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ABSTRACT

Additional treatment of wastewater, such as constructed wetlands (CWs), is a possible solution to reduce the dis-
charge of antibiotics and antibiotic resistance genes (ARGs) from households and industry to the environment.
This study aims to investigate the occurrence and removal of antibiotics and ARGs by two full scale CWs operated
at different hydraulic retention times (HRT), namely 1 day and 3 days. Both CWs were receiving the same waste-
water treatment plant (WWTP) effluent. Temporally and spatially distributed sampling of water and sediment
was conducted for one year and samples were analyzed for antibiotics and ARGs by using LC-MS/MS and
qPCR. Results showed that both CWs removed antibiotics significantly with a comparable overall removal of
28%-100%, depending on the type of antibiotics. However, some of the antibiotics showed higher concentration
after the CW treatment. Five antibiotics (tiamulin, tylosin, oxytetracycline, sulfamethoxazole and trimethoprim)
were the most abundant (>1500 ng/l on average) in winter. Meanwhile, ermB was the most abundant (average
of 5.0 log) in winter compared to summer (average of 3.5 log). Other ARGs did not show a significant increase or
decrease between winter and summer. ARGs were removed from the wastewater by 0.8 to 1.5 log. The HRT did
not influence the removal of either the antibiotics or the ARGs. A strong correlation was found between sul genes
and intl1. The results also revealed a positive and a negative relationship from sampling point 1 to sampling point
5: a positive relation between abundance of antibiotics, ARGs, and of NOs-N, NH4-N, TP, COD and a negative re-
lation between antibiotics, ARGs and temperature. This relationship showed the effect between antibiotics and
ARGs concentrations with physicochemical parameters and nutrients. The ability of CWs to reduce the input of

micropollutants into the environment makes CWs a potential post treatment to WWTP.
© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

Antibiotics are widely used to treat and prevent diseases in humans
and for livestock but has gained attention since antibiotic resistance is
becoming a serious threat to global public health and the environment
(Chee-Sanford et al.,, 2009; WHO, 2014). Approximately 30-70% of anti-
biotics are partially or not metabolized by the human body, and conse-
quently, antibiotics enter WWTP via the sewage system (Bouki et al.,
2013; Kiimmerer, 2004). The use of antibiotics and possibly also their
presence in wastewater might promote the proliferation of antibiotic
resistant bacteria (ARB) and antibiotic resistance genes (ARGs), which,
as a consequence, can enter the environment (Barancheshme and
Munir, 2018).

WWTPs are designed to treat wastewater to meet quality require-
ments before being discharged into the environment, by reducing the
concentration of chemical oxygen demand (COD), total organic carbon
(TOC), total nitrogen (TN) and total phosphate (TP). However,
WWTPs are not sufficiently tailored to remove micropollutants such
as pharmaceuticals, personal care products, and antibiotics (Margot
et al,, 2015). Therefore, these micropollutants are detected in the efflu-
ents in the range of ng/l (norfloxacin) (Dong et al., 2016) to mg/1 (cipro-
floxacin) (Larsson et al., 2007). Additional treatment is needed to
ensure the high quality of wastewater effluent, before it is released
into the surface water.

A possible solution to remove antibiotics and ARGs is the addition of
tertiary treatment steps to existing WWTPs. Tertiary treatments, such as
advanced oxidation technologies (ozonation, UV irradiation) and mem-
brane technologies, have shown to remove antibiotics and ARGs (Zheng
et al,, 2010; Zhang et al., 2016; Radjenovic et al., 2009). However, such
treatment processes have high installation, operation, and maintenance
costs and require much energy (Li et al., 2014; Hijosa-Valsero et al.,
2011). This is a drawback, especially for developing countries that are
looking for an alternative to remove antibiotics and ARGs (Gruchlik
et al., 2018), but also in developed countries where treatment plant
managers want to reduce their ecological footprint. Currently, there
are no legal regulations or policy that define the permitted levels of an-
tibiotics or antibiotic resistance that are allowed into the environment
(Pazda et al., 2019). Due to the increased presence of these antibiotics
or antibiotic resistance in water, their presence is of concern. Hence, al-
ternative sustainable technologies are desired for all economic contexts.

Other than the tertiary treatments mentioned above, constructed
wetlands (CWs) is an alternative tertiary treatment in treating waste-
water. Lower costs, minimal use of mechanical/physical/chemical
equipment, efficiency in removing nutrients, and environment-
friendly features compared to other tertiary treatment make CWs an in-
teresting alternative for treating domestic, agricultural, and industrial
wastewater (Verlicchi and Zambello, 2014).

CWs are designed to imitate natural processes using plants and soil
to treat wastewater in a controlled environment (Parde et al., 2021).
CWs have a high rate of biological activity compared with other ecosys-
tems, and they have the potential to transform several common pollut-
ants into harmless by-products (Fernandes, 2014). In addition to the
removal of organic matter, nutrients, and suspended solids (Lavrni¢
et al., 2020), CWs have also shown good removal of micropollutants
such as pharmaceuticals, personal care products, detergents, hormones,
veterinary medicines, surfactants, pesticides, flame retardants, plasti-
cizers, and various industrial compounds (Kaur et al., 2020; Anderson
et al,, 2013; Sochacki et al.,, 2018; Santos et al., 2019; Hsieh et al., 2015).

Most of the published studies have been performed under controlled
conditions, and limited data are available on the removal of antibiotics
and ARGs in full scale CWs. Vymazal et al. (2017) studied 31
micropollutant compounds includes erythromycin, sulfamethoxazol,
trimetoprim and clarithromycin in a full scale of horizontal subsurface
flow CW in the Czech Republic. They reported the antibiotic removal
efficiencies varied between 37 and 70%. Meanwhile, in the United
Kingdom, Petrie et al. (2018) reported that the average removal of
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clarithromycin, azithromycin, trimethoprim and sulfamethoxazole
(out of 88 micropollutants) from a full scale CW horizontal sub-
surface flow ranged from 24 to 73%. Some studies only focusing on the
removal of micropollutants without antibiotics (Matamoros et al.,
2017) or reported that a CW may effectively attenuate nutrients,
micropollutants and bacteria, but it does not specifically removed
ARGs (Anderson et al., 2013). A full scale CW may or may not show ef-
ficient in reducing antibiotics and ARGs due to a variety of factors, in-
cluding age of the wetland, seasonality, and plants (Hijosa-Valsero
et al.,, 2012). Hence, more data to measure the effect of attenuation of
antibiotics and ARGs in full scale CW are needed, including a better
understanding of the relation between retention time and removal
efficiency.

Therefore, the objective of this study was to investigate the occur-
rence and removal of antibiotics and ARGs in full scale CWs. To our
knowledge, no studies have compared full scale CWs with different
HRTSs that receive wastewater from the same WWTP. The investigations
aimed for identifying temporal and spatial trends. In addition, correla-
tions between antibiotics, ARGs and general water qualities were ana-
lyzed to determine the relation between generic water qualities with
the distribution of antibiotics and ARGs in both CWs.

2. Material and methods
2.1. Sampling site and collection of samples

Sampling was performed at two different surface-flow CWs at
Hapert WWTP (the Netherlands) from February 2016, May until De-
cember 2016 and January 2017. One sampling campaign was performed
for each month. This WWTP treats a mixture of domestic (78%) and in-
dustrial (22%) wastewater via a conventional system consisting of bar
screens, grit removal, and an oxidation ditch. The industrial wastewater
originates from meat processing industries, metal industries and food
industries.

Effluent from the WWTP is channeled to two CWs, each with a dif-
ferent hydraulic retention time (HRT) located south and north of the
WWTP, 1 day (HRT-1) and 3 days (HRT-3), respectively (Fleskens
et al., 2016). Each wetland consists of a parallel horizontal subsurface
flow CW with reed beds (Phragmites australis (P. australis)) and a hori-
zontal subsurface flow CW with woody emergent plants also referred
to as swamps (Fonder and Headley, 2013) (Fig. 1). Open water is avail-
able in CW with HRT-1 at sampling point 1 and CW with HRT-3, at sam-
pling point 3. The total surface area of the CW with HRT-1 is 7010 m?
and the size of the CW with HRT-3 is 17,820 m>. The depth of the reed
beds is 133 cm, and the depth of the swamp is 25 cm. The average
water flow of the CWs is 718 m>/h during dry weather and 2543 m?/h
during the raining season (Fleskens et al., 2016). The average CW
water flow during our sampling is presented in Fig. S1. The CWs have
been serving as a WWTP post-treatment for 15 years. This CW is de-
signed to treat and improve the discharge of the WWTP to 5 mg/1 nitro-
gen and 0.5 mg/l phosphate (reed bed) to meet the requirement of
European Water Framework Directive and create an ecological connec-
tion between the nature reserves and the Beerze river (swamp)
(Fleskens et al., 2016).

For seasonal comparison, the average daily air temperature during
sampling was used to classify the season. The data of average daily air
temperature was extracted from The Royal Netherlands Meteorological
Institute (KNMI, the Netherlands). Temperatures above 15 °C are classi-
fied as summer season, and below 15 °C are classified as winter season.
Therefore, the summer months in this study are May, June, July, August
and September, and the winter months October, November, December,
January and February.

The influent of the CW (sampling point 1) was sampled only in the
CW with HRT-1 since the effluent from the WWTP is from the same
source for both CWs (Fig. 1). Within each CW, three sampling points
were determined. Sampling point 2 represents 30% of the length of
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Fig. 1. Sampling point for CW with HRT-1 and CW with HRT-3. 1 = influent of both CWs. 2 = 30% of reed bed. 3 = influent of swamp. 4 = 30% of swamp. 5 = effluent of the CW.

the reed bed, sampling point 3 represents the influent of swamp, and
sampling point 4 represents 30% of the length of the of swamp. 30% in-
dicated the travel time of the water in the reed bed or swamp. The efflu-
ent of each CW (sampling point 5) was taken at the effluent of the CW
before the water entered the river part. Water (n = 270) and sediment
samples (n = 270) were collected from 9 sampling points. The sedi-
ment samples were taken as a core within the CW bed or swamp.

In total, at each of the ten sampling campaigns, triplicate samples
were taken at five points in the CW with HRT-1 and four in the CW
with HRT-3 and were transported back to the lab. Sediment samples
were collected in 50 ml plastic tubes by using a grab sampler in the
core of each CW. Samples for chemical analyses and DNA isolation
were stored at 4 °C and processed within 24-48 h after sampling. The
water and sediment samples for antibiotic analysis were stored at
—20 °C until the samples were processed.

2.2. Physicochemical analysis

In the field, the pH, temperature, and dissolved oxygen (DO) were
directly measured in the water using a pH and DO portable probe
(Hach, USA). Groundwater samples were analyzed in the lab for
chemical oxygen demand (COD), total phosphate (TP), ammonium
(NHZ), nitrate (NO3 ') using Hach kits (USA; LCK 1414, LCK 349,
LCK 304 and LCK 339, respectively). The samples were filtered by
using a 4-7 pm filter paper (Whatman, England) prior to analyses
of NHS and NO3 analyses, but not for analyses of COD and TP. All
water samples were manually mixed by shaking the sample bottles
before analyses.

2.3. Antibiotics analysis

All water and sediment samples were extracted and concentrated by
solid phase extraction (SPE) before performing LC-MS/MS analyses. The
first water samples were measured in triplicate after which all samples
were measured in a single measurement, as no significant difference
was found in the triplicate (data not shown). Analyses were repeated
for two times only for the samples with high concentration of detected
antibiotics. Water samples and standards were prepared as previously
described (Sabri et al., 2020). For sediment samples, matrix-matched
standard samples were prepared in blank pot soil and spiked with
sulfonamides and trimethoprim (0-400 pg/kg) and tetracyclines, quin-
olones, and macrolides (0-200 pg/kg). Sediment samples (2 g dry
weight) were weighed in 50 ml tubes in duplicate. 80 pl of a mix-
standard solution was added to duplicate samples for standard addition
quantification. 20 pl of internal standard (Jansen et al., 2017) (5000
ng/kg) was added to all samples. After 20 min, 4 ml of pure acetonitrile
(with freshly added 0.125% of trifluoroacetic acid) was added and

shaken manually for 30 s, followed by the addition of 4 ml of Mcllvain
buffer (0.1 M; pH 4.0) (Sabri et al., 2020). All samples were casted on
a tube rotator for 15 min before adding 2 ml of lead acetate (200 g/1).
The tubes were shaken vigorously before centrifuging for 10 min at
3500g. The supernatant was transferred in a glass tube, and 4 ml of ace-
tonitrile was vaporised at 40 °C under nitrogen gas. After adding 13 ml
of 0.2 M EDTA, the samples were ready for SPE purification as previously
described by Sabri et al. (2020).

All samples were analyzed by LC-MS/MS on 18 sulfonamides,
trimethoprim, 17 macrolides, 12 quinolones, and 6 tetracyclines
(Table S1). These antibiotics are selected in this study because these an-
tibiotics are referred for environmental monitoring of antibiotic resis-
tance (Berendonk et al., 2015). The details of the method have been
described in our previous study (Sabri et al., 2020). Briefly, antibiotics
were analyzed using Acquity™ UPLC (Waters, USA) and AB Sciex
QTrap 6500 (Sciex, USA) with electrospray ionization (ESI). The mobile
phase was composed of eluent A (ammonium formate (1 M):formic
acid:water (2 V:0.16 V:1000 V)) and eluent B (ammonium formate
(1 M):formic acid:methanol (2 V:0.16 V:1000 V)). The antibiotics sepa-
ration was acquired by a Waters C18 column (100 mm x 2.1 mm,
1.7 um) at a flow rate of 0.3 ml/min. The limit of quantification (LOQ)
of the target compounds in water was 5 ng/l for sulfonamides, 500 ng/I
for tetracyclines, 25 ng/1 for quinolones, and 50 ng/I for macrolides. Mean-
while, the LOQ of the target compounds in sediment was 2.5 pg/kg for sul-
fonamides and 10 pg/kg for tetracyclines, quinolones and macrolides. For
quality control, a known amount (80 pg/l) and internal standard of each
compound was spiked to every sample. The recovery percentages of com-
pounds spiked to the sample ranged from 70 to 120%.

2.4. DNA extraction and ARG detection

Water samples were filtered by vacuum filtering through 0.2 pm
membrane filters (isopore filters polycarbonate, 0.2 pm, 47 mm,
Merck Millipore, Ireland), and stored at —20 °C until extraction.
Sediment samples were used directly in the DNA isolation process.
Total genomic DNA was extracted from water filters using the
PowerWater® DNA Isolation Kit (MoBio Laboratories, USA) and from
sediment using the PowerSoil® DNA isolation kit (MoBio Laboratories,
USA) according to the manufacturer's instructions. The extracted DNA
was stored at —80 °C until further analysis. Absolute quantification of
genes was performed with quantitative PCR (qPCR) assays for the de-
tection of 16S rRNA genes, the class 1 integrase gene (intl1) and four
ARGs, including sull and sul2 (sulfonamide resistance genes), tetW (tet-
racycline resistance genes) and ermB (macrolide resistance gene), as
previously described (Sabri et al., 2020). qPCR was carried out on a
CFX384 Touch Real-Time PCR Detection System (Bio-Rad Laboratories,
Canada) and was recorded by CFXManager (Biorad, version 3.0). The
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results were expressed as genes per ml for water and genes per gram
dry weight (DW) after adjusting for the dry weight of the sediment.

2.5. Statistical analysis
The removal percentage was calculated by comparing mean concen-

trations of antibiotics (ng/1) in sampling point 1 (influent of the CW)
and sampling point 5 (effluent of the CW), according to Eq. (1).

Removal percentage — (Concentratzon influent— Concentration ejﬂuent) % 100% (1)

Concentration influent

Statistical analyses were based on linear models, Pearson correlation
and principal component analysis (PCA) on the R (Version 3.5.2).
Antibiotic concentrations (ng/l and pg/kg) and ARGs abundance values
(copies/ml and copies/g (dry weight)) were log-transformed prior to
the linear model analysis. Statistical significance was determined at
the 95% confidence level. The p-values for multiple testing were
corrected using Bonferroni correction.

3. Results and discussions
3.1. General operational parameters

Measured concentrations of COD, DO, pH, water temperature, NHZ,
NO3™ and TP in all sampling points for the monitoring period are shown
in Figs. S2-S8. The profile of each parameter is presented in Fig. S9. Tem-
perature and precipitation on the sampling day are presented in
Fig. S10. Generally, the effluent quality of both CWs was in a similar
range. However, there was more variation and fluctuation within the
sampling points in the CW with HRT-1 compared to the CW with
HRT-3 for COD and TP. Also, NHZ, NO3 and TP values at sampling
point 1-4 increased by 300% in both CWs in November and December,
compared to other months. Other than these months, COD and all nutri-
ents were reduced after the treatment of CWs. There was an occasion-
ally high concentration of NO3™ and TP at a certain sampling point
within both CWs in May 2016 to August 2016 and January 2017
(Figs. S2, S6-S8).

The two studied CWs with a different HRT showed no significant dif-
ference (p > 0.05) in overall performance, and both showed high vari-
ability in nutrient removal of individual nutrients (Fig. S9). Both CWs
significantly (p < 0.05) removed COD, NO3 and NHZ and TP. This
shows that both CWs able to reduce the COD and nutrients and meet
the EU effluent requirement for urban wastewater by Council Directive
91/271/EEC (1991).

Regardless of the HRT, the COD concentration at the effluent of the
CW with HRT-1 and the CW with HRT-3 was similar (20-30 mg/1).
This indicated that the retention time in the CW with HRT-1 appeared
to be sufficient for nutrient removal, and that additional retention
time had no added value to improve the performance of the CW. The
DO level was also affected by the degradation of excessive organic mat-
ters, and resulting DO level was lower in summer compared to winter
(Zhou et al., 2019).

3.2. Occurrence and removal of antibiotics in the constructed wetlands

3.2.1. Fate of antibiotics in the water phase

The performance of CWs in removing antibiotics in two HRTs was
evaluated. LC-MS/MS analysis revealed that 14 out of 54 analyzed anti-
biotics were detected in the water samples. Fig. 2(a) and (b) show the
measured antibiotics in water during one year in both CWs. Fig. S11
(a) and (b) shows an enlarged segment of Fig. 2(a) and (b) from May
to November with the antibiotics oxytetracycline (OTC), sulfadiazine
(SF), sulfadimidine (SDM), sulfadoxine (SFX), sulfamethoxazole
(SMX), sulfapyridine (SP), trimethoprim (TRI), azithromycin (AZI),
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clarithromycin (CLA), lincomycin (LIN), tiamulin (TIA), tylosin (TYL),
ciprofloxacin (CIP) and flumequine (FLU).

The performance of two CWs receiving wastewater from the same
WWTP was evaluated during one year. Both CWs removed antibiotics
significantly, and the two different HRTs showed a comparable overall
removal. This indicates that the CWs can attenuate these compounds
(Table S2) detected in this study, as demonstrated before (Hijosa-
Valsero et al., 2011; Zhang et al., 2016; Dordio et al., 2010). However,
in some cases, either at certain months or some locations within the
CW, negative removal of specific antibiotics was observed. This might
indicate either the release of antibiotics sorbed onto the sediments or
the presence of deconjugates in the influent of the CW interfering
with the biological transformation of the conjugated compounds, i.e.
resulting in an apparent production of the compound in the wetland
(Verlicchi and Zambello, 2014).

The total antibiotic concentrations in the influent of the CW per
month were below 5000 ng/l except in February, December, and Janu-
ary. The total antibiotic concentration is here referred to as the sum of
the selected antibiotics for this research. It cannot be ruled out that
the wastewater contained other antibiotics that were not covered by
our LC-MS/MS methodology and not added in the total antibiotic con-
centration. These three months showed higher concentrations than
the rest of the months, with a total concentration up to 20,000 ng/1. Con-
centration levels of the antibiotics ranged from 200 to 20,000 ng/l in the
influent of the CW, with tiamulin being the most abundant compound
in the influent of the CW. After treatment by the CWs, the detected an-
tibiotics decreased to only seven antibiotics, detected up to 16,000 ng/I
in the effluent of the CW, with again tiamulin as the most abundant
compound. The overall removal percentage per month for the CW
with HRT-1 was from —1167 to 100%. Meanwhile, for the CW with
HRT-3, the removal percentage was between —66 to 100%. The removal
of each group of antibiotics in both CW effluents is illustrated in Fig. S12.
The performance of the CWs in reducing antibiotics after the reed bed or
swamp part is presented in Fig. S13. The concentration of macrolides
(LIN) and sulfonamides (SDM, SF, SEX, SP, TRI) did not change after
the reed bed and swamp. Meanwhile, quinolones (FLU, CIP) and tetra-
cyclines (OTC) showed a decreasing trend after the reed bed and the
swamp.

Other than that, the biological reaction rate is positively associated
with higher temperatures, and enzyme-catalyzed reactions are most ac-
tive within the range of optimal temperatures (Bruce and Perry, 2001).
Sunlight photodegradation and temperature can also be involved in the
removal of antibiotics in the CWs under open water spaces (Choi et al.,
2016; Kim and Carlson, 2007; Jiang et al., 2018). Data from KNMI (Royal
Netherlands Meteorological Institute) show that solar irradiation is
2.8 KWh/m? (average 1 h) in winter compared to 19.4 KWh/m? (aver-
age 10 h) in summer, thus confirming less photobiodegradation poten-
tial in winter. Therefore, antibiotics persist for a longer time during
winter (Yang et al., 2011). As photodegradation rates are different per
antibiotic, differences in removal were observed. For example, sulfathi-
azole degrades relatively quickly, followed by sulfisoxazole, sulfamethi-
zole, and SMX (Boreen et al., 2004), whereas TRI was not susceptible to
photodegradation (Nguyen Dang Giang et al., 2015). We also observed
that concentration of SMX and TRI remained almost the same within
the CW, in February (less photodegradation), and in August (most
photodegradation). That explains lower antibiotics concentration in
warmer months as we also can observe less total antibiotics were mea-
sured (average less than 1000 ng/l) in August. Another explanation for
different concentration concentrations in summer compared to winter
months is variation in antibiotics use over the year. Hence, the combina-
tion of slow photodegradation rates, a shorter time of sunlight in winter
(average of 1 h) in winter, and high consumption and excretion of anti-
biotics by humans most likely contribute to a high concentration of sul-
fonamides in February.

Surprisingly, macrolides were detected at high concentrations in the
water phase, especially in January. Tylosin, which was found at the
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Fig. 2. Concentrations of antibiotics (ng/1) in water in a CW with (a) HRT-1 and (b) HRT-3. Numbers 1, 2, 3, 4, 5 refer to sampling points.

highest concentrations, is a veterinary antibiotic. These compounds are As manure application is prohibited between October and
used for treatment and prophylaxis of dysentery, pneumonia, and myco- February, the usual higher flow of agricultural drainage in winter
plasmal infections in pigs and poultry (Islam et al., 2009; Lewicki, 2006). months and several other factors may cause flushing of some substances
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from agricultural areas. The tylosin we detected, might result from 3.2.2. Fate of antibiotics in the solid phase
tylosin residues that were not degraded or washed out and thus entered Fig. 3(a) and (b) shows the antibiotics detected in the sediment.
the WWTP. Among 50 antibiotics tested, 21 out of 50 antibiotics were detected;
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Fig. 3. Concentrations (pg/kg (dry weight)) of antibiotics in sediment in a CW with (a) HRT-1 and (b) HRT-3. Numbers 1, 2, 3, 4, 5 refer to sampling points.

6



N.A. Sabri, H. Schmitt, B.M. van der Zaan et al.

OTC, chlortetracycline (CTC), tetracycline (TET), doxycycline (DC), SF,
sulfapyridine (SP), SDM, SFEX, SMX, TRI, sulfadimethoxine (SMT), AZI,
CLA, LIN, TIA, TYL, CIP, FLU, norfloxacin (NOR), enrofloxacin (ENRO),
and levofloxacin (LEV).

The sum of the concentrations of antibiotics found per sample point
was below 4000 pg/kg in each month. Concentration levels of the indi-
vidual antibiotics ranged from 275 to 1220 pg/kg in the influent of the
CW. In the sediments, mainly tetracyclines (OTC, CTC, TC, and DC)
were detected. The total concentration of antibiotics in the sediment
fluctuated within the CW, regardless of the CW with HRT-1 or the CW
with HRT-3. The total concentration of antibiotics at sampling points
2, 3, and 4 were higher than the concentration in influent of the CW,
whereas it decreased again at the effluent for both CWs. This trend is al-
most similar throughout the year. In the effluent of the CW, the number
of detected antibiotics was decreased to only seven with concentrations
ranging from <LOQ to 198 pg/kg. The removal percentage for the indi-
vidual antibiotics was —7852 to 100% for the CW with HRT-1 and
-1091% to 100% for the CW with HRT-3. The removal of each antibiotic
group is illustrated in Fig. S14 and Table S3 for individual compound.

In the sediments, we observed a more stable trend of the total anti-
biotic concentrations throughout the year. However, within the CW, the
total concentration of antibiotics fluctuated, especially at the sampling
point 2. This can be explained by the difference in biological processes
within the wetland as described before, but also relates to the properties
of the antibiotics and sediment. Sediment properties such as organic
carbon content, pH, ionic strength, clay content, and texture affect the
extent of adsorption of organic compounds, such as antibiotics
(Rabglle and Spliid, 2000), thus reducing the mobility, reactivity, bio-
availability for microbial degradation and their presence in the water
phase (Almeida et al., 2016; Liu et al., 2013; Pan and Chu, 2016; Choi
etal, 2016).

Our data showed that sulfonamides were mostly found in the water
phase, whereas tetracyclines were mostly found in the sediment phase.
This is in accordance to the nature of the chemicals, reflected by the
water distribution coefficient (Ky) and organic carbon normalized parti-
tion coefficient (K,) of these compounds (Tolls, 2001). Hence, the sul-
fonamides are hardly adsorbed to sediment and are usually detected
in surface water, groundwater, and drinking water (Wegst-Uhrich
et al,, 2014). The presence of lower concentration sulfonamides in the
sediment suggests that degradation in the water phase may play a
more dominant role than substrate adsorption and plant uptake, like
has been demonstrated by Chen et al. (2016). For example, SMX is ex-
pected to have high mobility based on the estimated K,. of 72
(National Center for Biotechnology Information, 2020b). In contrast, tet-
racyclines and quinolones have higher K, tend to adsorb in the sedi-
ments due to their ability to form complexes with doubly charged
cations (Tolls, 2001; Kiimmerer, 2009). K, of oxytetracycline is ranging
from 27,800 to 93,300 (Song and Guo, 2014) and ciprofloxacin is 6100,
are expected to have moderate to no mobility in the sediment (National
Center for Biotechnology Information, 2020a). Similar observations
have been reported by previous research, who showed a low concentra-
tion of sulfonamides (8.67 ng/kg) in the sludge compared to macrolides
(438.85 pg/kg) (Hu et al,, 2018).

As a result, sediment acts as a potential sink, as demonstrated by our
data and in line with prior studies. Furthermore, adsorption of antibi-
otics in the sediment is an important mechanism of antibiotics removal
from water, as shown by the presence of antibiotics in the sediment
during winter and summer in our study. This has also been demon-
strated by other water-sediment investigations (Liu et al., 2019).
Kerrigan et al. (2018) reported that the history of ten types of antibiotics
in sediment cores for 100 years is increased rapidly since the 1950s with
an accumulation rate of up to 20.5 ng cm™2/yr. Meanwhile, Li et al.
(2019) observed that the concentration of 60 types of antibiotics in
the sediment of different wetlands was up to 118 ng/g.

The performance of the CWs in reducing antibiotics in the sediment
after the reed bed and swamp part is presented in Fig. S15. After the
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reed bed, quinolones and tetracyclines showed an increase followed
by macrolides and sulfonamides. All antibiotics showed a decrease
after the sampling point 5. Lastly, antibiotics did not show a significant
accumulation or reduction in the water phase at sampling point 1
until sampling point 3. However, the antibiotics showed accumulation
in the sediment phase (Table S4).

In addition, we also observed that the concentration of the antibi-
otics accumulated at sampling point 2 compared to sampling point 4.
This is maybe due to the difference of the sediment materials, loamy
soil (after the reed bed), and sandy loam soil (after the swamp/effluent
of the CW). The availability and mobility of antibiotics in the sediment
depend on conditions that prevail in the soil, such as soil type, pH and
temperature (Sarmah et al., 2006). We did not further study the effect
of the sediment type however, this merits more research in the future
to understand the role of different sediment/soil type in ARGs removal.

3.3. Occurrence and removal of ARGs in the constructed wetlands

16S rRNA genes, integrase genes (intl1), and four ARGs (ermB, sull,
sul2, and tetW) were detected in both CWs in all water and sediment
samples. Fig. 4(a) and (b) shows the gene abundance for sull. The
other genes in water are presented in Fig. S16(a-e) and in sediment
are presented in Fig. S17(a-e).

At the influent of the CWs, the concentrations of ARGs in water var-
ied from 4.9 x 102 copies/ml to 1.4 x 107 copies/ml. The concentration
of ARGs ranged from 1 x 10! copies/ml to 2.4 x 102 copies/ml in the
CW with HRT-1 and ranged from 4.2 x 10" copies/g to 9.5 x 107 cop-
ies/ml in the CW with HRT-3. intl1 was the most abundant in both
CWs, followed by sull, sul2, tetW, and ermB. Higher variability of ARGs
was observed in the water samples compared to sediment samples.

Meanwhile, at the sampling no 1 of the CW, the concentrations of
ARGs in sediment, varied from 5.5 x 10° copies/ml to 4.2 x 107 cop-
ies/g DW. The concentration of ARGs ranged from 1.2 x 10? copies/g
DW to 4.9 x 107 copies/g DW in the CW with HRT-1 and ranged from
1.2 x 10? copies/g DW to 4.2 x 107 copies/g DW in the CW with HRT-
3. intl1 was the most abundant gene in both CWs, followed by sull,
sul2, tetW, and ermB. All four ARGs were significantly reduced in the
CWs by 0.2-3 orders of magnitude (p < 0.05).

Nevertheless, concentrations within the CWs varied. For example, at
the CW with HRT-1 in February, sull showed no significant difference
from the sampling point 1 to sampling point 2, slightly increased at
sampling point 3, then decreased at sampling point 4 and 5. Meanwhile,
in June, sull increased up to 1 log at sampling point 2, decreased at sam-
pling point 3 and increased again at sampling point 4 and effluent of the
CW with HRT-1.

The performance of the CWs in removing ARGs is presented in Fig. 5.
The overall removal of the CW with HRT-1 (water) was 0.84 log and the
overall removal of the CW with HRT-3 (water) 0.53 log. Meanwhile, the
overall removal of the CW with HRT-1 (sediment) was 0.8 log, and the
overall removal of the CW with HRT-3 (sediment) was 0.5 log. However,
relative abundances (ARGs/16S rRNA genes) of ermB, sull, sul2, and
tetW were not significantly lower in the effluent of the CWs compared
to in the influent of the CWs (Fig. S18).

The performance of the CWs after the reed bed (i.e., sampling point 1
until sampling point 3) and swamp (sampling point 3 until sampling
point 5) for both water and sediment are presented in Fig. S19 (CW
with HRT-1) and Fig. S20 (CW with HRT-3). After the reed bed, ARGs
showed a decrease (ermB), remained similar (sull, intl1, tetW), or in-
creased (sul2), with the exception of sul2 (no changes) and tetW (de-
crease) in the CW with HRT-3. Meanwhile, in the sediment samples,
ARGs remained the same or increased (ermB, sull, sul2, intI1) or de-
creased (tetW) after the reed bed in the CW with HRT-1, with the excep-
tion of decreased ermB in the CW with HRT-3. Lastly, similar to
antibiotics, ARGs did not show a significant accumulation or reduction
in the sampling points within the CWs (Table S5), except at the sam-
pling point 2 in the sediment.
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Fig. 4. Concentrations of sull detected in the CWs for one year in (a) water and (b) sediment. Numbers 1, 2, 3, 4, 5 refer to sampling points.

In this study, we found that the analyzed genes, 16S rRNA gene, intl1,
and 4 ARGs were reduced by 0.2 to 3 log in the water phase from the in-
fluent of the CW to the effluent of the CW, even though some of ARGs
were increased in aqueous concentrations in the influent of the CW
just for a few months. Like antibiotics, a variety of mechanisms is

involved in ARGs removal in the CWs, such as biological, physical and
chemical processes (Vacca et al., 2005; Dordio et al., 2010). The biolog-
ical processes include plant uptake, and die-off of bacterial hosts (Diehl
and Lapara, 2010). The plants in a CW can contribute to the removal of
ARGs (Vacca et al., 2005; Sidrach-Cardona and Bécares, 2013; Garcia
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et al., 2008). e.g. by uptake of the antibiotics and ARGs through roots to
the stem, and through leaves via transpiration stream. (Carvalho et al.,
2014). The microbial community at the roots may also help in accelerat-
ing the biodegradation process (Zhao et al., 2019). The physical pro-
cesses include sorption to sediment or organic matter, mechanical
filtration, or sedimentation. Of these mechanisms, biological processes
such as plant uptake and sorption to organic material could be the
main mechanisms for ARGs elimination (Chen et al., 2016; Toet et al.,
2005).

The ARG abundance in both CWs suggests that a CW can act as sinks
for ARGs. ARGs still can persist in sediments when associated with or-
ganic substances and clay particles. Sediments adsorb DNAses that hy-
drolyze free DNA, including ARGs, and as a result, the sediment
contains more ARB and ARGs (Luo et al., 2010). In addition, the source
of the extracellular ARGs can be derived from the secretion from live
cells or the lysis of dead cells and also deposits in the sediments
(Pietramellara et al., 2009).

We observed high concentrations of intl1 and sull in the water and
sediment. The presence of sull and intl1 (r = 0.92) and sul2 and intl1
(r=0.89) were strongly correlated (p < 0.001) in water. A similar obser-
vation was seen in the sediment, for sull and intl1 (r = 0.67, p < 0.001)
and sul2 and intl1 (r = 0.60, p < 0.001). Sull was measured at relatively
high concentrations (10°-107) compared to other ARGs in other studies
CW (Anderson et al., 2013; Chen et al., 2015). The relatively high concen-
tration of the genes in the CW can be explained by the continuous input
of the genes into the CW and resulted in the low variability of ARGs in
sediment. As a result, sediments may act as a reservoir where the
inflowing ARGs are immobilized and maintained. At the same time,
new ARGs may emerge, spread, and new and stored ARGs may be mobi-
lized by resuspension depending on the flow and weather conditions
(HeR et al., 2018).

The ARGs ermB, sul2 and tetW showed increased concentrations
(up to 1 log) in winter (p < 0.05) in water and sediment. The higher
concentration of ARGs in winter can be due to a higher concentration
of antibiotics, as demonstrated by their correlation in this study, and
by others (Caucci et al., 2016). However, other studies reported that
most of the ARGs in river sediments were higher in summer than in
winter, especially sull (Guo et al., 2018). The findings of lower ARG's
in water in summer in this study may be related to elevated tempera-
tures, providing a suitable condition for microorganisms and predators
to proliferate and degrade ARGs and antibiotics.

Apart from that, ARGs removal efficiency is also related to operating
conditions such as HRT. Similar to the antibiotics, a different HRT did not
affect the removal of the ARGs (p > 0.05). Although a longer HRT was
expected to have a positive effect on the removal of ARGs, this was
not shown in our study. CW with HRT-3 may contribute to higher flux
of all substrates and promote the adsorption and degradation of antibi-
otics or ARGs (Huang et al., 2017). This might relate to the unknown his-
tory of both CWs, differences in organic material, and complex
biological activity between the CWs, which can not only be explained
by the difference in HRT.

Even though the concentration for some ARGs in the effluent of the
CWs was significantly higher than in the surface water of river Beerze
that received the treated wastewater after the passage of the CW as
we showed in our previous work (Sabri et al., 2020) and other work
(Choi et al., 2016), CW improved the removal efficiency of ARGs com-
pared to treatment by conventional WWTPs only (Zhou et al., 2013;
Chen and Zhang, 2013). This shows that CW can be an effective addi-
tional treatment in removing antibiotics and ARGs from domestic sew-
age treatment plant effluents.

3.4. Temporal distribution of antibiotics and ARGs
Temporal variations of antibiotics and ARGs in water and sediment

are shown in Fig. S21 and Fig. S22, respectively. Some antibiotics and
ARGs showed an increase in winter compared to summer. All antibiotics
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showed significant temporal variation (p < 0.05) in water samples.
Meanwhile, insignificant differences were found for antibiotic concen-
trations in sediment samples during summer and winter, except for sul-
fonamides (p < 0.05). Among the ARGs, ermB, sul2 and tetW increased
significantly in winter (p < 0.05) in water and sediment samples,
whereas sull demonstrated a significant temporal variation only for
the sediment. In addition, intIT was not affected by the season through-
out the year of study.

In general, both CWs showed a reduction in antibiotics from sam-
pling point 1 to sampling point 5. Both antibiotics and ARGs did not
show a significant increase or decrease in the sampling points within
the CWs except for sampling point 2 in the sediment. Sampling point
2 islocated in the reedbed, which indicates that the reedbed area is a po-
tential area to accumulate antibiotics and ARGs, through particle sedi-
mentation and adsorption to the sediment matrix. The plants and soil
types in the reedbed play a role in this, as a higher concentration of an-
tibiotics accumulated in the soil than in the media and vegetation as also
observed by others (Liu et al., 2013).

3.5. Correlation between antibiotics, ARGs and general water qualities

The antibiotics, ARGs and general water qualities at different sam-
pling points within the CWs demonstrated a broader variation in winter
compared to summer, as shown in an ordination of antibiotics, ARGs,
and general water qualities (Fig. 6).

Furthermore, our study shows that significant correlations exist be-
tween the abundances of antibiotics and ARGs from sampling point 1 to
sampling point 5 (Fig. 6). The correlation between antibiotics and ARGs
are presented in Table S6. The total concentration of antibiotics
(macrolides, sulfonamides, tetracyclines and quinolones) were
correlated to their corresponding and non-corresponding genes
(p < 0.05), with a stronger correlation between antibiotics and non-
corresponding ARGs. Second, correlations between antibiotics, ARGs
and general water qualities in sampling point 1 to sampling point 5
were revealed. A significant temporal variation among different general
water qualities was observed. The total concentration of all antibiotic
groups (except sulfonamides) was significantly associated with concen-
trations of nutrients, such as NOs-N, NH4-N, COD, and TP (p < 0.05), and
the positive or negative orientation of the correlation depends on the
type of nutrient (Table S7). The ARGs (sull, sul2, and intl1) were most
strongly associated with TP, followed by COD (p < 0.001) (Table S8).
Finally, temperature correlated negatively to antibiotics and ARGs, i.e.
indicating higher temperatures made both less persistent.

A low concentration of antibiotics may promote antibiotic resistance
and can therefore indirectly correlate with their corresponding ARGs
(Bouki et al., 2013). In this study, we found correlation between the
total concentration of antibiotics (sulfonamides, macrolides, quino-
lones, tetracyclines) and their corresponding or non-corresponding
ARGs (sull, sul2, ermB, tetW). A stronger correlation between the con-
centration of antibiotics and non-corresponding ARGs was found, com-
pared to antibiotics and their corresponding ARGs. However, such a
generic correlation is inconsistent with previous studies: i.e. Gao et al.
(2012) observed a negative correlation between tetracyclines and tet
genes but a significant correlation for sulfonamides and sul genes. No
correlation was found between antibiotics and their corresponding
genes once the wastewater reached the surface water (Guo et al.,
2018; Yang et al., 2019). Therefore, our results suggest that the
distribution of antibiotics, and their corresponding ARGs over the
aquatic environmental compartments depends on many factors, such
as their co-release with feces, and most importantly, differences in
their fate. This can lead to a lack of correlation in surface waters, in con-
trast to correlations in sediments.

In this study, nutrients (NOs-N, NH4-N, TP and COD) correlated pos-
itively and temperature negatively with the occurrence of the antibiotic
groups (except sulfonamides). Furthermore, TP and COD positively cor-
related to ARGs. These findings are in line with previous studies that
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observed a similar relationship between the concentration of antibiotics
or ARGs with some of the general water qualities (Zhu et al., 2020; Novo
and Manaia, 2010; Nolvak et al., 2013). These results support the hy-
pothesis that (at least a part of) the nutrients undergo similar changes
as antibiotics and ARGs along the CWs. In this sense, improvements in
general water qualities by WWTP or CW can go hand in hand with re-
moval of antibiotics and ARGs (Yuan et al., 2018).

4. Conclusion

The present study evaluated the performance of two full scale CWs,
receiving the same wastewater for the removal of antibiotics and ARGs
from wastewater. The results of this study demonstrate that the CWs re-
duced the concentration of targeted antibiotics and ARGs from waste-
water. Antibiotics were removed from 28% to 100% in both CWs,
depending on the type of antibiotics. However, some of the antibiotics
were increased in water and sediment phase after the CW treatment.
Five antibiotics (tiamulin, tylosin, oxytetracycline, sulfamethoxazole
and trimethoprim) were the most abundant at (>1500 ng/l on average)
in February, December and January. Macrolides were most abundantly
found in the effluent of the CWs, with strongly fluctuating concentra-
tions in time.

ARGs were removed 1 to 3 log by the CWs. ermB was the most abun-
dant (average of 5.0 log) in winter compared to summer (average of 3.5
log). Other ARGs did not show a significant increase or decrease be-
tween winter and summer. intl1 as most abundantly found in the efflu-
ent of the CWs. Both sul genes were strongly correlated to intl1. The
antibiotics removal may be attributed to microbial degradation, sub-
strate adsorption and plant uptake. ARGs removal was more complex
and variable, as ARGs mass and composition also depend on the biolog-
ical activities in the CWs.

Results showed that different HRTs (1 day or 3 days) of the CWs did
not affect the removal of the antibiotics or ARGs. No significant accumu-
lation of antibiotics and ARGs was found within the CWs, in water and
sediment. The total concentration of antibiotics (sulfonamides,
macrolides, tetracyclines) correlated to the concentration of ARGs
(sull, sul2, ermB, and tetW). Our results also show a relationship
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between concentrations of antibiotics and ARGs with general water
qualities, antibiotics correlated with NO3-N, NH4-N, and TP, and ARGs
correlated with TP and COD.

In general, CWs are easy to operate and to maintain, show a good re-
moval of antibiotics and moderate removal of ARGs, making CWs a po-
tential post treatment to WWTP to reduce antibiotics, and most likely
also other micropollutants. CWs reduce the input of micropollutants
into the environment and prevent the spreading of antibiotic resistance.
However, CWs can accumulate antibiotics and ARGs in the sediment. A
better understanding of the elimination processes of ARGs within a CW
might result in adjusted designs for CWs, leading to higher removal ef-
ficiencies for antibiotics and ARGs in the future.
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