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• Five multiplex qPCR assays were devel-
oped for monitoring ARGs in environ-
mental samples.

• Rhine river locations have distinct, char-
acteristic antibiotic resistance genes
(ARG) profiles.

• ARG concentration do not continuously
increase at more downstream locations.

• Intl1 correlates with overall ARG con-
centrations only due to correlations
with sul1.

• ARG concentrations do not correlate
with regional antibiotic use.
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The aim of this study was to capture and explain changes in antibiotic resistance gene (ARG) presence and con-
centration internationally across the Rhine river. Intl1 concentrations and national antibiotic usage were investi-
gated as proxies to predict anthropogenic ARG pollution. Newly-developed multiplex qPCR assays were
employed to investigate ARG profiles across 8 locations (L1-L8) in three countries (Switzerland, Germany, the
Netherlands) and to detect potential regional causes for variation. Two of these locationswere furthermonitored,
over the duration of one month. A total of 13 ARGs, Intl1 and 16S rRNA were quantified.
ARG presence and concentrations initially increased from L1(Diepoldsau) to L3(Darmstadt). A continuous in-
crease could not be observed at subsequent locations, with the large river volume likely being a major contribut-
ing factor for stability. ARG presence and concentrations fluctuated widely across different locations. L2(Basel)
and L3 were the twomost polluted locations, coinciding with these locations being well-developed pharmaceu-
tical production locations.
We draw attention to the characteristic, clearly distinct ARG profiles, with gene presence being consistent and
gene concentrations varying significantly less over time than across different locations. Five genes were Rhine-
typical (ermB, ermF, Intl1, sul1 and tetM). Intl1 and sul1 were the genes with highest and second-highest concen-
tration, respectively. Aph(III)a and blaOXA were permanently introduced downstream of L1, indicating no source
of these genes prior to L1.
Institute, Groningenhaven 7, 3433PE Nieuwegein, the Netherlands.
ulus).

http://crossmark.crossref.org/dialog/?doi=10.1016/j.scitotenv.2019.135733&domain=pdf
https://doi.org/10.1016/j.scitotenv.2019.135733
mailto:gabriela.paulus@kwrwater.nl
Journal logo
https://doi.org/10.1016/j.scitotenv.2019.135733
Unlabelled image
http://www.sciencedirect.com/science/journal/00489697
www.elsevier.com/locate/scitotenv


2 G.K. Paulus et al. / Science of the Total Environment 706 (2020) 135733
Wehighlight that correlations between Intl1 and ARG concentrations (R2 = 0.72) were driven by correlations to
sul1 and disappearedwhen excluding sul1 from the analysis (R2=0.05). Intl1 therefore seems to be a goodproxy
for sul1 concentrations but not necessarily for overall (anthropogenic) ARG pollution. Aminoglycoside usage per
country correlated with concentrations of aph(III)a and several unrelated antibiotic resistance genes (blaOXA,
ermB, ermF and tetM). This correlation can be explained by co-resistance caused by mobile genetic elements
(MGEs), such as Tn1545.

© 2019 Elsevier B.V. All rights reserved.
1. Introduction

Water Pollution and antibiotic resistance (AR) are on the rise glob-
ally and the advancing global emergence calls for better and more ex-
tensive monitoring of environmental, urban and medical
environments (UN-Water, 2009; World Health Organization, 2014).
While AR has been present since the first microorganisms started pro-
ducing antibiotics to protect themselves against these toxic compounds
(D'Costa et al., 2011), a recent sharp increase in resistance of clinically
relevant bacteria is evident (Laxminarayan et al., 2013; Mendonça
et al., 2007; Ventola, 2015; Woodford and Ellington, 2007). Reasons
for this increase include: overuse and inappropriate prescription of an-
tibiotics, extensive use in agriculture and animal husbandry, severemis-
information about when antibiotics are indicated, the absence of
coordinated global AR combat strategies and a low number of new an-
tibiotics (Laxminarayan et al., 2013; World Health Organization, 2014;
Ventola, 2015; Pan et al., 2016; El Khoury et al., 2017). Global and na-
tional action plans to tackle AR are developed in recent years, but they
are neither fully coordinated nor incorporated into legislation (Carlet
et al., 2014), partly due to gaps in knowledge (Larsson et al., 2018).

It is widely accepted that AR is largely caused by the increased use
and misuse of antibiotics (Finley et al., 2013; Bell et al., 2014; Van
Boeckel et al., 2014). However, the exact role of the environment is
not well understood (Huijbers et al., 2015; Morris et al., 2016;
Bengtsson-Palme et al., 2018). It is likely that the environment can act
as a reservoir for ARGs (Sabri et al., 2018) and possible that it might fa-
cilitate transfer of AR to non-environmentalmicroorganisms, pathogens
or human microbiomes (Finley et al., 2013; Bengtsson-Palme et al.,
2014). Where antibiotic pressure is high in the environment, new
ARGs may emerge (Bengtsson-Palme et al., 2015).

A quantitative approach to assess the risk of ARB/ARG in the envi-
ronment and possible effects on the environment, animals and humans
ismissing (World Health Organization, 2014). Increased exposure to AR
via the environment will lead to increased risk; with a growing world
population, associated water use, discharge of wastewater (Gordon
et al., 2016) and the increasing reuse of wastewater (Y. Zhang and
Shen, 2019; Evans et al., 2019; Koop and van Leeuwen, 2017; United
Nations Environment Programme, 2017), exposure to environmental
ARG/ARB will rise.

Notwithstanding the large number of recentmonitoring studies, one
of the main gaps in knowledge are definite numbers of ARG concentra-
tions and their fluctuation in the environment at different locations over
time and under varying conditions (Larsson et al., 2018; Zheng et al.,
2018). Tempo-spatial studies of water bodies are imperative, especially
for substances of emerging concern, such as ARGs (Scott et al., 2019). AR
baseline levels in the environment and their increase due to varying
levels of anthropogenic pollution have not been extensively studied.
These numbers are needed to serve as a baseline for knowledge on en-
vironmental dissemination of ARG and to estimate the risk of observed
ARG concentrations at, for example, ARG hotspots such as strongly pol-
luted surface water bodies (Pruden et al., 2018).

ARGs andMGEs, such as sul1 and Intl,1 have been suggested as prox-
ies tomonitor ARGs (of anthropogenic origin) in the environment. Intl1,
has been suggested as indicator for bacterial capacity for gene transfer
and gene acquisition (Narciso-da-Rocha et al., 2014) as well as proxy
for ARGs of anthropogenic origin (Gillings et al., 2015). Sul1 has been
suggested as indicator for urban and agricultural pollution of ARG (Pei
et al., 2006).

Closely meshed monitoring programs using regular qPCR of more
than one target gene require large amounts of time, personnel and ma-
terial resources.While quantitative high-throughput technologies, such
as microarray technologies and HT-qPCR (high throughput qPCR) are
increasingly used to determine AR in the environment (Wang et al.,
2014; Karkman et al., 2016; L. Xu et al., 2016; Ahmed et al., 2018; An
et al., 2018; Zheng et al., 2018;Waseemet al., 2019), there are a number
of challenges and disadvantages associated with these technologies
(Waseem et al., 2019). Microarray technologies suffer from batch-to-
batch variability and are considered less sensitive and specific
(Waseem et al., 2019). HT-qPCR is prone to instrumental sensitivity
and analytical differences which can significantly impact results and in-
dividual assays tested cannot be optimized during the experimental run
(Waseem et al., 2019). Our aimwas to decrease the necessary resources
and to maintain the accuracy of regular qPCR approaches while using a
method with a higher throughput and avoiding the shortcomings of
high throughput technologies. To this end five multiplex qPCR assays
were developed to detect and accurately quantify three genes per
qPCR assay simultaneously.

The present work is an international study monitoring a large river
from the source to the ocean and is, to the best of our knowledge, the
first of its kind for large western European rivers. It monitors spatio-
temporal changes in ARG presence and concentration regarding the fol-
lowing: genes conferring resistance to aminoglycosides (aph(III)a), β-
lactam antibiotics (blaKPC, blaSHV, blaOXA, mecA), macrolides (ermB,
ermF), quinolones (qnrS), sulfonamides (sul1), tetracyclines (tetB,
tetM) and glycopeptides (vanA, vanB) as well as a class 1 Integrase
(Intl1) and 16 s rRNA. The study further aims at gaining more informa-
tion on ARG levels across the river Rhine at different locations as well as
changes over time to identify relationships, trends and co-occurrences
of environmental ARGs and their concentrations, whichwill provide in-
sight needed to detect prospective causes. Potential proxies for ARGpol-
lution of anthropogenic origin were compared.
2. Methods and materials

2.1. Multiplex development and quality control

Five Multiplex qPCR assays were developed and validated. Develop-
ment steps included: optimal annealing temperature testing for primers
and probes, grouping of ARGs into multiplex qPCR assays based on op-
timal annealing temperatures and functionality tests using SYBR
Green II (for comparison of probe-based multiplex qPCR results) as
well as Taqman in combination with the iQ™ Supermix (simplex) or
iQ™ Multiplex Powermix (multiplex) (Bio Rad, München, DE).

Quality control steps included: computational interaction tests (for
interactions between primers and probes of ARGs within the multiplex
qPCR assay) using OligoAnalyzer 3.1 (Owczarzy et al., 2008), experi-
mental interaction tests and precision tests for accurate quantification
(comparing quantification results obtained by SYBR Green II assays to
Taqman qPCR assays). Mock samples were prepared in 0.1xTE-buffer
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or by spiking environmental samples (pond water) with gene concen-
trations within a specific assay varying up to 1000-fold.

Validation steps included determination of limit of quantification
(LoQ) and limit of detection (LoD) (Forootan et al., 2017), calculation
of intra- and interassay variation in form of the coefficient of variation
(CV) (Tellinghuisen and Spiess, 2014; Svec et al., 2015) and multiplex
qPCR assay efficiencies for each of the genes within a multiplex assay
(Svec et al., 2015). Validation was conducted and reported according
to MIQE (Minimum Information for Publication of Quantitative Real-
Time PCR Experiments) guidelines (Bustin et al., 2009). More specifi-
cally: serial dilutions of the standard were prepared for the different
genes and quantified multiple times to obtain at least 8 data points
per dilution.
2.2. Sampling

2.2.1. Sampling sites
The Rhine is the second-largest river in Central andWestern Europe.

It originates at Lake Toma in Switzerland and discharges in the
Netherlands into the North Sea after 1230 km and has an average flow
rate of 2900 m3/s. Sampling was done along the Rhine at 8 locations:
L1 – L8. The samples were collected by a cooled courier car and were
processed within 24 h of sampling at the processing facility.

There are six distinctive Rhine regions with different characteristics
(Fig. 1).
Fig. 1. Sections and Major Affluents of the Rhine; blues – Alpine Rhine and High Rhine,
green - Upper Rhine, yellow – Middle Rhine, Orange – Lower Rhine (up to Dutch-
German border) and Rhine Delta; sampling locations indicated by green stars and
identified by number; approximate location of the Rhine-Ruhr-region highlighted in red.
2.2.2. Sampling conditions
Samples were taken at dedicated river water qualitymonitoring sta-

tions of the International Association of Waterworks of the river Rhine,
situated in the stream-bed of the river. Locations were situated at least
3 km downstream from wastewater treatment plant discharge sites.
Sampleswere taken at a depth of 0-30 cm. Four liters (two grab samples
of 2 L) of surface water were taken. All samples were stored in identical
plastic bottles at 4 °C before, during and after transport to the processing
facility. Rainfall datawas collected fromnational weather institutes (see
SI A.1).

2.2.3. Temporal monitoring
Time-series sampling was performed at the locations Lobith (L6)

and Utrecht (L8), approximately six months after the spatial sampling
campaign (see 3.3.3). The following samples were taken (day 1 - 24th
of October 2017): day 1 (0 h, 5 h, 10 h), day 7 and day 30. Spatial sam-
pleswere taken into account for temporal analysis. L6was chosen for its
high number of detected ARGs and L8 due to this being themost down-
stream location where potential fluctuations were hypothesized to be
amplified.

2.2.4. Spatial monitoring
For spatial monitoring, all samples were taken onMay 3, 2017. Sam-

ples were taken at the following location (increasingly downstream):
Diepoldsau (L1, CH), Basel (L2, CH), close to Darmstadt (L3, DE), Co-
logne, Düsseldorf and Lobith (L4 – L6), Arnhem (L7, NL) and from the
Lek at Utrecht/Nieuwegein (L8, NL). L2 and L3 are locations with exten-
sive, well-developed pharmaceutical industries. L4 and L5 fall into a
densely populated German region called the Rhine-Ruhr-region. Mete-
orological conditionswere comparable across sampling locations (see SI
A.1).

2.2.5. Filtration and DNA extraction
Samples were filtered (300mL) and DNA extracted from sample du-

plicates. DNA extract duplicates were then pooled for further analysis
and stored at −30 °C. Filtration and DNA extraction were performed
as previously described (Paulus et al., 2019).

2.3. Antibiotic resistance gene quantification

13 ARGs, Intl1 and an internal control (IC) were quantified bymulti-
plex qPCR using TaqMan. The IC is a DNA sequence added to the sample
before DNA extraction to identify potential DNA loss during/ due to the
DNA extraction process, to account for this loss andmake data from dif-
ferent samples more comparable (Wullings et al., 2007). 16S rRNA gene
concentrations were quantified using SYBR Green. TaqMan and SYBR
Green assays were comparable as previously confirmed by comparison
studies conducted using TaqMan and SYBR Green assays for all genes
within the multiplex qPCR assays (see 3.1.1). All qPCR assays were per-
formed on a CFX96 system (Bio-Rad). Each reaction was carried out in a
final volumeof 50 μL containing 10 μL DNA extract. Primer and probe se-
quences, as well as cycling conditions, standards and controls used are
documented in the supplementary material (SI Tables 1–3).

Each sample was analyzed by qPCR at least thrice in separate qPCR
runs using duplicate wells.

Primers, standards and probes were obtained from Integrated DNA
Technologies, BVBA Belgium.

2.4. Antibiotic consumption and environmental data

ARG concentrations were correlated to national human (European
Centre for Disease Prevention and Control, 2018) and veterinary
(European Medicines Agency, ESVAC, 2018) antibiotic usage data as
well as to agricultural, farming and environmental data (see SI A.3) ob-
tained from European and national surveillance agency reports and
databases.

Image of Fig. 1
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Numbers from human and veterinary antibiotic usage data were
added to obtain the antibiotic load used for correlation analysis. Antibi-
otic data used was country-specific so that the same national antibiotic
average was assigned to the locations within a country.

2.5. Data analysis

Python 3.6.0 was used to calculate descriptive statistics and correla-
tions and to create data visualizations. R version 3.5.0 was used to per-
form inferential statistics, including Student's t-test, Welch's F-test and
ANOVA.

Mean and standard deviations (std) were calculated using the re-
sults from all qPCR replicates for each sampling location for the
(a) spatial samples only, and (b) all temporal samples.

Significant differences between experiments and/or measurements
were detected by employing paired or unpaired Student's t-Tests and
two samples/measurements were defined to be significantly different
from each other when the calculated p-value was lower than 0.05. A
test of variance between temporal and spatial data was calculated in a
one-sided F-test. When necessary, data was log10-transformed to com-
ply with the assumption of normal distribution of the data.

Regression plots were generated using the .regplot() function in
Seaborn 0.9.0 (a Python package for statistical data visualization)
(Hunter, 2007; Waskom, 2012).

Unless otherwise stated, all gene concentrations are relative concen-
trations normalized to 16S rRNA concentrations.

3. Results and discussion

3.1. Multiplex assays

Gene primers and probes were tested for functionality in SYBR
Green II and TaqMan qPCR assays, and for potential incorporation into
multiplex qPCR assays (SI Table 1). Geneswere combined intomultiplex
qPCR assays depending on the optimal annealing temperatures (ob-
tained during annealing temperature tests, SI Table 2), preliminary
computational interaction tests (based on ΔG calculations) and, when-
ever possible, by amplicon length.

Out of the tested primer-probe combinations, 15 were suitable for
multiplex qPCR inclusion and five multiplex assays, quantifying 3
genes each, were developed (Table 1).

Quality control tests experimentally verified that no interaction took
place between primer pair and probe sequences of different genes
within an assay, to ensure an independent quantification of the individ-
ual ARGs within each of the multiplex assays. All ARGs could be accu-
rately quantified even under conditions where one of the assay genes
was present in concentrations up to 1000-fold higher than the other
genes. Finally, quantification results obtained by multiplex qPCR assay
were compared to quantification results obtained by simplex and
SYBR Green II assay. The same quantification results were obtained for
multiplex assays 1, 2, 3 and 5, these assays are accurate up to one deci-
mal number (SI Fig. 1). Multiplex assay 4 showed elevated results out-
side of the margin of error; gene concentrations were estimated up to
3 times higher than results obtained by SYBR Green II assays. The
Table 1
Overview of developedmultiplex qPCR assays, including ARGs in assay, optimal annealing
temperature and limit of quantification (LOQ).

Multiplex 1 2 3 4 5

ARG 1 sul1 tetB mecA vanA ermB
ARG 2 IC blaSHV blaOXA vanB ermF
ARG 3 qnrS Intl1 aph(III)a tetM blaKPC
Annealing
Temperature

58 °C 60 °C 58 °C 56 °C 57 °C

Quantification Limit 2.5E00 gene copies/μL DNA extract
accuracy of this assay is therefore lower and obtained gene concentra-
tions are order-of-magnitude rather than exact numbers (SI Fig. 1).

3.2. Validation of accuracy, efficiency and precision

The LoQ is 2.5E+00 gene copies/μL DNA extract for all genes, with
exception of genes within multiplex assay 4 (semi-quantitative), as
this was the lowest concentration at which replicates showed a
CV ≤ 35%. The LoD is 5E-01 for all genes in the multiplex assays 1 and
3 as well as for tetB and blaSHV. The LoD is 1.0E+00 for all genes within
multiplex assay 5 as well as for Intl1. Standard curves for all multiplex
assays including the efficiency, R2, the slope and the y-intercept can be
seen under SI Figs. 2–6. Concentrations to determine the LoD started
from 5.0E-01 and increased by 5.0E-01 steps.

Intra – and interassay variation were determined by calculating the
CV based on the ΔCt for each gene within the five multiplex assays.
Intra-assay variation was b1.5% for all genes (range: 0.26%–1.4%),
while inter-assay variation was b2.5% (range: 0.49%–2.3%). Amplifica-
tion efficiencies for the different genes in the multiplex assays ranged
from 86% - 104%, with genes within individual multiplex assays never
differing N10% in their efficiencies during one qPCR experiment (SI
A.2). As efficiencies did not differ N10% between the geneswithin amul-
tiplex during individual qPCR reactions, amplification of these genes is
directly comparable.

3.3. Temporal variation of ARG concentrations

Multiplex qPCR assays were applied to river Rhine samples to mon-
itor temporal variation of ARGs at two sites (L6 and L8).

Intl1, sul1, ermB, ermF, TetM, blaOXA and apha3were detected at both
sites,while blaSHV and tetBwere detected consistently at L6, and consis-
tently not detected at L8 (Fig. 2). The temporal variance within samples
at one location was largely not statistically significant (p ≥ .05). Overall,
it can be said that the observed ARG profiles are representative and con-
sistent for both sampling locations (Fig. 2).

3.4. Spatial variation for ARG presence and concentrations

Out of 14 target genes, 5 were detected at the most upstream loca-
tion (L1), 7 genes at L2 and 10 genes at L3. At more downstream loca-
tions, the number of detected genes was 7, with exceptions at L6 and
L7 (9 and 8 genes, respectively) (Fig. 3).

The sampling location least polluted in regard to gene presence was
L1 with only 5 detected genes. In regard to ARG concentrations, L6 was
least pollutedwith total relative concentrations of 8.21E-04 ARG copies/
16S rRNA gene. L3wasmost polluted in terms of gene presence with 10
detected genes and L2 in regard to ARG concentrations with a total rel-
ative ARG concentration of 1.47E-02 ARG copies/16S rRNA gene (Fig. 3).
Concentrations of 4 (out of 5) genes (Intl1, sul1, tetM and ermF) in-
creased between L1 and L2.

Temporal fluctuations were significantly smaller than spatial vari-
ances and standard deviations (p ≤ .05; see SI Table 4 for variances and
p-value). Exceptions to this were the ermB gene (pL6 = 0.053, pL8 =
0.101) at both locations and blaSHV at L6 (p= .341),where the temporal
variances were not significantly smaller than spatial variances. Larger
variances of the blaSHV gene at L6 can be explained by concentrations
around the LoQ. In some samples blaSHV was detected but could not be
quantified, which led to larger calculated variances.

Overall, gene concentrations fluctuated with no clear trend across
sampling locations (Fig. 3). Ter Laak et al. (2010) state that anthropo-
genic pressure increases further downstream and the cumulative up-
stream population impacting any given location increases with further
downstream locations. Due to these reasons we assume increasing an-
thropogenic pollution at more downstream locations. It is to be noted
that more complex dynamics are at work, as chemical and genetic an-
thropogenic pollutants are subjected to decay and/or transformation



Fig. 2. ARG Concentration Variance; Temporal Variance at Sampling Locations L6 (left) and L8 (right), scale: gene copy number per 16S rRNA shown.
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in aquatic environments andmight in- or decrease the impact potential
of chemical compounds (Escher et al., 2009; Fatta-Kassinos et al., 2011;
Donner et al., 2013; López-Serna et al., 2013; Wallace et al., 2018). The
hypothesis that ARG or Intl1 concentrations increase with anthropo-
genic pressure, could not be verified.

ARG concentrations donot seem to be an indicator for concentrations
of these ARG downstream, as concentrations fluctuate between loca-
tions. Upstream gene presence seems to be an indicator of downstream
gene presence for some genes, as shown for aph(III)a and blaOXA, but
does not necessarily determine downstream gene presence for all
genes.

A lack of visible spatial trends has been previously observed in large
rivers (Chen et al., 2015; H. Jiang et al., in press; X. Zhang et al., 2009).
Previous studies that detected only partial consistency of ARG profiles
were largely conducted on smaller rivers (Pei et al., 2006; Pruden
et al., 2012; Y. Xu et al., 2018), but temporal consistency at individual lo-
cations in ARG presence and relative concentration has been shown in
larger rivers (Chen et al., 2015). Similarly, ARG concentrations fluctu-
ated in surface water samples instead of showing a steady increase
with increasing downstream locations, in a spatial study of the large
Pearl river (Chen et al., 2015). The large catchment area and volume
of the Rhine river (flow average: 2900m3/s) and differences in local dis-
charges (proximity of discharge to sampling location, presence of hospi-
tals, agricultural practices) are possible explanations for the consistency
of ARG profiles at individual sampling locations over time, as well as for
Fig. 3. ARG Concentrations normalized to 16S rRNA at different Rhine sampling locations (me
Constance locations), grey – location-specific genes; red – Intl1;
the differences between ARG presence and concentration between
locations.

Out of all monitored genes, Intl1 and sul1were consistently detected
in the highest and second-highest concentrations, with one exception at
the starting location (L1) where Intl1 and ermBwere detected at similar
concentrations.

Intl1 and sul1 genes have previously been shown to be frequently
found at high concentrations in aquatic environments (Su et al.,
2012; H. Jiang et al., 2018; L. Jiang et al., 2013; Berglund et al.,
2015). In our study, Intl1 concentrations were surprisingly high,
reaching relative levels of N100 gene copies/16S rRNA copy at L2
and L7. Similarly, sul1 concentrations were unusually high at L2
when compared to the other locations (Fig. 3) as well as compared
to previously published concentrations in river water related sam-
ples (H. Jiang et al., in press; Luo et al., 2010; Pei et al., 2006), al-
though comparable concentrations have previously been observed
in river samples (J. Xu et al., 2015).

Individual Rhine sampling locations had unique and distinctive ARG
profiles which varied from each other in gene presence and concentra-
tion. Five ARGs were detected at all sampling locations, including
(Fig. 3). Two additional ARGswere detected at all locations downstream
from L1 (aph(III)a, blaOXA). Significant sources of these genes seem to be
present only downstream from L1, potential contributors include
wastewater and agricultural discharges in Lake Constance or the Aare
river.
an ± std); dark blue – common genes (all locations); blue – common genes (post-Lake

Image of Fig. 2
Image of Fig. 3


Table 2
Presence and Relative Concentration of ARGs and Intl1; green - least polluted sample based on parameter, red –most polluted sample based on parameter; gene concentrations values in gene
copies/16S rRNA.

L1 L2 L3 L4 L5 L6 L7 L8

Number of genes
(incl. Intl1)

5 7 10 7 7 9 8 7

Gene Concentration (incl. Intl1) 1.76E-02 6.90E+00 1.44E+00 7.61E-03 5.39E-02 2.35E+00 2.89E-02 8.59E-01
ARG Concentration (excl. Intl1) 6.97E-03 1.47E-02 5.89E-03 8.98E-04 3.42E-03 8.21E-04 3.71E-03 1.14E-03
Intl1 concentration 6.70E-03 6.90E+00 1.50E+00 6.60E-03 5.00E-02 2.60E-02 2.40E+00 8.40E-01
sul1 concentration 3.35E-04 1.07E-02 4.72E-03 6.69E-04 1.70E-03 1.99E-04 3.38E-03 1.04E-03
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Besides the omnipresent Rhine genes, a second set of ARGs (blaSHV,
mecA and tetB) were detected sporadically at three sampling locations
(L3, L6 and L7). One (L7), two (L6) or three additional genes (L3)
were detected (Fig. 3). blaKPC, qnrS, vanA and vanB were not detected
in any of the samples. These genes could be of interest as potential indi-
cator genes for specific, emerging sources of pollution within the Rhine.
Examples for such specific sources of pollution are: insufficiently treated
or untreated wastewater, untreated run-off from agriculture or animal
husbandry or impact from hospital wastewater. blaKPC and vanA have
only rarely been detected in the environment but have previously
been associated with hospital wastewaters (Cerdeira et al., 2017;
Chagas et al., 2011; Cuzon et al., 2011; Durkin et al., 2018; Gootz et al.,
2009; Hicks et al., 2015; Hu et al., 2012; Iversen et al., 2002; Paulus
et al., 2019; Sellera et al., 2017), which couldmake them genes of prior-
ity formonitoring, to detect potential leakage from insufficiently treated
hospital wastewater.

3.5. Estimations of ARG pollution depend on the parameter monitored

ARG pollution in river water can be expressed and compared using
different parameters. The number of ARGs detected, the (total) ARG
concentration (relative to the 16S rRNA gene), the number of microor-
ganisms carrying resistance genes or Intl1 concentrations can all be
used as indicators. In this study, the number of ARGs detected, (relative)
ARG concentrations, Intl1 concentrations and sul1 concentrations were
investigated (Table 2).

The lowest and highest number of ARGs could be detected in L1 and
L3, respectively. The lowest and highest ARG concentrations were de-
tected in L6 and L2, respectively. Intl1, which has previously been sug-
gested as an indicator for environmental pollution with ARGs of
anthropogenic origin (Gillings et al., 2015), showed high correlations
with total ARG concentrations but low correlations with the number
of ARGs detected per sample aswell aswith ARG concentrations of indi-
vidual genes (Fig. 4). Intl1 concentrations do not continuously increase
Fig. 4. Regression Plot Showing Correlation Between Intl1 and Total ARG Concentrations; shown
relative ARG concentration excluding sul1; linear least-squares regression used for calculation of
and fluctuate widely instead. In most samples (with exception of L1),
Intl1 is present at significantly higher concentrations (usually N2 log
units higher) than the other detected ARGs, which has been previously
recorded in river water (Chen et al., 2015).

Recent developments in next generation sequencing (NGS) and bio-
informatics may be used to track the sources of environmental contam-
ination, allowing to differentiate ARG profiles from different
ecosystems. This might provide a better indication than the individual
parameters discussed above. However, manyARGs appear to be present
in multiple sources and it may be difficult to spatially differentiate the
individual sources in a large river such as the Rhine (Li et al., 2018).

3.5.1. Intl1 does not correlate with overall ARG concentrations but with sul1
concentrations

Indicators and proxies have been suggested to estimate the level of
(ARG) pollution of anthropogenic origin. Two examples are Intl
(Gillings et al., 2015) and sul1 (Pei et al., 2006). Missing agreements
on how to classify and define ARG pollution exactly (e.g through ARG
presence, the proportion of resistant bacteria in a sample, relative con-
centration or absolute concentration) generally reduce the usefulness
of such indicators. A high correlation was observed between Intl1 and
sul1 (R2 = 0.93) (Fig. 4, middle). Strong correlations between Intl1 and
sul1 have been previously described (Antunes et al., 2005; Frank et al.,
2007; Shah et al., 2014; Chen et al., 2015) and are likely, at least partly,
a result of the presence of sul1 in the conserved region of Intl1 (Chen
et al., 2015). Sul1 is further often the most abundant (or among the
most abundant) resistance genes in environmental samples, including
samples in this study.

High correlations of Intl1 with ARG concentrations were observed
but could be attributed largely to sul1 concentrations; correlations dis-
appeared when excluding sul1 from the regression (Fig. 4). The results
obtained during this study suggest that the strength of Intl1 as an indi-
cator for ARG pollution strongly depends on the parameter used to de-
termine ARG pollution and that it might not be the best indicator or at
on x-axis: left – total relative ARG concentration;middle – sul1 concentration; right - total
R2 and p-value.

Image of Fig. 4


Table 3
Coefficient of Determination (R2) for Correlations between various ARG concentrations
and mean correlation per ARG; conditions: ≥5 common quantitative datapoints.

aph(III)a Intl1 sul1 tetM blaOXA ermB ermF

aph(III)a 1.00 0.18 0.27 0.66 0.66 0.66 0.27
Intl1 – 1.00 0.62 0.33 0.06 0.01 0.13
sul1 – – 1.00 0.41 0.11 0.02 0.33
tetM – – – 1.00 0.38 0.25 0.25
blaOXA – – – – 1.00 0.38 0.11
ermB – – – – – 1.00 0.18
ermF – – – – – – 1.00
data points 7 8 8 8 7 8 8
mean 0.53 0.33 0.4 0.47 0.39 0.36 0.33

7G.K. Paulus et al. / Science of the Total Environment 706 (2020) 135733
the very least show that the strength of this indicator is strongly depen-
dent on additional factors. Another such example is a study conducted
by Zhang et al. (X. Zhang et al., 2009) during which Intl1 was found in
very low abundance when compared to the tetA and tetC in samples
from a highly polluted lake in China. It is to be noted, that the selection
of certain genes of interest for qPCR analysis might represent a slight
bias, as other ARGs are not taken into account.

3.5.2. Antibiotic resistance gene correlations with other factors
Detected ARG classes coincidedwith themost used antibiotics in the

region [penicillins, tetracyclines, sulfonamides and macrolides]
(European Medicines Agency, ESVAC, 2018; European Centre for Dis-
ease Prevention and Control, 2018). Antibiotic sales and usage within
a region has previously been shown to influence antibiotic concentra-
tions in aquatic environments (ter Laak et al., 2010), so that this data
can potentially be used as an estimate for expected variation of antibi-
otic concentrations between countries.

Antibiotic usage and the preferred class of antibiotic used varied
widely between the three countries (European Medicines Agency,
ESVAC, 2018; European Centre for Disease Prevention and Control,
2018). Nevertheless, ARG concentrations in the different countries
showed little to no correlation with antibiotic use (SI Table 5), as has
previously been observed (Brown et al., 2019) There were two excep-
tions (SI Table 5): sulfonamide concentrations correlated weakly to
moderately with Intl1 and sul1 (R2= 0.25 and R2= 0.17, respectively);
and aminoglycoside concentrations did interestingly not only correlate
with aph(III)a (R2 = 0.58), but also with blaOXA (R2 = 0.58), ermB
(R2 = 0.68), ermF (R2 = 0.42) and tetM (R2 = 0.68). blaOXA, ermB,
ermF and tetMresistance should not be impacted by aminoglycoside ac-
tivity as their targets in the cells differ, so we don't see direct causality
behind the observed correlation. Further, individual ARG concentrations
correlatedmostwith aph(III)a gene concentrations. The highest correla-
tions could be observed between aph(III)a and, tetM, blaOXA and ermB
(R2 = 0.66) (Table 3). A possible explanation is co-resistance mediated
by transfer on MGEs also carrying aph(III)a, such as the conjugative
transposon Tn1545 (Seral et al., 2001). This would account for correla-
tion with aminoglycoside usage and aph(III)a concentrations, both.
Co-resistance due to MGEs is well-documented (Pal et al., 2015; Imran
et al., 2019; Baker-Austin et al., 2006; Di Cesare et al., 2016; Seiler and
Berendonk, 2012) and other Tn1545-like transposons (Tn6263 and
Tn6331) have previously been found to confer aminoglycoside/
macrolide co-resistance (Kambarev et al., 2018).

For amore in-depth picture, correlation analyses on regional param-
eters (provincial or municipal level), including non-class-segregated
antibiotic sales, farming intensity, nitrate pollution, population density
and untreated wastewater discharge, were conducted (see SI A.3).
Only farming intensity (represented by farm animals per km2) posi-
tively correlated with all discussed AR parameters (R2 = 0.11–0.52;
see SI A.4).

While ARG concentrations do not necessarily correlate with antibi-
otic concentrations (Takasu et al., 2011), pharmaceutical pollution,
including disinfectant and heavy metal pollution can be an influencing
factor, especially in Intl1 selection (Hegstad et al., 2010; Khan et al.,
2013; Koenig et al., 2009; Rosewarne et al., 2010; Stepanauskas et al.,
2006; Q. Wang et al., 2015). L2 and L3 are locations with an extensive
pharmaceutical industry (incl. L2 – Novartis, Basilea etc., L3 – Merck,
Bayer, Steigerwald etc.).

Discharges from antibiotics manufacturing have previously been
shown to be able to increase ARG concentrations locally (Khan et al.,
2013) and have been mentioned as being higher-risk hotspots
(Bengtsson-Palme and Larsson, 2015). It is not known whether pollu-
tion from the pharmaceutical industry (Ruff et al., 2015) is responsible
for the observed increases in ARG and Intl1 presence (L3) and abun-
dance (L2) at these locations. Other influencing factors are antibiotic
use/sales and farming intensity. While L2 is in a region with intense
farming, L3 is characterized by low antibiotic sales and little farming
(see SI A.3).

4. Conclusion

Multiplex qPCR assays are an efficient method to monitor antibiotic
resistance genes in the environment. While second- and third genera-
tion sequencing are thehigh-throughputmethods of choice for genede-
tection today, they are not considered quantitative. Other quantitative
high-throughput methods like microassays and high-throughput qPCR
are prone to issues, including sensitivity issues. Multiplex qPCR assays
increase the throughput while maintaining the accuracy and quantita-
tive nature of classic qPCR assays. Higher throughput methods are of
special interest in environmental antibiotic resistance research as
there is a continuously increasing number of genes of interest.

Antibiotic resistance in the Rhine rivermay be influenced by anthro-
pogenic pollution to a certain extent as the AR rise between L1 and L3
suggests, but does not continuously increase over the course of the
Rhine. Factors influencing local ARG concentrations can be river size,
as data suggests that smaller rivers are more directly impacted by an-
thropogenic pollution, but also proximity and type of discharges of
wastewater treatment plants, presence of hospitals, agricultural/farm-
ing discharges and run-off. A general link between themost used antibi-
otics in the Rhine catchment (penicillins, tetracyclines, sulfonamides
and macrolides) and presence of ARG classes was observed.

Intl1 concentrations are a good indicator for sul1 concentrations but
not for overall anthropogenic ARGpollution. It is necessary to determine
which factors are most relevant for the quantification of ARG pollution.
Investigating correlations between Intl1 concentrations and data of NGS
of ARG presencemight be of further interest as the selection bias caused
by gene selection for qPCR analysis would beminimized. The combined
presence of certain ARGs onMGE could explain the observed correlation
between those specific ARGs and are also relevant in health risk assess-
ment (Oh et al., 2018).

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influ-
ence the work reported in this paper.

Acknowledgements

Wewould like to thank our collaboratorswho helpedwith sampling
at various Rhine locations: Dr. Richard Wülser (Industrielle Werke Ba-
sel), Dr. Bernhard Post (Hessenwasser), Dr. Carsten Schmidt
(Rheinenergie) and Henk Zemmelink (Rijkswaterstaat).

We would further like to warmly thank Dr. Andre Bannink (RIWA)
and Dr. Hans-Peter Rohns (Wasserwerke Düsseldorf) for facilitating
contact to the other collaborators before the sampling campaign, for
their help in coordinating the sampling efforts and their valuable feed-
back to the initial sampling plan.



8 G.K. Paulus et al. / Science of the Total Environment 706 (2020) 135733
Funding

Thework presented in this publication is part of a project that has re-
ceived funding from the European Union's Horizon 2020 research and
innovation program under the Marie Skłodowska-Curie grant agree-
ment No. 675530.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2019.135733.
References

Ahmed, W., Zhang, Q., Lobos, A., Senkbeil, J., Sadowsky, M.J., Harwood, V.J., Saeidi, N.,
Marinoni, O., Ishii, S., 2018. Precipitation influences pathogenic bacteria and antibiotic
resistance gene abundance in storm drain outfalls in coastal sub-tropical waters. En-
viron. Int. 116, 308–318. https://doi.org/10.1016/j.envint.2018.04.005.

An, X.-L., Su, J.-Q., Li, B., Ouyang, W.-Y., Zhao, Y., Chen, Q.-L., Cui, L., Chen, H., Gillings, M.R.,
Zhang, T., et al., 2018. Tracking antibiotic resistome during wastewater treatment
using high throughput quantitative PCR. Environ. Int. 117, 146–153. https://doi.org/
10.1016/j.envint.2018.05.011.

Antunes, P., Machado, J., Sousa, J.C., Peixe, L., 2005. Dissemination of sulfonamide resis-
tance genes (sul1, sul2, and sul3) in Portuguese salmonella enterica strains and rela-
tion with Integrons. Antimicrob. Agents Chemother. 49 (2), 836–839. https://doi.org/
10.1128/AAC.49.2.836-839.2005.

Baker-Austin, C., Wright, M.S., Stepanauskas, R., Mcarthur, J.V., 2006. Co-selection of anti-
biotic and metal resistance. Trends Microbiol. 14 (4), 176–182. https://doi.org/
10.1016/j.tim.2006.02.006.

Bell, B.G., Schellevis, F., Stobberingh, E., Goossens, H., Pringle, M., 2014. A systematic re-
view and meta-analysis of the effects of antibiotic consumption on antibiotic resis-
tance. BMC Infect. Dis. 14, 13. https://doi.org/10.1186/1471-2334-14-13.

Bengtsson-Palme, J., Boulund, F., Fick, J., Kristiansson, E., Larsson, D.G.J., 2014. Shotgun
metagenomics reveals a wide array of antibiotic resistance genes and mobile ele-
ments in a polluted lake in India. Front. Microbiol. 5. https://doi.org/10.3389/
fmicb.2014.00648.

Bengtsson-Palme, J., Larson, D.G.J., 2015. Antibiotic resistance genes in the environment:
prioritizing risks. Nature Reviews Microbiology 13 (6), 396. https://doi.org/10.1038/
nrmicro3399-c1.

Bengtsson-Palme, J., Kristiansson, E., Larsson, D.G.J., 2018. Environmental factors influenc-
ing the development and spread of antibiotic resistance. FEMSMicrobiol. Rev. 42 (1).
https://doi.org/10.1093/femsre/fux053.

Berglund, B., Fick, J., Lindgren, P.-E., 2015. Urban wastewater effluent increases antibiotic
resistance gene concentrations in a receiving northern European river. Environ.
Toxicol. Chem. 34 (1), 192–196. https://doi.org/10.1002/etc.2784.

Brown, P.C., Borowska, E., Schwartz, T., Horn, H., 2019. Impact of the particulate matter
from wastewater discharge on the abundance of antibiotic resistance genes and fac-
ultative pathogenic bacteria in downstream river sediments. Sci. Total Environ. 649,
1171–1178. https://doi.org/10.1016/j.scitotenv.2018.08.394.

Bustin, S.A., Benes, V., Garson, J.A., Hellemans, J., Huggett, J., Kubista, M., Mueller, R., Nolan,
T., Pfaffl, M.W., Shipley, G.L., et al., 2009. The MIQE guidelines: minimum information
for publication of quantitative real-time PCR experiments. Clin. Chem. 55 (4),
611–622. https://doi.org/10.1373/clinchem.2008.112797.

Carlet, J., Pulcini, C., Piddock, L.J.V., 2014. Antibiotic resistance: a geopolitical issue. Clin.
Microbiol. Infect. 20 (10), 949–953. https://doi.org/10.1111/1469-0691.12767.

Cerdeira L, FernandesMR, Ienne S, Souza TA, DeO. GARCIAD and Lincopan N (2017) Draft
genome sequence of an environmental multidrug-resistant Klebsiella pneumoniae
ST340/CC258 harbouring Bla CTX-M-15 and blaKPC-2 genes. J. Glob. Antimicrob. Re-
sist. 8 108–109. https://doi.org/https://doi.org/10.1016/j.jgar.2016.12.001.

Chagas, T.P.G., Seki, L.M., Silva, D.M.D.A., Asensi, M.D., 2011. Occurrence of KPC-2-
producing Klebsiella pneumoniae strains in hospital wastewater. J. Hosp. Infect. 77
(3), 281. https://doi.org/10.1016/j.jhin.2010.10.008.

Chen B, Liang X, Nie X, Huang X, Zou S and Li X-D (2015) The role of class I integrons in
the dissemination of sulfonamide resistance genes in the Pearl River and Pearl River
estuary, South China. J. Hazard. Mater. 282 61–67. doi:https://doi.org/10.1016/j.
jhazmat.2014.06.010.

Cuzon, G., Naas, T., Villegas, M.-V., Bermudez, A.C., Quinn, J.P., Nordmann, P., 2011. Wide
dissemination of Pseudomonas aeruginosa producing ß-lactamase blaKPC-2 gene in
Colombia. Antimicrob. Agents Chemother. https://doi.org/10.1128/AAC.00297-11
00297-11.

D’costa, V.M., King, C.E., Kalan, L., Morar, M., Sung, W.W.L., Schwarz, C., Froese, D., Zazula,
G., Calmels, F., Debruyne, R., et al., 2011. Antibiotic resistance is ancient. Nature 477
(7365), 457–461. https://doi.org/10.1038/nature10388.

Di Cesare, A., Eckert, E.M., D’urso, S., Bertoni, R., Gillan, D.C., Wattiez, R., Corno, G., 2016.
Co-occurrence of integrase 1, antibiotic and heavy metal resistance genes in munici-
pal wastewater treatment plants. Water Res. 94, 208–214. https://doi.org/10.1016/j.
watres.2016.02.049.

Donner, E., Kosjek, T., Qualmann, S., Kusk, K.O., Heath, E., Revitt, D.M., Ledin, A., Andersen,
H.R., 2013. Ecotoxicity of carbamazepine and its UV photolysis transformation prod-
ucts. Science of The Total Environment 443, 870–876. https://doi.org/10.1016/j.
scitotenv.2012.11.059.
Durkin, M.J., Jafarzadeh, S.R., Hsueh, K., Sallah, Y.H., Munshi, K.D., Henderson, R.R., Fraser,
V.J., 2018. Outpatient antibiotic prescription trends in the United States: a National
Cohort Study. Infect. Control Hosp. Epidemiol. 39 (5), 584–589. https://doi.org/
10.1017/ice.2018.26.

El Khoury, G., Ramia, E., Salameh, P., 2017. Misconceptions and malpractices toward anti-
biotic use in childhood upper respiratory tract infections among a cohort of Lebanese
parents. Eval. Health Prof. 163278716686809. https://doi.org/10.1177/
0163278716686809.

Escher, B.I., Baumgartner, R., Lienert, J., Fenner, K., 2008. Predicting the ecotoxicological ef-
fects of transformation products. In Transformation products of synthetic chemicals
in the environmentSpringer, Berlin, Heidelberg, pp. 205–244.

European Centre for Disease Prevention and Control, 2018. Antimicrobial consump-
tion - Annual Epidemiological Report for 2016 (EU). URL. http://ecdc.europa.eu/
en/publications-data/antimicrobial-consumption-annual-epidemiological-re-
port-2016.

EUROPEAN MEDICINES AGENCY, ESVAC, 2018. Sales of Veterinary Antimicrobial Agents
in 30 European Countries in 2016 (EMA/275982/2018). ESVAC URL. https://www.
ema.europa.eu/documents/report/sales-veterinary-antimicrobial-agents-30-euro-
pean-countries-2016-trends-2010-2016-eighth-esvac_en.pdf.

Evans AE, Mateo-Sagasta J, QAdir M, Boelee E and Ippolito A (2019) Agricultural water
pollution: key knowledge gaps and research needs. Curr. Opin. Environ. Sustain. 36
(Environmental Change Assessment) 20–27. doi:https://doi.org/10.1016/j.
cosust.2018.10.003.

Fatta-Kassinos, D., Vasquez, M.I., Kümmerer, K., 2011. Transformation products of phar-
maceuticals in surface waters and wastewater formed during photolysis and ad-
vanced oxidation processes–degradation, elucidation of byproducts and assessment
of their biological potency. Chemosphere 85 (5), 693–709.

Finley, R.L., Collignon, P., Larsson, D.G.J., Mcewen, S.A., Li, X.-Z., Gaze, W.H., Reid-Smith, R.,
Timinouni, M., Graham, D.W., Topp, E., 2013. The scourge of antibiotic resistance: the
important role of the environment. Clin. Infect. Dis. 57 (5), 704–710. https://doi.org/
10.1093/cid/cit355.

Forootan, A., Sjöback, R., Björkman, J., Sjögreen, B., Linz, L., Kubista, M., 2017. Methods to
determine limit of detection and limit of quantification in quantitative real-time PCR
(qPCR). Biomolecular Detection and Quantification 12, 1–6. https://doi.org/10.1016/j.
bdq.2017.04.001.

Frank, T., Gautier, V., Talarmin, A., Bercion, R., Arlet, G., 2007. Characterization of
sulphonamide resistance genes and class 1 integron gene cassettes in Enterobacteri-
aceae, Central African Republic (CAR). J. Antimicrob. Chemother. 59 (4), 742–745.
https://doi.org/10.1093/jac/dkl538.

GillingsMR, GazeWH, Pruden A, Smalla K, Tiedje JM and Zhu Y-G (2015) Using the class 1
integron-integrase gene as a proxy for anthropogenic pollution. ISME J. 9
(6) 1269–1279. doi:https://doi.org/10.1038/ismej.2014.226.

Gootz, T.D., Lescoe, M.K., Dib-Hajj, F., Dougherty, B.A., He, W., Della-Latta, P., Huard, R.C.,
2009. Genetic organization of transposase regions surrounding blaKPC
carbapenemase genes on plasmids from Klebsiella strains isolated in a New York
City Hospital. Antimicrob. Agents Chemother. 53 (5), 1998–2004. https://doi.org/
10.1128/AAC.01355-08.

Gordon, C., Borchardt, D., Muller, J.A.J.G.D., Mensah, A., 2016. A Snapshot of the World’s
Water Quality: Towards a Global Assessment.

Hegstad, K., Langsrud, S., Lunestad, B.T., Scheie, A.A., Sunde, M., Yazdankhan, S.P., 2010.
Does the wide use of quaternary ammonium compounds enhance the selection
and spread of antimicrobial resistance and thus threaten our health? Microbial
Drug Resistance 16 (2), 91–104. https://doi.org/10.1089/mdr.2009.0120 Larchmont,
N.Y.

Hicks, L.A., Bartoces, M.G., Roberts, R.M., Suda, K.J., Hunkler, R.J., Taylor, T.H., Schrag, S.J.,
2015. US outpatient antibiotic prescribing variation according to geography, patient
population, and provider specialty in 2011. Clin. Infect. Dis. 60 (9), 1308–1316.
https://doi.org/10.1093/cid/civ076.

Hu, Y., Cai, J., Zhang, R., Zhou, H., Sun, Q., Chen, G., 2012. Emergence of Proteus mirabilis
harboring blaKPC-2 and qnrD in a Chinese hospital. Antimicrob. Agents Chemother.
https://doi.org/10.1128/AAC.05519-11 05519-11.

Huijbers, P.M.C., Blaak, H., De Jong, M.C.M., Graat, E.A.M., Vandenbroucke-Grauls, C.M.J.E.,
De Roda Husman, A.M., 2015. Role of the environment in the transmission of antimi-
crobial resistance to humans: a review. Environ. Sci. Technol. 49 (20), 11993–12004.
https://doi.org/10.1021/acs.est.5b02566.

Hunter, J.D., 2007. Matplotlib: a 2D graphics environment. Comput. Sci. Eng. 9 (3), 90–95.
https://doi.org/10.1109/MCSE.2007.55.

Imran, M., Das, K.R., Naik, M.M., 2019. Co-selection of multi-antibiotic resistance in
bacterial pathogens in metal and microplastic contaminated environments: an
emerging health threat. Chemosphere 215, 846–857. https://doi.org/10.1016/j.
chemosphere.2018.10.114.

Iversen, A., Kühn, I., Franklin, A., Möllby, R., 2002. High prevalence of vancomycin-
resistant enterococci in Swedish sewage. Appl. Environ. Microbiol. 68 (6),
2838–2842. https://doi.org/10.1128/AEM.68.6.2838-2842.2002.

Jiang, L., Hu, X., Xu, T., Zhang, H., Sheng, D., Yin, D., 2013. Prevalence of antibiotic resis-
tance genes and their relationship with antibiotics in the Huangpu River and the
drinking water sources, Shanghai, China. Sci. Total Environ. 458–460, 267–272.
https://doi.org/10.1016/j.scitotenv.2013.04.038.

Jiang, H., Zhou, R., Yang, Y., Chen, B., Cheng, Z., Zhang, M., Li, J., Zhang, G., Zou, S., 2018.
Characterizing the antibiotic resistance genes in a river catchment: influence of an-
thropogenic activities. J. Environ. Sci. 69, 125–132. https://doi.org/10.1016/j.
jes.2017.08.009.

Jiang, H., Zhou, R., Yang, Y., Chen, B., Cheng, Z., Zhang, M., Li, J., Zhang, G., Zou, S., 2019.
Characterizing the antibiotic resistance genes in a river catchment: influence of an-
thropogenic activities. J. Environ. Sci. https://doi.org/10.1016/j.jes.2017.08.009 in
press.

https://doi.org/10.1016/j.scitotenv.2019.135733
https://doi.org/10.1016/j.scitotenv.2019.135733
https://doi.org/10.1016/j.envint.2018.04.005
https://doi.org/10.1016/j.envint.2018.05.011
https://doi.org/10.1016/j.envint.2018.05.011
https://doi.org/10.1128/AAC.49.2.836-839.2005
https://doi.org/10.1128/AAC.49.2.836-839.2005
https://doi.org/10.1016/j.tim.2006.02.006
https://doi.org/10.1016/j.tim.2006.02.006
https://doi.org/10.1186/1471-2334-14-13
https://doi.org/10.3389/fmicb.2014.00648
https://doi.org/10.3389/fmicb.2014.00648
https://doi.org/10.1038/nrmicro3399-c1
https://doi.org/10.1038/nrmicro3399-c1
https://doi.org/10.1093/femsre/fux053
https://doi.org/10.1002/etc.2784
https://doi.org/10.1016/j.scitotenv.2018.08.394
https://doi.org/10.1373/clinchem.2008.112797
https://doi.org/10.1111/1469-0691.12767
https://doi.org/10.1016/j.jgar.2016.12.001
https://doi.org/10.1016/j.jhin.2010.10.008
https://doi.org/10.1016/j.jhazmat.2014.06.010
https://doi.org/10.1016/j.jhazmat.2014.06.010
https://doi.org/10.1128/AAC.00297-11
https://doi.org/10.1038/nature10388
https://doi.org/10.1016/j.watres.2016.02.049
https://doi.org/10.1016/j.watres.2016.02.049
https://doi.org/10.1016/j.scitotenv.2012.11.059
https://doi.org/10.1016/j.scitotenv.2012.11.059
https://doi.org/10.1017/ice.2018.26
https://doi.org/10.1017/ice.2018.26
https://doi.org/10.1177/0163278716686809
https://doi.org/10.1177/0163278716686809
http://refhub.elsevier.com/S0048-9697(19)35728-6/rf2075
http://refhub.elsevier.com/S0048-9697(19)35728-6/rf2075
http://refhub.elsevier.com/S0048-9697(19)35728-6/rf2075
http://ecdc.europa.eu/en/publications-data/antimicrobial-consumption-annual-epidemiological-report-2016
http://ecdc.europa.eu/en/publications-data/antimicrobial-consumption-annual-epidemiological-report-2016
http://ecdc.europa.eu/en/publications-data/antimicrobial-consumption-annual-epidemiological-report-2016
https://www.ema.europa.eu/documents/report/sales-veterinary-antimicrobial-agents-30-european-countries-2016-trends-2010-2016-eighth-esvac_en.pdf
https://www.ema.europa.eu/documents/report/sales-veterinary-antimicrobial-agents-30-european-countries-2016-trends-2010-2016-eighth-esvac_en.pdf
https://www.ema.europa.eu/documents/report/sales-veterinary-antimicrobial-agents-30-european-countries-2016-trends-2010-2016-eighth-esvac_en.pdf
https://doi.org/10.1016/j.cosust.2018.10.003
https://doi.org/10.1016/j.cosust.2018.10.003
http://refhub.elsevier.com/S0048-9697(19)35728-6/rf2012
http://refhub.elsevier.com/S0048-9697(19)35728-6/rf2012
http://refhub.elsevier.com/S0048-9697(19)35728-6/rf2012
http://refhub.elsevier.com/S0048-9697(19)35728-6/rf2012
https://doi.org/10.1093/cid/cit355
https://doi.org/10.1093/cid/cit355
https://doi.org/10.1016/j.bdq.2017.04.001
https://doi.org/10.1016/j.bdq.2017.04.001
https://doi.org/10.1093/jac/dkl538
https://doi.org/10.1038/ismej.2014.226
https://doi.org/10.1128/AAC.01355-08
https://doi.org/10.1128/AAC.01355-08
http://refhub.elsevier.com/S0048-9697(19)35728-6/rf0120
http://refhub.elsevier.com/S0048-9697(19)35728-6/rf0120
https://doi.org/10.1089/mdr.2009.0120
https://doi.org/10.1093/cid/civ076
https://doi.org/10.1128/AAC.05519-11
https://doi.org/10.1021/acs.est.5b02566
https://doi.org/10.1109/MCSE.2007.55
https://doi.org/10.1016/j.chemosphere.2018.10.114
https://doi.org/10.1016/j.chemosphere.2018.10.114
https://doi.org/10.1128/AEM.68.6.2838-2842.2002
https://doi.org/10.1016/j.scitotenv.2013.04.038
https://doi.org/10.1016/j.jes.2017.08.009
https://doi.org/10.1016/j.jes.2017.08.009
https://doi.org/10.1016/j.jes.2017.08.009


9G.K. Paulus et al. / Science of the Total Environment 706 (2020) 135733
Kambarev, S., Pecorari, F., Corvec, S., 2018. Novel Tn916-like elements confer aminoglyco-
side/macrolide co-resistance in clinical isolates of streptococcus gallolyticus ssp.
gallolyticus. J. Antimicrob. Chemother. 73 (5), 1201–1205. https://doi.org/10.1093/
jac/dky016.

Karkman, A., Johnson, T.A., Lyra, C., Stedtfeld, R.D., Tamminen, M., Tiedje, J.M., Virta, M.,
2016. High-throughput quantification of antibiotic resistance genes from an urban
wastewater treatment plant. FEMS Microbiol. Ecol. 92 (3). https://doi.org/10.1093/
femsec/fiw014.

Khan, G.A., Berglund, B., Khan, K.M., Lindgren, P.-E., Fick, J., 2013. Occurrence and abun-
dance of antibiotics and resistance genes in rivers, canal and near drug formulation
facilities–a study in Pakistan. PloS One 8 (6), e62712. https://doi.org/10.1371/jour-
nal.pone.0062712.

Koenig, J.E., Sharp, C., Dlutek, M., Curtis, B., Joss, M., Boucher, Y., Doolittle, W.F., 2009.
Integron Gene Cassettes and Degradation of Compounds Associated with Industrial
Waste: The Case of the Sydney Tar Ponds. PLoS ONE 4 (4). https://doi.org/10.1371/
journal.pone.0005276.

Koop, S.H.A., Van Leeuwen, C.J., 2017. The challenges of water, waste and climate change
in cities. Environ. Dev. Sustain. 19 (2), 385–418. https://doi.org/10.1007/s10668-016-
9760-4.

Larsson, D.G.J., Andremont, A., Bengtsson-Palme, J., Brandt, K.K., De Roda Husman,
A.M., Fagerstedt, P., Fick, J., Flach, C.-F., Gaze, W.H., Kuroda, M., et al., 2018. Crit-
ical knowledge gaps and research needs related to the environmental dimen-
sions of antibiotic resistance. Environ. Int. 117, 132–138. https://doi.org/
10.1016/j.envint.2018.04.041.

Laxminarayan, R., Duse, A., Wattal, C., Zaidi, A.K.M., Wertheim, H.F.L., Sumpradit, N.,
Vlieghe, E., Hara, G.L., Gould, I.M., Goossens, H., et al., 2013. Antibiotic resistance—
the need for global solutions. Lancet Infect. Dis. 13 (12), 1057–1098. https://doi.
org/10.1016/S1473-3099(13)70318-9.

Li, L.-G., Yin, X., Zhang, T., 2018. Tracking antibiotic resistance gene pollution from differ-
ent sources using machine-learning classification. Microbiome 6 (1), 93. https://doi.
org/10.1186/s40168-018-0480-x.

López-Serna, R., Jurado, A., Vázquez-Suñé, E., Carrera, J., Petrović, M., Barceló, D., 2013. Oc-
currence of 95 pharmaceuticals and transformation products in urban groundwaters
underlying themetropolis of Barcelona, Spain. Environmental Pollution 174, 305–315
ISO 690.

Luo, Y., Mao, D., Rysz, M., Zhou, Q., Zhang, H., Xu, L., Alvarez P, J.J., 2010. Trends in antibi-
otic resistance genes occurrence in the Haihe River, China. Environ. Sci. Technol. 44
(19), 7220–7225. https://doi.org/10.1021/es100233w.

Mendonça N, Leitão J, Manageiro V, Ferreira E, PORTUGAL the ARSP in and Caniça M
(2007) Spread of extended-spectrum β-lactamase CTX-M-producing Escherichia
coli clinical isolates in community and nosocomial environments in Portugal.
Antimicrob. Agents Chemother. 51 (6) 1946–1955. doi:https://doi.org/10.1128/
AAC.01412-06.

Morris, C., Helliwell, R., Raman, S., 2016. Framing the agricultural use of antibiotics and
antimicrobial resistance in UK national newspapers and the farming press. J. Rural.
Stud. 45 (Supplement C), 43–53. https://doi.org/10.1016/j.jrurstud.2016.03.003.

Narciso-Da-Rocha, C., Varela, A.R., Schwartz, T., Nunes, O.C., Manaia, C.M., 2014. Bla TEM
and vanA as indicator genes of antibiotic resistance contamination in a hospital–
urban wastewater treatment plant system. J. Glob. Antimicrob. Resist. 2 (4),
309–315. https://doi.org/10.1016/j.jgar.2014.10.001.

Oh, M., Pruden, A., Chen, C., Heath, L.S., Xia, K., Zhang, L., 2018. MetaCompare: a compu-
tational pipeline for prioritizing environmental resistome risk. FEMS Microbiol.
Ecol. 94 (7). https://doi.org/10.1093/femsec/fiy079.

Owczarzy, R., Tataurov, A.V., Wu, Y., Manthey, J.A., Mcquisten, K.A., Almabrazi, H.G.,
Pedersen, K.F., Lin, Y., Garretson, J., Mcentaggart, N.O., et al., 2008. IDT SciTools: a
suite for analysis and design of nucleic acid oligomers. Nucleic Acids Res. 36 (Web
Server issue), W163–W169. https://doi.org/10.1093/nar/gkn198.

Pal, C., Bengtsson-Palme, J., Kristiansson, E., Larsson, D.G.J., 2015. Co-occurrence of resis-
tance genes to antibiotics, biocides and metals reveals novel insights into their co-
selection potential. BMC Genomics 16 (1), 964. https://doi.org/10.1186/s12864-
015-2153-5.

Pan, D.S.T., Huang, J.H., Lee, M.H.M., Yu, Y., Chen, M.I.-C., Goh, E.H., Jiang, L., Chong,
J.W.C., Leo, Y.S., Lee, T.H., et al., 2016. Knowledge, attitudes and practices towards
antibiotic use in upper respiratory tract infections among patients seeking pri-
mary health care in Singapore. BMC Fam. Pract. 17 (1), 148. https://doi.org/
10.1186/s12875-016-0547-3.

Paulus, G.K., Hornstra, L.M., Alygizakis, N., Slobodnik, J., Thomaidis, N., Medema, G., 2019.
The impact of on-site hospital wastewater treatment on the downstream communal
wastewater system in terms of antibiotics and antibiotic resistance genes. Int. J. Hyg.
Environ. Health https://doi.org/10.1016/j.ijheh.2019.01.004.

Pei, R., Kim, S.-C., Carlson, K.H., Pruden, A., 2006. Effect of river landscape on the sediment
concentrations of antibiotics and corresponding antibiotic resistance genes (ARG).
Water Res. 40 (12), 2427–2435. https://doi.org/10.1016/j.watres.2006.04.017.

Pruden, A., Arabi, M., Storteboom, H.N., 2012. Correlation between upstream human ac-
tivities and riverine antibiotic resistance genes. Environ. Sci. Technol. 46 (21),
11541–11549. https://doi.org/10.1021/es302657r.

Pruden, A., Alcalde, R.E., Alvarez, P.J.J., Ashbolt, N., Bischel, H., Capiro, N.L., Crossette, E.,
Frigon, D., Grimes, K., Haas, C.N., et al., 2018. An environmental science and engineer-
ing framework for combating antimicrobial resistance. Environ. Eng. Sci. 35 (10),
1005–1011. https://doi.org/10.1089/ees.2017.0520.

Rosewarne, C.P., Pettigrove, V., STokes, H.W., Parsons, Y.M., 2010. lass 1 integrons in ben-
thic bacterial communities: abundance, association with Tn402-like transposition
modules and evidence for coselection with heavy-metal resistance. FEMS microbiol-
ogy ecology 72 (1), 35–46. https://doi.org/10.1111/j.1574-6941.2009.00823.x.

Ruff, M., Mueller, M.S., Loos, M., Singer, H.P., 2015. Quantitative target and systematic
non-target analysis of polar organic micro-pollutants along the river Rhine using
high-resolution mass-spectrometry – Identification of unknown sources and com-
pounds. Water Research 87, 145–154. https://doi.org/10.1016/j.watres.2015.09.017.

Sabri, N.A., Schmitt, H., Van Der Zaan, B., Gerritsen, H.W., Zuidema, T., Rijnaarts, H.H.M.,
Langenhoff, A.A.M., 2018. Prevalence of antibiotics and antibiotic resistance genes
in a wastewater effluent-receiving river in the Netherlands. J. Environ. Chem. Eng.
https://doi.org/10.1016/j.jece.2018.03.004.

Scott, W.C., Breed, C.S., Haddad, S.P., Burket, S.R., Saari, G.N., Pearce, P.J., Chambliss, C.K.,
Brooks, B.W., 2019. Spatial and temporal influence of onsite wastewater treatment
systems, centralized effluent discharge, and tides on aquatic hazards of nutrients, in-
dicator bacteria, and pharmaceuticals in a coastal bayou. Sci. Total Environ. 650,
354–364. https://doi.org/10.1016/j.scitotenv.2018.09.029.

Seiler, C., Berendonk, T.U., 2012. Heavy metal driven co-selection of antibiotic resistance
in soil and water bodies impacted by agriculture and aquaculture. Front. Microbiol.
3. https://doi.org/10.3389/fmicb.2012.00399.

Sellera, F.P., Fernandes, M.R., Moura, Q., Souza, T.A., Cerdeira, L., Lincopan, N., 2017. Draft
genome sequence of Enterobacter cloacae ST520 harbouring blaKPC-2, bla CTX-M-15
and blaOXA-17 isolated from coastal waters of the South Atlantic Ocean. J. Glob.
Antimicrob. Resist. 10, 279–280. https://doi.org/10.1016/j.jgar.2017.07.017.

Seral, C., Castillo, F.J., Rubio-Calvo, M.C., Fenoll, A., García, C., Gómez-Lus, R., 2001. Distri-
bution of resistance genes tet(M), aph3′-III, catpC194 and the integrase gene of
Tn1545 in clinical Streptococcus pneumoniae harbouring erm(B) and mef(A) genes
in Spain. J. Antimicrob. Chemother. 47 (6), 863–866. https://doi.org/10.1093/jac/
47.6.863.

Shah, S.Q.A., Cabello, F.C., L’abée-Lund, T.M., Tomova, A., Godfrey, H.P., Buschmann, A.H.,
Sørum, H., 2014. Antimicrobial resistance and antimicrobial resistance genes in ma-
rine bacteria from salmon aquaculture and non-aquaculture sites. Environ. Microbiol.
16 (5), 1310–1320. https://doi.org/10.1111/1462-2920.12421.

Stepanauskas, R., Glenn, T.C., Jagoe, C.H., Tuckfield, R.C., Lindell, A.H., King, C.J., McArthur,
J.V., 2006. Coselection for microbial resistance to metals and antibiotics in freshwater
microcosms. Environmental Microbiology 8 (9), 1510–1514. https://doi.org/10.1111/
j.1462-2920.2006.01091.x.

Su H-C, Ying G-G, Tao R, Zhang R-Q, Zhao J-L and Liu Y-S (2012) Class 1 and 2 integrons,
sul resistance genes and antibiotic resistance in Escherichia coli isolated from
Dongjiang River, South China. Environ. Pollut. 169 (Interactions Between Indoor
and Outdoor Air Pollution - Trends and Scientific Challenges) 42–49. doi:https://
doi.org/10.1016/j.envpol.2012.05.007.

Svec, D., Tichopad, A., Novosadova, V., Pfaffl, M.W., Kubista, M., 2015. How good is a PCR
efficiency estimate: recommendations for precise and robust qPCR efficiency assess-
ments. Biomolecular Detection and Quantification 3, 9–16. https://doi.org/10.1016/j.
bdq.2015.01.005.

Takasu, H., Suzuki, S., Reungsang, A., Viet, P.H., 2011. Fluoroquinolone (FQ) Contamination
Does Not Correlate with Occurrence of FQ-Resistant Bacteria in Aquatic Environ-
ments of Vietnam and Thailand. Microbes and Environments 26 (2), 135–143.
https://doi.org/10.1264/jsme2.ME10204.

Tellinghuisen, J., Spiess, A.-N., 2014. Comparing real-time quantitative polymerase chain
reaction analysis methods for precision, linearity, and accuracy of estimating amplifi-
cation efficiency. Anal. Biochem. 449, 76–82. https://doi.org/10.1016/j.
ab.2013.12.020.

Ter Laak, T.L., Van Der Aa, M., Houtman, C.J., Stoks, P.G., VanWezel, A.P., 2010. Relating en-
vironmental concentrations of pharmaceuticals to consumption: a mass balance ap-
proach for the river Rhine. Environ. Int. 36 (5), 403–409. https://doi.org/10.1016/j.
envint.2010.02.009.

UNITED NATIONS ENVIRONMENT PROGRAMME, 2017. Tackling global water pollution.
URL. UN Environmenthttp://www.unenvironment.org/explore-topics/water/what-
we-do/tackling-global-water-pollution, Accessed date: 16 August 2019.

UN-WATER 2009, 2009.Water in a changingworld - world water assessment programme
(United Nations). Volume 1. https://books.google.ca/books?hl=en&lr=&id=
OiJRFcgkWXYC&oi=fnd&pg=PR7&dq=
World+Water+Assessment+Programme.+2009&ots=2NMVJ_HUDC&sig=
CMELF3FRDGW_gsbxVD70fh6ukhA&redir_esc=y#v=onepage&q=World%20Water
%20Assessment%20Programme.%202009&f=false.

Van Boeckel TP, Gandra S, Ashok A, Caudron Q, Grenfell BT, Levin SA and Laxminarayan R
(2014) Global antibiotic consumption 2000 to 2010: an analysis of national pharma-
ceutical sales data. Lancet Infect. Dis. 14 (8) 742–750. https://doi.org/10.1016/S1473-
3099(14)70780-7.

Ventola, C.L., 2015. The antibiotic resistance crisis. Pharmacy and Therapeutics 40 (4),
277–283.

Wallace, J.S., Garner, E., Pruden, A., Aga, D.S., 2018. Occurrence and transformation of vet-
erinary antibiotics and antibiotic resistance genes in dairy manure treated by ad-
vanced anaerobic digestion and conventional treatment methods. Environmental
pollution 236, 764–772.

Wang F-H, Qiao M, Su J-Q, Chen Z, Zhou X and Zhu Y-G (2014) High throughput profiling
of antibiotic resistance genes in urban park soils with reclaimed water irrigation. En-
viron. Sci. Technol. 48 (16) 9079–9085. doi:https://doi.org/10.1021/es502615e.

Wang, Q., Lu, Q., Mao, D., Cui, Y., Luo, Y., 2015. The horizontal transfer of antibiotic resis-
tance genes is enhanced by ionic liquid with different structure of varying alkyl chain
length. Frontiers in Microbiology 6. https://doi.org/10.3389/fmicb.2015.00864.

Waseem, H., Jameel, S., Ali, J., Saleem Ur Rehman, H., Tauseef, I., Farooq, U., Jamal, A., Ali,
M.I., 2019. Contributions and challenges of high throughput qPCR for determining an-
timicrobial resistance in the environment: a critical review. Molecules 24 (1), 163.
https://doi.org/10.3390/molecules24010163.

Waskom, M., 2012. Seaborn: statistical data visualization— seaborn 0.9.0 documentation.
URL. http://seaborn.pydata.org/, Accessed date: 21 August 2019.

Woodford, N., Ellington, M.J., 2007. The emergence of antibiotic resistance by
mutation. Clin. Microbiol. Infect. 13 (1), 5–18. https://doi.org/10.1111/j.1469-
0691.2006.01492.x.

https://doi.org/10.1093/jac/dky016
https://doi.org/10.1093/jac/dky016
https://doi.org/10.1093/femsec/fiw014
https://doi.org/10.1093/femsec/fiw014
https://doi.org/10.1371/journal.pone.0062712
https://doi.org/10.1371/journal.pone.0062712
https://doi.org/10.1371/journal.pone.0005276
https://doi.org/10.1371/journal.pone.0005276
https://doi.org/10.1007/s10668-016-9760-4
https://doi.org/10.1007/s10668-016-9760-4
https://doi.org/10.1016/j.envint.2018.04.041
https://doi.org/10.1016/j.envint.2018.04.041
https://doi.org/10.1016/S1473-3099(13)70318-9
https://doi.org/10.1016/S1473-3099(13)70318-9
https://doi.org/10.1186/s40168-018-0480-x
https://doi.org/10.1186/s40168-018-0480-x
http://refhub.elsevier.com/S0048-9697(19)35728-6/rf2072
http://refhub.elsevier.com/S0048-9697(19)35728-6/rf2072
http://refhub.elsevier.com/S0048-9697(19)35728-6/rf2072
http://refhub.elsevier.com/S0048-9697(19)35728-6/rf2072
https://doi.org/10.1021/es100233w
https://doi.org/10.1128/AAC.01412-06
https://doi.org/10.1128/AAC.01412-06
https://doi.org/10.1016/j.jrurstud.2016.03.003
https://doi.org/10.1016/j.jgar.2014.10.001
https://doi.org/10.1093/femsec/fiy079
https://doi.org/10.1093/nar/gkn198
https://doi.org/10.1186/s12864-015-2153-5
https://doi.org/10.1186/s12864-015-2153-5
https://doi.org/10.1186/s12875-016-0547-3
https://doi.org/10.1186/s12875-016-0547-3
https://doi.org/10.1016/j.ijheh.2019.01.004
https://doi.org/10.1016/j.watres.2006.04.017
https://doi.org/10.1021/es302657r
https://doi.org/10.1089/ees.2017.0520
https://doi.org/10.1111/j.1574-6941.2009.00823.x
https://doi.org/10.1016/j.watres.2015.09.017
https://doi.org/10.1016/j.jece.2018.03.004
https://doi.org/10.1016/j.scitotenv.2018.09.029
https://doi.org/10.3389/fmicb.2012.00399
https://doi.org/10.1016/j.jgar.2017.07.017
https://doi.org/10.1093/jac/47.6.863
https://doi.org/10.1093/jac/47.6.863
https://doi.org/10.1111/1462-2920.12421
https://doi.org/10.1111/j.1462-2920.2006.01091.x
https://doi.org/10.1111/j.1462-2920.2006.01091.x
https://doi.org/10.1016/j.envpol.2012.05.007
https://doi.org/10.1016/j.envpol.2012.05.007
https://doi.org/10.1016/j.bdq.2015.01.005
https://doi.org/10.1016/j.bdq.2015.01.005
https://doi.org/10.1264/jsme2.ME10204
https://doi.org/10.1016/j.ab.2013.12.020
https://doi.org/10.1016/j.ab.2013.12.020
https://doi.org/10.1016/j.envint.2010.02.009
https://doi.org/10.1016/j.envint.2010.02.009
http://www.unenvironment.org/explore-topics/water/what-we-do/tackling-global-water-pollution
http://www.unenvironment.org/explore-topics/water/what-we-do/tackling-global-water-pollution
https://books.google.ca/books?hl=en&amp;lr=&amp;id=OiJRFcgkWXYC&amp;oi=fnd&amp;pg=PR7&amp;dq=World+ater+ssessment+rogramme.+amp;ots=2NMVJ_HUDC&amp;sig=CMELF3FRDGW_gsbxVD70fh6ukhA&amp;redir_esc=y#v=onepage&amp;q=World%20Water%20Assessment%20Programme.%202009&amp;f=false
https://books.google.ca/books?hl=en&amp;lr=&amp;id=OiJRFcgkWXYC&amp;oi=fnd&amp;pg=PR7&amp;dq=World+ater+ssessment+rogramme.+amp;ots=2NMVJ_HUDC&amp;sig=CMELF3FRDGW_gsbxVD70fh6ukhA&amp;redir_esc=y#v=onepage&amp;q=World%20Water%20Assessment%20Programme.%202009&amp;f=false
https://books.google.ca/books?hl=en&amp;lr=&amp;id=OiJRFcgkWXYC&amp;oi=fnd&amp;pg=PR7&amp;dq=World+ater+ssessment+rogramme.+amp;ots=2NMVJ_HUDC&amp;sig=CMELF3FRDGW_gsbxVD70fh6ukhA&amp;redir_esc=y#v=onepage&amp;q=World%20Water%20Assessment%20Programme.%202009&amp;f=false
https://books.google.ca/books?hl=en&amp;lr=&amp;id=OiJRFcgkWXYC&amp;oi=fnd&amp;pg=PR7&amp;dq=World+ater+ssessment+rogramme.+amp;ots=2NMVJ_HUDC&amp;sig=CMELF3FRDGW_gsbxVD70fh6ukhA&amp;redir_esc=y#v=onepage&amp;q=World%20Water%20Assessment%20Programme.%202009&amp;f=false
https://books.google.ca/books?hl=en&amp;lr=&amp;id=OiJRFcgkWXYC&amp;oi=fnd&amp;pg=PR7&amp;dq=World+ater+ssessment+rogramme.+amp;ots=2NMVJ_HUDC&amp;sig=CMELF3FRDGW_gsbxVD70fh6ukhA&amp;redir_esc=y#v=onepage&amp;q=World%20Water%20Assessment%20Programme.%202009&amp;f=false
https://doi.org/10.1016/S1473-3099
https://doi.org/10.1016/S1473-3099
http://refhub.elsevier.com/S0048-9697(19)35728-6/rf0310
http://refhub.elsevier.com/S0048-9697(19)35728-6/rf0310
http://refhub.elsevier.com/S0048-9697(19)35728-6/rf2082
http://refhub.elsevier.com/S0048-9697(19)35728-6/rf2082
http://refhub.elsevier.com/S0048-9697(19)35728-6/rf2082
http://refhub.elsevier.com/S0048-9697(19)35728-6/rf2082
https://doi.org/10.1021/es502615e
https://doi.org/10.3389/fmicb.2015.00864
https://doi.org/10.3390/molecules24010163
http://seaborn.pydata.org/
https://doi.org/10.1111/j.1469-0691.2006.01492.x
https://doi.org/10.1111/j.1469-0691.2006.01492.x


10 G.K. Paulus et al. / Science of the Total Environment 706 (2020) 135733
WORLD HEALTH ORGANIZATION, 2014. Antimicrobial resistance: global report on sur-
veillance. Antimicrobial resistance: global report on surveillance. https://www.
cabdirect.org/cabdirect/abstract/20143204323.

Wullings, B., Wubbels, G., Veenendaal, H., Van Der Kooij, D., 2007. Snelle, kwantitatieve
detectie van Legionella pneumophila met Q-PCR. H twee O : tijdschrift voor
watervoorziening en afvalwaterbehandeling 40 (5), 39–41.

Xu, J., Xu, Y., Wang, H., Guo, C., Qiu, H., He, Y., Zhang, Y., Li, X., Meng, W., 2015. Occurrence
of antibiotics and antibiotic resistance genes in a sewage treatment plant and its
effluent-receiving river. Chemosphere 119, 1379–1385. https://doi.org/10.1016/j.
chemosphere.2014.02.040.

Xu, L., Ouyang, W., Qian, Y., Su, C., Su, J., Chen, H., 2016. High-throughput profiling of an-
tibiotic resistance genes in drinking water treatment plants and distribution systems.
Environ. Pollut. 213, 119–126. https://doi.org/10.1016/j.envpol.2016.02.013.
Xu, Y., Guo, C., Lv, J., Hou, S., Luo, Y., Zhang, Y., Xu, J., 2018. Spatiotemporal profile of tet-
racycline and sulfonamide and their resistance on a catchment scale. Environ. Pollut.
241, 1098–1105. https://doi.org/10.1016/j.envpol.2018.06.050.

Zhang, Y., Shen, Y., 2019. Wastewater irrigation: past, present, and future. Wiley
Interdiscip. Rev. Water 6 (3), e1234. https://doi.org/10.1002/wat2.1234.

Zhang, X., Wu, B., Zhang, Y., Zhang, T., Yang, L., Fang, H.H.P., Ford, T., Cheng, S., 2009. Class
1 integronase gene and tetracycline resistance genes tet a and tetC in different water
environments of Jiangsu Province, China. Ecotoxicology (London, England) 18 (6),
652–660. https://doi.org/10.1007/s10646-009-0332-3.

Zheng, J., Zhou, Z., Wei, Y., Chen, T., Feng, W., Chen, H., 2018. High-throughput profiling of
seasonal variations of antibiotic resistance gene transport in a peri-urban river. Envi-
ron. Int. 114, 87–94. https://doi.org/10.1016/j.envint.2018.02.039.

https://www.cabdirect.org/cabdirect/abstract/20143204323
https://www.cabdirect.org/cabdirect/abstract/20143204323
http://refhub.elsevier.com/S0048-9697(19)35728-6/rf0335
http://refhub.elsevier.com/S0048-9697(19)35728-6/rf0335
http://refhub.elsevier.com/S0048-9697(19)35728-6/rf0335
http://refhub.elsevier.com/S0048-9697(19)35728-6/rf0335
https://doi.org/10.1016/j.chemosphere.2014.02.040
https://doi.org/10.1016/j.chemosphere.2014.02.040
https://doi.org/10.1016/j.envpol.2016.02.013
https://doi.org/10.1016/j.envpol.2018.06.050
https://doi.org/10.1002/wat2.1234
https://doi.org/10.1007/s10646-009-0332-3
https://doi.org/10.1016/j.envint.2018.02.039

	International tempo-�spatial study of antibiotic resistance genes across the Rhine river using newly developed multiplex qP...
	1. Introduction
	2. Methods and materials
	2.1. Multiplex development and quality control
	2.2. Sampling
	2.2.1. Sampling sites
	2.2.2. Sampling conditions
	2.2.3. Temporal monitoring
	2.2.4. Spatial monitoring
	2.2.5. Filtration and DNA extraction

	2.3. Antibiotic resistance gene quantification
	2.4. Antibiotic consumption and environmental data
	2.5. Data analysis

	3. Results and discussion
	3.1. Multiplex assays
	3.2. Validation of accuracy, efficiency and precision
	3.3. Temporal variation of ARG concentrations
	3.4. Spatial variation for ARG presence and concentrations
	3.5. Estimations of ARG pollution depend on the parameter monitored
	3.5.1. Intl1 does not correlate with overall ARG concentrations but with sul1 concentrations
	3.5.2. Antibiotic resistance gene correlations with other factors


	4. Conclusion
	Declaration of competing interest
	Acknowledgements
	Funding
	Appendix A. Supplementary data
	References


