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A B S T R A C T

Antibiotics are being used intensively for humans and livestock worldwide and have led to the presence of
antibiotic resistance bacteria (ARB) and antibiotic resistance genes (ARGs) in the environment. Wastewater
treatment plants (WWTPs) have been identified as a point source for ARB&Gs, and water catchments conse-
quently are potential receptors of ARB&Gs. The objective of this study was to investigate the occurrence of
antibiotics (macrolides, sulfonamides, tetracyclines), ARGs (ermB, sul1, sul2, tetW), and class 1 integron (tar-
geting the integrase gene), in a Dutch river that receives wastewater treatment plant effluent. Sediment and
water samples were collected during one year along the river. The WWTP significantly increased the amounts of
antibiotics and ARGs in the river as compared to the upstream samples, of which the antibiotics decreased once
they entered the river. ARGs were persistent in the water and sediment from the WWTP effluent discharge point
until 20 km downstream. This study provides insight in the prevalence of antibiotics and ARGs in a wastewater
effluent-receiving river system in the Netherlands. Even though human antibiotic usage is low in the
Netherlands, antibiotics, residues of antibiotics, and ARGs are detected in the river surface water-sediment
system, which shows that a river has the potential to act as a reservoir of ARGs.

1. Introduction

For decades, antibiotics have been used to cure human or animal
infectious diseases by either killing or inhibiting the growth of bacteria.
Antibiotics have given a major contribution to the medical field for
decades [1]. As antibiotics are not fully degraded within animals or
humans, approximately 30–90% of the antibiotics used for animals are
excreted through urine and faeces [2]. Through the sewage system,
WWTPs also receive water that can contain a number of pollutants,
including nutrients, metals, antibiotics, and chemicals from different
sources [3]. However, our current WWTPs are not designed to remove
micropollutants such as antibiotics and antibiotic resistant bacteria and
genes, and those biological components might end up in the WWTP
effluent [4] as they are not fully removed by current treatment tech-
nologies [5–7].

WWTPs have been suggested as potential hotspots for antibiotic
resistance and antibiotic resistance genes (ARGs) [8]. Antibiotics, ARB
and ARGs are frequently detected in WWTPs [9,10]. Antibiotic

resistance is developing faster than new antibiotics are being devel-
oped, whereas identifying new antibiotics is becoming increasingly
challenging and costly [11,12]. As a result, new antibiotics are hardly
introduced, and antibiotic resistanceis found in hospital settings, and
also in the natural environment. In addition, antibiotic resistance is also
a natural phenomenon, as bacteria have evolved resistance to naturally
present antibiotics [13].

As a result, wastewater treatment plant effluent can contain anti-
biotics, ARB and ARGs, and once this effluent is discharged to the
surface water, these contaminants enter the environment. ARGs are
spread in the surface water by ARB, that possibly acquired these ARGs
through horizontal gene transfer. Even though the proliferation of ARGs
in the environment is assumed to be low, ARB are also an important
contributor in transporting and spreading of antibiotic resistance in the
microbial community [14].

Recently, dissemination of ARGs in the environments has been
highlighted as an emerging problem [15,16], especially if contaminated
water resources are reused for cattle, irrigation, or drinking water
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production [17,18]. Such water reuse is gaining more attention for
overcoming water scarcity and achieving sustainable water manage-
ment in especially arid regions [19]. World population growth and
draughts are the main factors that will increase the demand of water
reuse. Therefore, the need for clean and safe water, free of emerging
wastewater contaminants, antibiotics, antibiotics residues and ARGS
are needed.

The role of WWTP as sources of antibiotics and ARGs and their
dissemination in rivers is an active field of research [20–25]. An in-
crease in concentrations of antibiotics and ARG in rivers has repeatedly
been found to be caused by emissions of WWTP effluent [21,24], but
also and by a variety of other activities such as increasing density of
population along the river, industrial operations, agricultural and/or
aquacultural activities [20,26]. For example, in India, Devarajan et al.
[10] concluded that beta-lactamase genes (blaSHV and blaNDM) were
identified in sediments contaminated by hospital and urban waste-
waters in Cauvery River. Lekunberri et al. [27] also observed the same
trend in Spain. They observed that concentrations of antibiotic and
ARGs (macrolides gene (ermB), fluoroquinolones gene (qnrS) and tet-
racyclines gene (tetW)) in the Ter River showed a significant difference
upstream and downstream of WWTP effluent discharge. Chen et al. [28]
reported that tetracycline genes (tetC, tetB, tetM, tetO, and tetW) were
detected in the Pearl River in China, which is heavily influenced by
human activities. Meanwhile in China, Ling et al. [29] found out that
sulfonamide genes (sul1 and sul2) and tetracycline genes (tetG, tetA,
tetO, tetC, tetX, tetM and tetQ) were frequently observed in the Beijiang
River, in locations with the highest degree of urbanisation. Dis-
semination of ARGs in the river has not only been shown in water and
sediment, but also in biofilms [30] and aquatic animal guts [31]. With
the dissemination of antibiotics and ARGs to rivers, ARGs finally enter
marine environments including marine water or sponge species
[28,32,33].

This paper describes the occurrence of emerging wastewater con-
taminants (antibiotics and ARGs) and nutrients along a Dutch river,
tracking the effect of discharge of WWTP effluent. We performed the
sampling in the river from 0.5 km upstream until 20 km downstream
with only one small side stream at 2 km. Sediment and water samples
were collected in repeated samplings during one year to identify cor-
relations between ARGs and other environmental factors (pH, tem-
perature, dissolved oxygen (DO), chemical oxygen analysis (COD), total
phosphate (TP), ammonium (NH4

+) and nitrate (NO3
−))

2. Material and methods

2.1. Sampling site and sample collection

Field samples upstream and downstream a WWTP plant (Hapert, the
Netherlands) were collected from February 2016 until January 2017.
The WWTP treats 78% of domestic and 22% of industrial wastewater
via a conventional system consisting of bar screens, grit removal, and
an oxidation ditch. The WWTP effluent was split for two additional post
treatments, namely two wetlands with a hydraulic retention time of
1 day or 3 days.

Sampling was performed in the Grote Beerze river, the Netherlands
(51°22′N 5°14′E). Sediment (n= 390) and water (n=390) samples
were collected from 13 sampling points for one year. Sampling in the
river started 0.5 km upstream (U1) and continued until 20 km down-
stream (D9) of the WWTP in the Grote Beerze river, and included two
effluents from the wetlands (E1 and E2) that were discharged into this
river (Fig. 1). For season comparison, water temperature during sam-
pling was used to classify the season. Temperatures above 15 °C are
classified as summer season, and below 15 °C are classified as winter
season. Therefore, the summer months are May, June, July and August,
and the winter months are September, October, November, December,
January and February.

Water grab samples were collected into 1 l sterile green glass bottles

with screw caps from each sampling point, and transported to the la-
boratory for analysis. 100ml was stored at −20 °C for residue analysis
of antibiotics and the rest of the water samples was stored at 4 °C for
chemical and qPCR analysis. Chemical analyses were performed within
1–3 days of collection. Sediment samples were collected in 50ml plastic
tubes by using a grab sampler, transported to the laboratory, and stored
at −20 °C for qPCR analysis. All samples were taken in triplicate.

2.2. General water quality and chemical analysis

General water quality parameters including pH, temperature, dis-
solved oxygen (DO), were measured in-situ using a pH and DO portable
probe (Hach, USA). Chemical oxygen analysis (COD), total phosphate
(TP), ammonium (NH4

+) and nitrate (NO3
−) were measured using

Hach kits (USA; LCK 1414, LCK 349, LCK 304 and LCK 349, respec-
tively) for each triplicate sample. COD and TP were measured directly
in the stored samples, whereas NH4

+ and NO3
− were filtered using a

4–7 μm filter paper (Whatman, United Kingdom), prior to analysis. All
samples were processed within 2 days after sampling.

Fig. 1. Map showing the 13 sampling points along Grote Beerze River, The
Netherlands. E1= effluent of wetland with HRT 1-day. E2= effluent of wet-
land with HRT 3-day. U1= 0.5 km before E1, U2=0.1 km before E1,
D1= 0.1 km after E1, D2= between E1 and E2, D3=0.1 km after E2,
D4= 0.5 km after E2, D5=1 km after E2, D6= 1.5 km after E2, D7= 5 km
after E2, D8= 10 km after E2, D9=20 km after E2.
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2.3. Sample preparation for the analysis of antibiotics

Water samples for October and November were analysed for 18
sulfonamides, trimethoprim, 6 tetracyclines, 12 quinolones and 15
macrolides. The analyses were performed in single measurement. All
antibiotics were listed in Table S1. The antibiotics were chosen from
human and veterinary antibiotics that are frequently used and that have
been detected in water [34,35]. We included antibiotics that corre-
spond to the resistance gene classes analysed. Sulfonamides are corre-
sponding to sul1 and sul2, tetracyclines are corresponding to tetW and
macrolides are corresponding to ermB. Prior to chemical analysis by
LC–MS/MS, the samples were concentrated by solid phase extraction
(SPE). All chemicals were purchased from Sigma.

Liquid samples were taken from the freezer and thawed. Duplicate
aliquots of 10ml of each sample were transferred to two plastic tubes of
30ml each. To both aliquots, 10 μl of a mixture of internal standard
solution (500 μg/L) was added. To one aliquot, 100 μl of a mixture of all
antibiotics (2.5 μg/L for the sulfonamides and 10 μg/L for the tetra-
cyclins, quinolones and macrolides) was added. The samples were
mixed and 4ml of McIlvain buffer (0.1M citric acid, 0.2M phosphate
buffer and Na2EDTA; pH 4) was added. The samples were horizontally
shaken for 5min at 120 rpm, followed by centrifugation at 4000g for
10min.

200mg Strata-X (Phenomenex, USA) SPE columns were washed
with 5ml methanol (MeOH), followed by 5ml McIlvain buffer.
Thereafter, the sample extract was loaded onto the column, followed by
a washing step with 5ml purified water (Milli-Q, Merck, USA). Vacuum
pressure was applied to extract the liquid from the SPE columns.
Hereafter, the columns were eluted with 5ml of MeOH and the eluting
liquid was collected in clean collection glass tubes. The collection tubes
were placed in a nitrogen evaporator of 40 °C to evaporate the MeOH.
After complete evaporation, the samples were redissolved in 100 μl of
MeOH and vortexed for 5 s. Finally, 400 μl of purified water was added
and vortexed for another 5 s. The homogenized samples were trans-
ferred to LC-vials with insert. The vials were stored at −20 °C until
further analysis using LC–MS/MS.

2.4. Liquid chromatography mass spectrometry (LC–MS/MS)

The samples were analysed for 18 sulfonamides, trimethoprim, 6
tetracyclines, 12 quinolones and 15 macrolides using LC–MS/MS. A
standard calibration curve was prepared with at levels of 0–500 ng/l for
the sulfonamides and trimethoprim and 0–2000 ng/l for the tetra-
cyclines and macrolides. The chromatographic mobile phase was con-
sisted of ammonium formate (1M)/formic acid/water (2/0.16/1000)
(V/V/V) (A) and ammonium formate (1M)/formic acid/methanol (2/
0.16/1000) (V/V/V) (B). The mobile phase gradient was ramped at a
flow rate of 0.3 ml/min from 1% (A) to 25% in 2.5 min, 25% to 70% in
5.4 min, and 70%–100% in 0.1 min, kept for 1min, then ramped to 0%
in 7.5 min and kept for 2.6 min. The LC–MS/MS consisted of with an
Acquity™ UPLC (Waters, USA) and AB Sciex QTrap 5500 (Applied
Biosystem, USA) with a positive electrospray ionization (ESI) interface.
The analytical column used was BEH C18 (Waters, 100mm×2.1mm,
1.7 μm) at a temperature of 30 °C. Injection volume was 10 μl and the
flow rate was 0.3 ml/min. The results were recorded by MultiQuant
(Applied Biosystems, version 3.0.2). The specific instrument conditions
are summarized in Table S2.

2.5. DNA extraction and quantitative PCR (qPCR)

For qPCR analyses, 100ml water samples were filtered using 0.2 μm
membrane filters (isopore filters polycarbonate, 0.2 um, 47mm, Merck
Millipore, Ireland) within 24 h. One extraction was prepared per sam-
pling point per month. The filter was stored at −20 °C before DNA
extraction. DNA extraction of water samples was conducted using a
PowerWater DNA Isolation Kit (MoBio Laboratories, USA) and sediment

samples with a PowerSoil DNA Isolation Kit (MoBio Laboratories, USA)
according to the manufacturer’s protocols. The extracted DNA was
stored at −80 °C until further analysis.

The 16SrDNA gene, the class 1 integrase gene (IntI1) and four ARGs
of interest, including sul1 and sul2 (sulfonamide resistance genes), tetW
(tetracycline resistance genes) and ermB (macrolide resistance gene)
were quantified by qPCR on a CFX384 Touch Real-Time PCR Detection
System (Bio-Rad Laboratories, Canada). A reaction with total volume of
10 μl was set up by adding 3 μl of DNA to 7 μl of master mix including
IQ supermix (iTaq™ DNA Polymerase) or IQ sybrgreen supermix iTaq™
DNA polymerase (Biorad), the appropriate primers (Eurogentec,
Belgium), molecular-grade water, and precision blue (Biorad, USA).
Details of qPCR conditions and primers are shown in Table S3. All
samples were run in duplicates. Serially diluted DNA of a synthetic
standard of known quantity was used as a standard and molecular-
grade water was used as a negative control. The detection limit is in the
range of 4.81–4.70× 107 gene copy/μl for 16SrDNA, IntI1 and all
ARGs. These quantifications were validated with high R2 values
(average 0.98) and high efficiencies (from 94 to 108%) (data not
shown).

All samples were diluted 50 times before performing qPCR to avoid
qPCR inhibition by humic acids, biological contaminants or proteins.
The necessary degree of dilution had been determined in preliminary
experiments with a range of dilutions of selected samples. The results
were recorded by CFXManager (Biorad, version 3.0).

2.6. Statistical analysis

The effect of the WWTP discharge was tested in a linear model with
location, season and sample type as factors in R (Version 3.4.0, USA)
with Bonferroni correction for multiple testing of several genes. Linear
regression was used to measure the effect between ARG concentration
(log transformed) and river distance (log transformed) from D3 until
D9. Sampling months were grouped in seasons in order to prevent over-
parametrisation of the model. Total load gene copies of ARGs per
month were calculated by multiplying concentration of ARGs (total
gene copies/ml) and water flow (m3/day) of the sampling day.
Precipitation data were provided by The Royal Netherlands
Meteorological Institute (KNMI).

3. Results

3.1. WWTP discharge to the river

3.1.1. Fate of antibiotics
General characteristics (DO, pH, temperature, COD, NH4

+, NO3
−,

and TP) of the effluents (E1 and E2) and along the river are summarized
in Text S1 and Figs. S1–S7. The antibiotic concentrations were mea-
sured during two sampling campaigns, October and November 2016.
The fate of 52 selected antibiotics was investigated in this study. Out of
the 40 target antibiotic compounds, only sulfamethoxazole (SMX),
sulfapyridine (SP), and trimethoprim (TMP) were detected (range
1–150 ng/l) in the WWTP effluents and along the river (Fig. 2). The
other antibiotics were not detected. Of these three detected antibiotics,
only sulfonamide was detected upstream of the WWTP (Fig. 2). Only
sulphonamides were found at the upstream of the WWTP, but at lower
concentrations than in the downstream samples. Concentrations of
sulphonamides were highest in effluent of the wetlands, and remained
relatively stable along the river in October and slowly decreased in
concentration in November.

3.1.2. Fate of ARGs
In this study, 4 ARGs (ermB, sul1, sul2, and tetW) as well as the

16SrDNA gene and intI1 were quantified by qPCR in the sediment and
water samples. The concentration of ARGs and intI1 in sediment and
water samples upstream and downstream of the WWTP effluent are
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presented in Fig. 3. The absolute concentration of 16SrDNA and the
relative concentrations (calculated relative to the 16SrDNA data) are
presented in Figs. S8–S13. Upstream data (U1) were compared to
downstream data (D1) to determine the influence of the WWTP effluent
discharge on the river. The data show elevated concentrations in the
downstream locations as compared to the upstream locations.

Downstream concentrations were more than two orders of magnitude
higher (2.34×102 ± 1.66 gene copies from U1 to D1 (p < 0.01) for
sul1). The same trend was observed in all ARGs and intI1 except for
tetW. From U1 to D1, ermB increased 2.88×101 ± 1.48 genes copies,
3.98×102 ± 0.23 genes copies for sul2 and 3.02×102 ± 0.21 genes
copies for intI1, all showing a statistical significant difference

Fig. 2. Profile of antibiotics (ng/l) upstream and downstream of a WWTP for October and November. The details of the sampling points are given in Fig. 1.
SMX= sulfamethoxazole, SP= sulfapyridine, TMP= trimethoprim. Dotted line distinguishes upstream and downstream of the WWTP.

N.A. Sabri et al. Journal of Environmental Chemical Engineering xxx (xxxx) xxx–xxx

4



Fig. 3. Concentration of ARGs and intI1 in sediment and water samples upstream and downstream of the WWTP effluent. Within the box plot chart, each box plot
represents maximum, upper-quartile, median (black bar), lower-quartile, and minimum values. Grey boxes represent U1 and white boxes represent D1. The black
dots represent outliers, individual points of the data that do not fall within the mean value.
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(p < 0.01). The gene copy number of tetW did not increase sig-
nificantly (1.86× 101 ± 1.73 genes copies).

In general, all ARGs were detected at all sampling points in both
sediment and water samples throughout the year. The fate of sul1 along
the river is presented in Fig. 4, as a representative to show the fate and
dissemination of ARGs along the river since the trend is similar for the
other tested ARGs. Other ARGs and intI1 are presented in Figs.
S15–S18. Significant difference in sul1 were observed between up-
stream (U1 and U2) and 0.1 km downstream from the WWTP discharge
point (D1) in both sediment and water samples. Sul1 ranged from
3.16×103 until 3.16× 106 copies/g in the sediment samples, whereas
sul1 ranged from 1.00×103 until 1.00× 106 copies/L in the water
samples. However, between two sampling points (U1 and U2) up-
stream, we observed that the concentrations of ARGs and intlI1 in water
already showed an increasing trend at a short distance (100m) up-
stream of the effluent of wetland HRT 1 day (U2). Furthermore, once
sul1 was discharged with the WWTP effluent into the river, the con-
centration of sul1 remained constant until 20 km downstream (D9).

Statistical analysis revealed that there was no significant increase or
decrease of ARGs along the river passage for both water and sediment,
except for ermB that showed a slight decrease at D8
(3.72×101 ± 1.58 copies/ml). Wagenbroekloopje river, a side stream
located after sampling point D5, did not significantly influence con-
centrations of ARGs from D6 until D9.

3.2. Fate of ARGs during the seasons

Linear regression analysis was conducted to explore the correlation
between ARGs and seasons. ARG concentrations of the samples during
winter differed from summer (Figs. S19–S23). Total load gene copies of
ARGs were shown in S24–S28. This difference was most visible in
February and December. Results showed that the concentration of ermB
increased to 1.66× 101 ± 1.29 gene copies/ml during winter,
whereas most of the other ARGs decreased; sul1 decreased
1.95×101 ± 1.35 gene copies/ml, sul2 decreased 2.24×101 ± 1.35
gene copies/ml and intI1 decreased 2.14×101 ± 1.32 gene copies/
ml. The only exception was tetW, which remained constant.

3.3. Correlation between ARGs and water quality data

Multivariate analysis was conducted to explore the correlation be-
tween ARGs and water quality data (Fig. 5). The ARG patterns of all
samples clustered together across the year, except for February, which
had a lower concentration of ARGs. The genes sul1, sul2 and intI1 were
highly correlated, and independent from the genes ermB and tetW.
With respect to water quality parameters, a positive correlation of ermB
and tetW with NH4

+ is seen, and a negative correlation between ARG
and DO, both indicating that the influence of WWTP effluent on water
quality is correlated to elevated levels of these ARGs.

4. Discussion

4.1. Role of WWTP effluent for presence of antibiotics along the river

As shown in Fig. 2, antibiotics were measured in the discharged
wastewater effluent and along the river at concentrations in the range
of 1 ng/l up to 275 ng/l. Out of 52 antibiotics analysed, two sulfona-
mides and trimethoprim were detected in the water. Sulfonamides in
combination with trimethoprim are widely used in veterinary practice
and in human medicine [36]. Previous studies have shown that anti-
biotics in treated municipal wastewater are typically present in low
concentrations, in the range of ng/l [37,38]. In treated clinical or in-
dustrial wastewater, the concentration of antibiotics is higher, up to
mg/l [39,14,40]. However, WWTP discharge is not the only source of
antibiotics. Different contamination sources such as manure fertiliza-
tion might contribute directly or indirectly to the concentration of an-
tibiotics in a river Such sources can result in higher concentrations of
antibiotics (up to 1010 mg/l) in the river, compared to the discharged
wastewater [41,42]. As a result, the concentration of antibiotics can
vary along the river. A study carried out by Chen et al. [28] showed that
different anthropogenic activities such as aquaculture and animal farm
can highly influence the concentration of antibiotics and ARGs along a
trajectory from an inland river to the coast.

The river investigated in the present study was a suitable study area
to investigate the fate of antibiotics from WWTP effluent discharge, and

Fig. 4. Profile of sul1 for one year in sediment and water samples from 0.5 km upstream until 20 km downstream. The details of the sampling points are given in
Fig. 1. Dotted line distinguishes upstream and downstream of the WWTP.
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to detect antibiotic run off from the agricultural land surrounding the
area. The presence of antibiotics upstream the WWTP shows that
WWTP are not the only source of antibiotics in the catchment. As
manure application is not allowed between September and February,
alternative sources might come from the effluent of other WWTP’s
treating domestic and industrial wastewater, which can explain the
difference between October and November. The WWTP effluents de-
scribe the role of effluent for the antibiotic concentrations. The con-
centration of antibiotics decreased once the antibiotics reached the
river (November) or remained relatively stable (October). Other
dominant sources of antibiotics or ARG downstream the WWTP were
not identified in sediment or water, making the selected river segment a
good study area. Other studies have shown before that the concentra-
tion of antibiotic residues in water is strongly influenced by the type of

antibiotic, water level, water quality, flow conditions, and precipitation
[43,44]. Dilution and dissolved organic carbon in the river influences
the attenuation of macrolides, quinolones, and sulfonamides [45,46]. In
addition, other processes, such as photodegradation by sun irradiation,
contribute to the natural removal of antibiotics in the environment.
This process was shown for the antibiotics fluoroquinolone and sulfo-
namide [46,47]. The presence of dissolved organic carbon, chloride
ions, nitrate and a suitable pH will enhance the reaction rate of pho-
todegradation [48–51]. This photodegradation might result in the for-
mation of stable metabolites which can increase the sensitivity or pre-
serve the biological activity of bacterial strains and promote ARB and
ARGs proliferation [52,53].

In addition to photodegradation, other factor such as microorgan-
isms, plants, temperature and adsorption also plays an important

Fig. 5. Principle component analysis between ARGs and water quality parameters. Sampling months are indicated in circles. ARGs and water quality parameters are
shown as vectors.
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pathway in the environment for the removal of antibiotics [54,55]. For
example, photosynthetic and nitrifying bacteria are able to degrade
antibiotics via metabolic and/or co-metabolic pathways [56]. Plants are
able to adsorb antibiotics or excrete enzymes to degrade antibiotics.
However, each antibiotic will have a different removal rate, e.g. related
to natural lighting conditions, and physical characteristics of the com-
pound. Antibiotics are also able to adsorb to soil or sediment, which
reduces the concentration in the water phase [57]. From the com-
pounds that we detected in the WWTP effluent, sulfonamide is known
to be removed from the water-phase by photodegradation and biode-
gradation [58,46,49], and trimethoprim by sediment adsorption [58].
Therefore, dilution, photodegradation, adsorption and biodegradation
are factors that all affect the concentration of antibiotics in a river.

A highly antibiotic contaminated environment can promote anti-
biotic resistance [59,60]. However, long term exposure to low con-
centrations of antibiotics and their transformation products can also
promote the development and spreading of ARB and ARGs [39,61].
During long term exposure, the selective pressure remains present and
can thus stimulate bacterial metabolism and proliferation of ARB
[9,62]. Bacteria are able to adapt to antibiotic pressure either by gene
mutations or horizontal gene transfer [63]. However, it is still unknown
whether concentrations in the ng/l range as observed in this study are
sufficient to pose a selective pressure.

4.2. Emission of ARGs into the river

We detected all ARGs and intI1 in our samples, including the up-
stream sampling points. Similar findings were observed by Marti et al.
[64] and Lekunberri et al. [27]. We also observed that the influx of
water from E1 to the river affect the river segment upstream the ef-
fluent discharge point of the WWTP (U2). Various months showed an
increasing trend in ARGs before reaching E1 (Fig. S14). For example,
sul1 concentration at U2 already showed an increasing trend before
reaching E1 (Fig. 4).

Concentration that are detected upstream of a WWTP could have
different origins, including run-off of faeces from pasture animals or
wild animals, and also natural antibiotic resistance. Previous research
has indeed shown that ARGs were identified in areas without exposure
to contaminants and antibiotics, such as the deep terrestrial subsurface
[65], pristine arctic wetland [66], pristine river [67], deep ocean se-
diment [68] and pristine creek [69]. This implies that antibiotic re-
sistance also exists naturally, further showing the protective nature of
microorganisms themselves.

We found a significant contribution of ARGs and intI1 in the WWTP
effluent on the total concentration of ARGs and int1 in the river: our
data showed an increasing trend for all ARGs except for tetW from U1
to D1 (p < 0.01). The wastewater source originated from a municipal
WWTP. Antibiotic and the corresponding gene; macrolide (ermB), sul-
phonamide (sul1 and sul2) and tetracycline (tetW) are commonly used
in livestock production for example swine and cattle farms [70,71].
This finding shows that human activities are the major driver of the
spreading of ARGs in this particular watershed, thus increasing the
prevalence of antibiotic resistance in the environment [72]. A sig-
nificant increase of ARGs and intI1 fromWWTP effluent to the receiving
river was also observed by other researchers in the tested matrices, for
example in water [29,73] and sediment [74,73]. In a study of Koczura
et al. [73], they observed 1.2× 104–2.7× 104 gene copies/ml of sul1.
In this study, we also observed similar concentrations of sul1, ranging
from 9.30×104 to 4.25× 106. The significant increase of these ARGs
can originate from resistance genes present in human faeces, and other
faeces present in the sewage, such as (domestic) animals. This confirms
that discharged WWTP effluents are an important route for the dis-
semination of ARB and ARGs into the environment as also found by
other authors [75].

4.3. Fate of ARGs along the river

In this study, the Grote Beerze river was selected to investigate the
prevalence of antibiotics and ARGs. The Grote Beerze is a suitable
model for studying the occurrence of antibiotics and ARGs in a waste-
water effluent receiving river, since the river is in a 20 km-scale river
segment with only one small side stream at 2 km. Therefore, changes in
concentration of ARGs can only be attributed to processes in the river
itself, and not by dilution of water along the river. This study not only
provides information on concentrations of antibiotics and ARGs in
water and in sediment, but also contributes to understanding the role of
WWTP discharge on a river system. Macrolide, sulfonamide and tetra-
cycline antibiotics with corresponding resistance genes were selected in
this study as these antibiotics and ARGs are referred to as adequate for
environmental monitoring of antibiotic resistance [76]. This study adds
a perspective of the Netherlands as a country with a low background of
resistance, since human antibiotic use in the Netherlands is relatively
low [77] and the use of antibiotics in livestock has been reduced by
50% from 2008 until 2012 [78].

Limited studies describe the impact of antibiotic resistance genes
and compounds along the distance of the river without side streams
(20 km) in the water and sediment across a whole year, as we have
done. The presence of ARGs in a WWTP effluent-receiving river be-
tween summer and winter or single month has been demonstrated in
many studies [64,23,79,80,30,27]. However, these studies were per-
formed either on a river with more than one discharge (WWTP, farming
or mining discharges), side river inputs along the main river, or a re-
latively short downstream distance (0.1 km until 5 km), and were fo-
cused on either sediment or the water phase.

As observed in our study, once the ARGs enter the environment, the
ARGs were persistent for 20 km. We also observed that ARGs in sedi-
ment are showing similar trends as ARGs in water. For example, con-
centrations of sul1, sul2 and intI1 for both water and sediment samples
are lower in February than compared to those in other months.
However, total concentration of ARGs in sediment were higher than the
total concentration of ARGs in water. A possible explanation for this is
that the sediment acts as reservoir for resident organisms, antibiotics,
ARB and ARGs and shield them from sunlight and other degradative
inactivation [54,81,68,82–84]. Moreover, extracellular and in-
tracellular DNA in the sediment corroborates the presence of DNA in
the sediment, with extracellular DNA being more stable in the sedi-
ment. This was shown by Mao et al. [85], who observed that ARGs were
present at higher concentration in extracellular DNA with most of them
present in the sediment.

Other than ARGs, intI1 has been suggested as an indicator for the
spreading and disseminating of ARGs, because most ARGs are carried
by mobile genetic elements such as plasmids, transposons and or in-
tegrons which are associated to mobile elements, like insertion ele-
ments [86]. Our results also revealed high concentration of intlI1,
Hence, with the consistent contribution of ARGs and intlI1 from sedi-
ment to water, they remain in the river once they have entered the
water body, even though there is no input of contaminants along the
river itself.

4.4. Fate of ARGs over the seasons

In this study, we observed concentrations of ARG to vary an order of
one to three between different months. With respect to seasons, a slight
decrease in concentration was found for all tested ARGs, except tetW
during winter. This was mainly due to lower concentrations of sul1,
sul2, and IntI1 in February (coinciding with higher phosphate and DO
concentrations in that month). Different studies have shown ARB and
ARGs profiles in different seasons. Some of them reported that summer
is the optimal season for ARGs proliferation [87,28,88], meanwhile
others reported higher ARGs or intI1 concentrations in winter [73].
Furthermore, there are also studies that report only slightly variation or
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inconsistent between the seasons [28,89]. This might indicate that the
effect of season depends on the source, the sampling period (variation
in precipitation and temperature), antibiotic usage, geographical loca-
tion, hydrodynamic conditions and disposal practice [90,10]. In
summer, Dutch rivers have a higher nutrient input and variations in
precipitation occurs that facilitate microbial growth, but not of faecal
microorganisms [28,91]. Precipitation also plays an important role in
the spreading of ARGs within the microbial community of a river. In a
study of Di Cesare et al. [92], absolute concentrations of ARG during a
rain event were 8.6 times higher compared to the yearly average of
rain. Storm water also has higher potential to transfer ARGs in the
environment [93]. This effect was not relevant in our study, as the
precipitation was 0mm/h throughout the sampling days except in
February 2016 (1.5 mm/h). One day before sampling, a small amount
of precipitation (0–2mm) was observed in February, August, Sep-
tember, November and December.

In this study, the water flow in the river is higher in winter (average
1000m3/h) than in summer (average 600m3/h). The ratio between the
flowrate of the effluent and the flowrate of the river was different at
each sampling campaign, and therefore there was not a consistent di-
lution of ARGs (Fig. S29). This change in flow changes the dilution
factor, which might be the reason why the concentrations of ARGs and
intI1 decreased during winter even though the total load was very si-
milar between months, for example in February. We also see a clear
separation in total loads between ermB and sul1/sul2/intI1 (Figs.
S17–S21). For ermB, the upstream location contributes clearly to the
concentration of the gene and as a result, ermB is independent from
sul1/sul2/intI1 in the multivariate analyses (Fig. 5). However, sul1/
sul2/intI1, E2 is the main source of ARG load in most months. This
shows that other factors than just the season influences the ARG con-
centration in a river. Therefore, further studies to find the correlation
between variation of antibiotic resistance release in different seasons
need to be performed.

4.5. Correlation between ARGs and water quality data

Our results show that ARGs were positively correlated to some nu-
trients and negatively correlated to DO, which indicates a co-occur-
rence of nutrients and resistance genes in effluents, which also have
lower DO. A positive correlation of ermB and tetW with NH4

+ and a
negative correlation between ARG and DO, both indicating a direct link
between ARGs and discharged WWTP effluent. According to Novo and
Manaia [94], processes and conditions in a WWTP influences the con-
centration of ARGs. However, water quality data cannot be used to
estimate the concentration of ARGs, as the fate of nutrients and re-
sistance genes in water will differ, as also shown by others [95]. Even
so, WWTP is still a dominant source of antibiotics and ARGs in the river
system. We also saw a strong correlation between sul1, sul2 and intI1.
Sul genes are commonly associated with intI1, since the sul1 gene is
located at 3′-conserved segments in intI1 [86].

5. Conclusion

In conclusion, our data show that WWTP effluents are a relevant
source of antibiotics and ARGs, once the wastewater effluent is dis-
charged to a river. This shows that a WWTP cannot eliminate these
contaminants from the wastewater. The study gives a comprehensive
profile of antibiotic resistance in a Dutch river, showing the ARGs are
persistent in the water and sediment from the WWTP effluent discharge
point until 20 km downstream. Wastewater indicatory effluent para-
meters, such as DO, nitrate, phosphate, were all below the allowed
discharge levels, and showed no significant correlation with the fate of
antibiotics, but did correlate to the concentrations of selected ARGs. A
seasonal effect was observed for the presence of almost all ARGs in the
river, except tetW, but could not explain all variations for all ARGs
tested. The exact mechanism behind this is unclear, as ours and other

studies showed different effects. Once the antibiotics and ARGs enter
the river, the concentration of antibiotics only slightly decrease, and
ARGs show persistence until 20 km downstream in the water as well as
in the sediment. Simultaneous monitoring in water and sediment
samples from the river system is therefore recommended. Our results
show that the river attenuates antibiotics, but should be considered as a
reservoir of antibiotic resistant bacteria and ARGs.
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