here. Conversely, there is increasing evidence that
abiotic and biotic elements in natural environments can be barriers to the dissemination
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of antibiotic resistance and these can be exploited to mitigate antibiotic resistance. These
"ecological barriers" are discussed in Section 4.3. While this approach may not be
absolute, it may be especially relevant in rural or developing regions.

4.1. Reducing the upstream consumption of antibiotics on the downstream
environment
The emergence and dissemination of antibiotic resistance is now understood as an
unavoidable aspect of bacterial evolution following the consumption of antibiotics
(Courvalin, 2005) that is well illustrated by the relationship existing between occurrence of
resistance and antibiotic consumption (Furuya and Lowy 2006; Davies, 2007; Davies and
Davies 2010). Mechanistically speaking, the increasing occurrence of ARBs has been
mostly attributed to the selection of resistant variants that pre-exist in susceptible
communities (Andersson and Hughes, 2014). Such resistant bacteria are supposedly
outcompeting the rest of the microbial communities in a context where antibiotics are
administrated at relatively high levels, resulting in local concentrations well over the MICs.
Despite the fact that the increasing occurrence of antibiotic resistances among bacteria
has been recognized decades ago as resulting from antimicrobial drug consumption, only
recently has the seriousness of the situation been considered by international, national
and local health organizations/agencies. This awareness led to series of reports and
recommendations intending to educate and improve practices of health professionals and
consumers, in order to preserve the effectiveness of our therapeutic potential (Europe,
2004; Ministère du Travail, 2016). Considering the correlation between antibiotic
consumption and occurrence of resistances in bacteria (Davies, 2007), most
recommendations proposed to take action in the public health and veterinary/farming
domains by limiting the inappropriate exposure of bacteria to antibiotics in order to slow
down a natural evolution toward resistance (WHO, 2015, 2017).
Even if there is a great disparity between countries regarding the consumption of
antibiotics

(https://ecdc.europa.eu/en/publications-data/antimicrobial-consumption-

annual-epidemiological-report-2017), change in practice remains difficult to implement
when public health is concerned. In any case, taking action to reduce antibiotic resistance
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requires a coordinated and multi-sectorial approach combining political commitment,
resources, specific governance mechanisms, and practical managements, as recently
reported

by

the

WHO

(www.who.int/antimicrobial-

resistance/publications/workingpaper1multisectoralcoordinationAMR/en/). In its 2018
reports, the ECDC indicated that the overall consumption of antimicrobials in the EU did
not significantly change in the community and the hospital sectors, while a few decreasing
and increasing trends were observed for some countries over the 2013-2017 period.
Changes in consumption were probably more visible in veterinary medicine. In a reports
covering the 2011-2016 period on veterinary antimicrobials sale, the ESVAC related an
overall

decrease

of

20%

aggregated

for

25

countries

(https://www.ema.europa.eu/documents/report/sales-veterinary-antimicrobial-agents-30european-countries-2016-trends-2010-2016-eighth-esvac_en.pdf). This was tentatively
explained by the implementation of policies and measures aiming at reducing the misuse
of antibiotics. Even if the studied period is too short yet to draw robust conclusion, the first
effects of such responsible-use campaigns start to be visible. In France for instance, an
unprecedented plan to reduce the antibiotic consumption in the animal sector has been
initiated (French national plan “Ecoantibio”, http://agriculture.gouv.fr/le-plan-ecoantibio-22017-2021). This led to a drastic 39% reduction of antibiotic prescription in veterinary
medicine in 6 years, all animals considered. The reduction was even stronger for critical
antibiotics such as fluoroquinolones (81% reduction) and last generation cephalosporin
(75% reduction). According to the French surveillance network of antimicrobial resistance
in pathogenic bacteria of animal origin (called RESAPATH), these measures were
followed

by

a

net

diminution

of

pathogenic

ARBs

(https://www.anses.fr/en/system/files/LABO-Ra-Resapath2016EN.pdf.). As reported by
the French national public health agency (Santé Publique France), using data also
presented by the EFSA, the proportion of resistant E. coli for C3G went down from 16%
to less than 2% in poultry between 2010 and 2017, which was dramatically increasing
before 2010 (Bourély et al., 2018; http://invs.santepubliquefrance.fr/Publications-etoutils/Rapports-et-syntheses/Maladies-infectieuses/2018/Consommation-d-antibiotiqueset-resistance-aux-antibiotiques-en-France-une-infection-evitee-c-est-un-antibiotiquepreserve;

https://efsa.onlinelibrary.wiley.com/doi/epdf/10.2903/j.efsa.2018.5182).

Although more results are necessary to comfort these results, they tend to demonstrate
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that a better use leading to a reduced consumption of antibiotics can rapidly result in a
sensible decrease of the relative occurrence of ARBs. However, if several other reports
are rather encouraging to pursue in that direction (Seppala et al., 1997; Aarestrup et al.,
2001; Dutil et al., 2010), the relationship between occurrence of resistance and antibiotic
consumption does not always follow this trend. For some antibiotics, stopping the
consumption did not result in the decrease of the corresponding resistance [see (Lai et
al., 2011) for instance], while in other cases, some resistances occur in the absence of
antibiotic consumption (D’Costa et al., 2011). This clearly indicates that the emergence
and the dissemination of antibiotic resistances in bacteria cannot solely be explained by a
simple selective process by antibiotics during therapy.
Tackling the spread of antibiotic resistance will surely require a better usage of antibiotics
in order to slow down the emergence of resistant variants associated to antibiotic
therapies. But, considering the indispensability of antibiotics in modern medicine, AMR will
continue to be released in anthropogenically-impacted environments where ARB can
persist, accumulate, transfer their ARG to indigenous microbes, and finally re-enter the
food chain and contaminate human and animal guts for a new round of selection (Davies
and Davies, 2010). It should be noted here that the environment has been described as a
reservoir of ARGs in several occasions (Berendonk et al., 2015). Considering that the
dissemination of antibiotic resistances lies on the acquisition of resistance but also implies
a transmission, and therefore a contact, between people, or with wastewater, or manure,
or animals, tackling the dissemination of ARB and ARGs will surely require controlling both
the usage of antibiotics but also the route of transmission, especially at the environmental
level. With that respect, Collignon et al. (2018) recently proposed that the transmission of
ARB and ARGs was probably the dominant contributor to consider for controlling
antimicrobial resistance, which implies to act at other levels than the antibiotic
consumption as well.
The reduction of consumption is not the sole important measure implemented by national
and international organizations for better usage antibiotics. The classification of
antimicrobial agents as critically important molecules for human health (WHO
classification list), the restriction of their availability/delivery, and the confinement of
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particular antimicrobial usages to human medicine are important measures aimed at
preventing the emergence of particular resistances in the animal husbandry sector and
their

dissemination

in

the

human

(http://www.who.int/medicines/publications/essentialmedicines/en/;
fileadmin/Home/eng/Our_scientific_expertise/docs/pdf/;

health

sector

http://www.oie.int/
http://www.europarl.

europa.eu/sides/getDoc.do?type=TA&reference=P8-TA-2016-0087&language=EN).
Nevertheless, confining the usage of a given antibiotic is likely to be of limited impact if
collateral effect were to be observed between antibiotics of different nature on the
emergence and the dissemination of unrelated ARGs. Lately, Scornec et al. (2017)
demonstrated that Tn916, a mobile genetic element involved in the dissemination of an
ARG for tetracycline, could have its transfer stimulated up to 1000 fold when exposed to
sub-inhibitory concentrations of tetracyclines, but also macrolides, lincosamides and
streptogramins (Scornec et al., 2017). This means that not only sub-inhibitory
concentrations of an antibiotic could stimulate de dissemination of its corresponding
resistant gene but that collateral stimulation by other antimicrobials is also possible. This
tends to rule out the effectiveness of any measure that would be based on confining the
usage of cross-reacting antibiotics. On another ground, the use of trace metal elements
such as zinc oxide or copper sulphate, are frequently used an antibiotic alternative to
promote growth of livestoke and poultry. Consequently, to such practices, several authors
reported a concomitant increase of ARB and ARGs that are likely to result from a
coselective process as ARGs and metal resistant gene can collocate on the same genetic
entities (mobile genetic elements) (Hasman et al. 2006; Yin et al. 2017; van Alen et al
2018). This clearly highlights the fact that the antimicrobial resistance risk should not be
associated with the sole antibiotic therapy practices, and should rather be consider as a
multifactorial problematic where co-selection and stimulation of horizontal gene transfer
also fully apply.
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4.2 The SCARE initiative: Systematic review: Solutions to control the spread
of antimicrobial resistance in the environment
The massive use of antibiotics in human and animal health has led to the emergence of
antibiotic-resistant bacteria. Antibiotic residues, bacteria, and antimicrobial resistance
genes are chronically introduced into terrestrial and aquatic environments upon direct
release or after treatment of wastewater and organic waste containing them. As a result,
the enrichment of these environmental reservoirs contributes to the spread of antibiotic
resistance to pathogenic bacteria for humans and animals. Faced with this major public
and environmental health problem, the French Ministry of Ecological and Inclusive
Transition has commissioned a synthesis of knowledge with the methodological support
of the Foundation for Biodiversity Research, on solutions to control the spread
antimicrobial resistance in the environment. A protocol has been proposed to lead a
systematic review. For that, a panel of experts has been set up, belonging to French and
Canadian Research Institutes, and whose consistency of expertise has been assessed
using a kappa test. Their role was to bring their specific expertise in sorting publications
in the field of three questions, corresponding to three large levels of solutions:
-

What are the effects of measures reducing the antibiotic use on the contamination of,
and the occurrence/prevalence of antibiotic resistance, in the environment?

-

What are the effects of waste management options on the environmental
contamination by antibiotic resistance?

-

What are the effects of various environment management options on the
environmental contamination by antibiotic resistance?

These questions have been divided into sub questions using the PICO/PECO (population,
intervention /exposure, comparator, and outcomes) format. In the review, antimicrobial
resistance is estimated by ARB, ARGs and MGE. Environmental parameters are defined
by wastewater and organic matter, natural and agricultural environments and wildlife.
Articles from different database are screened through different eligibility criteria for each
question assessing the relevant of subjects, interventions, comparators, outcomes and
types of study design for each publication. The last phase was a study on quality
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assessment to classify studies into three categories in “low”, “medium” and “high” risk of
bias according to different parameters. The constructed bibliographic query identified
18565 records, 16087 after removing the duplicates. The experts' analysis of the articles
of interest selected 1480 articles, based on title and abstract, of which about 983 were
finely fully analysed to assign a level of confidence in the results of each study. The
majority of the articles selected focus on the treatment of wastewater and organic waste
(487 articles), while there are few studies (138 articles) on the link between reduction of
antibiotic use and decrease antimicrobial resistance in the environment. Among the 358
articles on natural environments, no management intervention is clearly identified to
reduce antimicrobial resistance. Most studies focus on the antimicrobial resistance
response to terrestrial, aquatic or wildlife exposure to different sources of contamination
by antibiotics or other pollutants inducing selection pressure, or by antibiotic resistance
bacteria and genes (examples: wastewater treatment plant discharges, manure
spreading).
On the first question (impact of the restriction of antibiotic use), the systematic review can
illustrate the link between restriction of antibiotic use and control of resistance in livestock.
For the articles in which antimicrobial resistance was measured in the environment (138
articles), 49 articles potentially answered the question, with a measurement in waste in 30
articles and a measurement in receiving natural media in 26 articles. Some articles went
even further, considering not only the effect of antibiotic use but also the effect of treatment
(9 articles) or the impact of discharge in the natural environment (7 articles).
Regarding the treatment of wastewater and organic waste, of the 487 articles, 435 articles
only deal with the effect of waste treatment, 52 articles consider the effect of treatment
and the impact of the discharge in the natural environment. The most studied wastes are
wastewater (300), livestock effluents (64), sewage sludge (50). In view of the problem of
waste recycling and the growing development of biogas plants for bioenergy production,
a first meta-analysis is carried out on the effects of certain treatments such as anaerobic
digestion and composting on antimicrobial resistance (80 articles). As an example of metaanalysis, the most frequently measured antibiotic resistance genes in anaerobic digestion
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processes (19 papers, 1215 measures) were resistance gene for tetracyclines,
sulphonamides (sul1 and sul2), macrolides (ermB, ermF) (Figure 18).

Figure 18 - Most frequently measured resistance genes detected in anaerobic digestion
studies.
Concerning management in the natural environment (294 papers, in progress), the
majority of studies focus on aquatic environments (153 - freshwater or marine
environment), and for most them (67), on the impact of various sources of pollution, more
or less well identified, on the antimicrobial resistance in the environment. There is about
a hundred studies on agricultural soils (105), most of which deal with the impacts of
spraying (51), 9 on the impacts of the reuse of treated or untreated water, and about twenty
studies on the impact of different sources of pollution on wildlife.
Overall, we note in this bibliographic body that we only have articles comparing
antimicrobial resistance according to different scenarios and levels of exposure to sources
of pollution. A systematic review has been published on a meta-analysis of these impacts
(Bueno et al., 2018). However, thanks to this systematic review, we can see that little or
no article proposes a solution to reduce antimicrobial resistance in natural environments
in situ. The systemic review makes it possible to identify the environments at risk (in terms
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of reservoir of antimicrobial resistance) where management measures need to be put in
place.
To go further, after looking at what data is available through systematic mapping, metaanalyzes are possible to evaluate the effectiveness of treatments on antibiotic resistance.
A meta-analysis on the treatment of organic waste was prioritized given (i) the current
importance of the question on waste recovery, (ii) that there is a meta-analysis on the
effect of wastewater treatment on certain antibiotic-resistant bacteria (Harris et al., 2012),
(iii) that this corresponds to a reasonable number of articles. So, 75 articles have been
selected for the treatment of organic waste (sludge, manure) and the effects of treatments
on 3 types of markers ARB, ARGs, MGEs were searched. Thus, a meta-analysis
comparing the efficiency of methanisation and composting processes shows a significant
reduction of the measured indicators (67% for methanisation and 93% for composting), It
also appears that for both processes, the increase in temperature allows a greater
reduction of antibiotic resistance genes.
As a partial conclusion (work is in progress), the approach related to the systematic review
allows considering all the biases as the selection, the sampling (quality of the study or/and
the paper) in order to give a level of confidence in the results of the studies and to weight
the conclusions of the narrative and quantitative syntheses. The resulting meta-analyzes
are a decision-making tool for the formulation of recommendations by decision makers for
actors and research. It makes it possible to assess gaps in knowledge, to better
understand the effectiveness of measures implemented, environments with risks and to
judge the resilience of the environment.

4.3 The potential role of ecological barriers in the mitigation of ARB and
ARGs in downstream environments

Soil as an ecological barrier to antibiotic dissemination
When considering the persistence and potential propagation of wastewater effluentderived ARB and ARGs in downstream aquatic and terrestrial environments, it is vital to
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understand the ecological characteristics of the receiving environment. This includes the
ecosystem functioning (the capacity of an ecosystem to provide services), resilience (the
capacity of an ecosystem to respond to a perturbation or disturbance) and the resistance
(the capacity of communities or populations to remain "essentially unchanged" when
subject to disturbance) of the receiving environment. Frenk and collaborators (2014) found
that reclaimed wastewater irrigation caused a shift in the soil bacterial composition during
the summer irrigation season relative to that of parallel freshwater irrigated soil, but that
the community returned to resemble the freshwater irrigated bacterial community profile
at the end of the rainy winter season. This return to the ‘baseline state’ demonstrates that
the soil community is not resistant to anthropogenic impact imposed by irrigation water
quality, yet is resilient in long term (Frenk et al., 2014). While this study did not provide
data on the soil resistome, we can extrapolate that by periodically stopping treated
wastewater irrigation (or by diluting with freshwater) we can potentially reduce
dissemination of effluent-derived antibiotic resistance determinants.
There is clear evidence that the resilience of the soil microbiome is associated with the
ecological complexity of the receiving environment. Indeed, a comprehensive study by
(van Elsas et al., 2003) showed an inverse relationship between the diversity of the soil
microbiota and the survival the model faecal pathogen Escherichia coli O157:H7 that was
amended to the soil. Thus, it can be concluded that as the complexity (diversity) of the soil
microbiome increases, the capacity of wastewater derived ARB and ARGs to successfully
"colonize" the soil will decrease. This can be attributed to competition for space and
resources and the diverse array of antimicrobial secondary metabolites produced by the
soil microbiome (Tyc et al., 2017) and by various modes of predation. Several studies
have highlighted the role of predators in preventing dissemination of faecal bacteria to soil
in "engineered" ecosystems. For example, Haig et al. (2015) applied direct counts,
quantitative PCR assays and metagenomics to reveal top-down trophic-interactions with
a clear predator–prey response between protozoa and E. coli.; whereas Wand et al.
(2007) indicated that plants, protozoa, and predatory bacteria such as Bdellovibrio can
significantly impact survival of E. coli (Wand et al., 2007). However, these mechanisms
may also facilitate horizontal gene transfer of released ARGs. (Lekunberri et al., 2017).
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Better understanding of soil ecosystem functioning and specifically trophic interactions
that occur in soil within the context of wastewater reuse, can significantly contribute to
proper management strategies that can mitigate antibiotic resistance in the environment.
These may include the scope and duration of irrigation, the use of drip irrigation, organic
amendments that are known to increase microbial diversity such as compost, biochar or
other bio-stimulants and incorporating eco-friendly agronomic practices such as no-tillage
(Schröder et al., 2017).

Engineering ecological barriers
While advanced filtration and disinfection technologies play a crucial role in mitigating
dissemination of ARB and ARGs from municipal WWTPs to downstream environments,
these methods do not completely contain dissemination of ARB and ARGs to downstream
environments, and due to their high cost and complexity they often cannot be implemented
in rural or developing regions. We believe that comprehensive understanding of the
ecological characteristics of aquatic and terrestrial environments receiving WWTP
effluents, coupled to proper WWTP, irrigation and ecosystem management
practices can significantly contribute to mitigation of antibiotic resistance in the
environment. This may be achieved by two primary processes: (i) implement policies that
enhance ecosystem functioning and henceforth the resilience of receiving aquatic and
terrestrial environments, (ii) devise effluent discharge/treated wastewater irrigation
strategies that reduce the impact on receiving environments. For example, storage
reservoirs for treated wastewater can significantly reduce ARB and ARGs loads in
irrigation water (Marano et al., unpublished), while concomitantly enhancing water
management versatility.

Conclusions
This white paper clearly summarized that ARB and ARGs are enriched in environments
receiving treated wastewater. It presents several methods, which can be used to monitor
the spread of ARB and ARGs from effluents to the environment. It demonstrates that each
of these methods has its advantages and limitations and therefore ideally a monitoring
strategy should apply a combination of the described methods. Surely if only one method
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is applied, the limitations need to be clearly addressed. A major achievement of the studies
presented in this white paper are the global scope of analyses that were conducted, which
demonstrate the need for pan-European and international collaboration when evaluating
antibiotic resistance in the environment. These large-scale studies provide a solid baseline
for ARG and ARB levels in WWTP effluents and receiving environments that can be used
as a reference for other studies. However, it is important to note that these concentrations
by no means give a threshold value for risk assessment. The question of “How much is
too much” or scientifically, what are the threshold values for ARB and ARGs that should
be considered safe for effluent discharge and water reuse, is currently an open question
that is vital for risk assessment, as there are currently no regulations indicating safety
threshold levels of ARB and ARGs. Defining such emission limit values should depend on
the type of downstream environment and will be difficult to achieve as reaching these
values cannot be based on current ecotoxicological or epidemiological approaches.
However, it is clear that currently the environment is continuously enriched with ARB and
ARGs, future investigations can now indicate if it is comparatively heavy enriched or
moderately. If a moderate or strong enrichment will impact human health will need to the
objective of future studies, depending on the question if politics and stakeholders decide
to act on a precautionary principal or not.
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