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GRAPHICAL ABSTRACT

6 mesocosm-scale CWs with different designs \

Effluent

ABSTRACT

This study aims to investigate the removal of antibiotics and antibiotic resistance genes (ARGs) in raw domestic
wastewater by various mesocosm-scale constructed wetlands (CWs) with different flow configurations or plant
species including the constructed wetland with or without plant. Six mesocosm-scale CWs with three flow types
(surface flow, horizontal subsurface flow and vertical subsurface flow) and two plant species (Thalia dealbata Fra-
ser and Iris tectorum Maxim) were set up in the outdoor. 8 antibiotics including erythromycin-H,0 (ETM-H,0),
monensin (MON), clarithromycin (CTM), leucomycin (LCM), sulfamethoxazole (SMX), trimethoprim (TMP), sul-
famethazine (SMZ) and sulfapyridine (SPD) and 12 genes including three sulfonamide resistance genes (sull,
sul2 and sul3), four tetracycline resistance genes (tetG, tetM, tetO and tetX), two macrolide resistance genes
(ermB and ermC), two chloramphenicol resistance genes (cmlA and floR) and 16S rRNA (bacteria) were deter-
mined in different matrices (water, particle, substrate and plant phases) from the mesocosm-scale systems.
The aqueous removal efficiencies of total antibiotics ranged from 75.8 to 98.6%, while those of total ARGs varied
between 63.9 and 84.0% by the mesocosm-scale CWs. The presence of plants was beneficial to the removal of pol-
lutants, and the subsurface flow CWs had higher pollutant removal than the surface flow CWs, especially for
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Plant uptake
Biodegradation

antibiotics. According to the mass balance analysis, the masses of all detected antibiotics during the operation pe-
riod were 247,000, 4920-10,600, 0.05-0.41 and 3500-60,000 pg in influent, substrate, plant and effluent of the

mesocosm-scale CWs. In the CWs, biodegradation, substrate adsorption and plant uptake all played certain
roles in reducing the loadings of nutrients, antibiotics and ARGs, but biodegradation was the most important pro-
cess in the removal of these pollutants.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

As emerging contaminants, antibiotics and related antibiotic resis-
tance genes (ARGs) have received increasing attentions due to their po-
tential impact on human health and ecosystem (Costanzo et al., 2005;
Pruden et al., 2006; Kotzerke et al., 2008; Liu et al., 2009; Underwood
et al,, 2011). Previous studies have reported wide detection of various
antibiotics and ARGs in effluent and sludge from wastewater treatment
plants (WWTPs), which could be a major cause for the ubiquitous oc-
currence of antibiotics and ARGs in various environmental compart-
ments (Pruden et al., 2006; Durham et al., 2010; Li and Zhang, 2010;
Tamminen et al,, 2011; Gao et al,, 2012; Jia et al,, 2012; Su et al,, 2012;
Cheng et al., 2013; Coleman et al., 2013; Zhou et al., 2013). Therefore,
a better wastewater treatment technology is needed for removing anti-
biotics and ARGs.

Constructed wetlands (CWs) are artificial wetlands designed and
constructed to simulate the natural processes to treat domestic and live-
stock wastewaters (Nurk et al., 2005; Keffala and Ghrabi, 2005;
Reyes-Contreras et al., 2012; Liu et al., 2013; Adrados et al., 2014;
Younger and Henderson, 2014). Previous studies demonstrated that
CWs are capable of removing a majority of environmental pollutants in-
cluding nitrogen, phosphorous, chemical oxygen demand (COD) (Lin et
al,, 2002a; Hu et al., 2012; Li et al., 2013; Wang et al., 2013), and emerg-
ing contaminants such as antibiotics (Hijosa-Valsero et al., 2011; Liu et
al.,, 2013; Berglund et al., 2014; Chen et al., 2015) and ARGs (Liu et al.,
2013; Chen et al., 2015). Their performance depends on the design pa-
rameters such as plant species, flow types, substrates, hydraulic loading
rates, hydraulic retention time and applied pollutants loadings
(Hijosa-Valsero et al., 2010; Hijosa-Valsero et al., 2011; Saeed and Sun,
2012; Weerakoon et al., 2013; Wu et al,, 2014; Wu et al.,, 2015). The re-
moval of pollutants may involve substrate adsorption, plant uptake,
photolysis, volatilization and biodegradation (Zhang et al., 2012;
Arroyo et al., 2013; Chen et al., 2014; Li et al., 2014). However, the
exact contributions by different removal mechanisms depend on wet-
land design and characteristics of pollutants themselves. Our previous
study (Chen et al., 2016) optimized wetland substrate and hydraulic
loading for the removal of antibiotics and ARGs. As emerging contami-
nants with completely different properties, the fate of antibiotics and
ARGs in different CWs requires to be investigated further in terms of
flow configuration and plant species in wetland design.

The main objective of this study was to compare the efficiencies of
the six mesocosm-scale CWs with different design parameters (mainly
flow configuration and plant species) in removing antibiotics and
ARGs as well as conventional wastewater quality parameters (COD,
TN, NH,4-N, TP and TOC). In addition to aqueous removal of antibiotics
and ARGs, mass balance analysis approach was applied to assess the
mass loadings of antibiotics in mesocosm-scale CWs to understand the
removal mechanism by these CWs.

2. Materials and methods
2.1. Setup of the mesocosm-scale constructed wetlands

In February 2015, six mesocosm-scale CWs were constructed out-
doors inside the campus of Guangzhou Institute of Geochemistry

(GIG), Chinese Academy of Sciences, in Guangzhou City, China. All of
the CWs were containers made of stainless steel, with a size of 80 cm

in height, 80 cm in length and 60 cm in width. The CWs differed from
each other in their flow configuration or plant species (including the
constructed wetland with or without plant), which are shown in Fig.
1, and briefly described as follows: CW1 is a surface flow constructed
wetland planted with Thalia dealbata Fraser. (SF-CW), CW?2 is a vertical
subsurface flow constructed wetland (VSSF-CW) planted with Thalia
dealbata Fraser., which wastewater entering from top and leaving
through the bottom, CW3 is another vertical subsurface flow con-
structed wetland planted with Thalia dealbata Fraser., which wastewa-
ter entering from bottom and leaving through the top, CW4 is a
horizontal subsurface flow constructed wetland (HSSF-CW) planted
with Thalia dealbata Fraser., CWS5 is also a horizontal subsurface flow
constructed wetland but planted Iris tectorum Maxim., while CW6 is a
horizontal subsurface flow constructed wetland without plants.

The substrates of 6 mesocosm-scale CWs were zeolite (the grain size
of zeolite is 2-3 cm, and the void fraction is 44.7%) based on the optimi-
zation results of our previous study (Chen et al,, 2016). CW1 had 40 cm
layer of substrate (approximately 3.8 x 10° g) and CW2-CW6 had 65 cm
layer of substrate (approximately 5.5 x 10° g), while all the six
mesocosm-scale CWs had 60 cm layer of water. All CWs (except CW6)
planted 6 plants with two rows and three columns. Raw domestic sew-
age from the GIG residential buildings with a population of 330 people
was transferred to a stainless steel regulating pool of 4.3 m> before
being pumped to the mesocosm-scale CWs. The hydraulic loading
rates (HLRs) of the CW systems were 20 cm/d according to our previous
study (Chen et al,, 2016). All 6 mesocosm-scale CWs had been stably op-
erated for 300 days before sampling. The stability of the CWs was de-
fined by stable water quality within each CW based on weekly
measured physicochemical parameters. The experiment work started
in November 2015.

2.2. Sample collection

In the sampling campaign, we collected 7 samples of 24-h composite
wastewaters (sampling every 8 h and sampling campaign lasts 24 h)
(Influent, WO; CW1 effluent, W1; CW2 effluent, W2; CW3 effluent,
W3; CW4 effluent, W4; CW5 effluent, W5 and CW6 effluent, W6), 6
composite solid samples with 3-point sampling approach (CW1 sub-
strate, S1; CW2 substrate, S2; CW3 substrate, S3; CW4 substrate, S4;
CWS5 substrate, S5 and CW6 substrate, S6) (there were 3 sampling
spots located in the diagonal of each CW every 0.25 m, and each sam-
pling spot had 3 sample depths, including the bottom one (at the bot-
tom of the CW), the middle one (0.25 m from the bottom) and the
top one (0.5 m from the bottom)), and harvested all six plants in each
CW to form 5 plant samples (CW1 plants, P1; CW2 plants, P2; CW3
plants, P3; CW4 plants, P4; CWS5 plants, P5) (Fig. 1).

There were 3 water outlets in every CW including the bottom one (at
the bottom of the CW), the middle one (0.25 m from the bottom) and
the top one (0.5 m from the bottom). The wastewater samples for anal-
ysis of antibiotics were collected from the water outlet 3 in 1-L
precleaned brown glass bottles (1 L each), then approximately 50 mL
of methanol was added to each bottle (1 L) of the water samples and
the pH values of the samples were adjusted to 3 by using 4 M H,SO,.
For analysis of ARGs and bacterial biomass, the wastewater samples
were collected as the composite samples from the three water outlets
in 0.5-L sterile polypropylene bottles (0.5 L each wastewater sample).
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CW1 (surface flow CW with
Thalia dealbata)

CW4 (horizontal subsurface
flow CW with Thalia dealbata)

CW?2 (vertical subsurface down-
flow CW with Thalia dealbata)

CWS3 (horizontal subsurface flow CW  CW6 (horizontal subsurface
with Iris tectorum Maxim)

CWS3 (vertical subsurface up-
flow CW with Thalia dealbata)

flow CW without plants)

Fig. 1. Schematic design of the mesocosm-scale constructed wetlands.

Following the sampling of wastewater samples, the substrate sam-
ples were collected in 1-L glass bottles for analysis of antibiotics, then
one gram of sodium azide was added to each substrate sample to sup-
press microbial activity. For analysis of ARGs, the substrate samples
were collected in 1-L sterile brown glass bottles. Then the plant samples
were collected by harvesting all six plants including the above ground
and underground parts in each CW.

All the samples were then kept refrigerated and transported to the
laboratory as soon as possible, where they were stored at 4 °C before
analysis (within 24 h). Substrate and plant samples were freeze-dried,
homogenized, and passed through a 60-mesh standard sieve and then
kept at —20 °C in the dark until extraction.

2.3. Chemical analysis

2.3.1. Physicochemical parameters and conventional wastewater quality
parameters

The YSI meter (YSI-Pro2030; YSI Incorporated, Yellow Springs, OH,
USA) was used to monitor physicochemical parameters (pH, DO: dis-
solved oxygen, temperature, conductivity and redox potential) of the
mesocosm-scale CWs. Conventional wastewater quality parameters
(COD: chemical oxygen demand, TP: total phosphorus, TOC: total or-
ganic carbon, TN: total nitrogen and NH3-N: ammonium nitrogen)
were determined according to Chinese standard methods. COD was
measured using the potassium dichromate method (GB 11914-89). TP
was measured using ammonium molybdate spectrophotometric
method (H] 671-2013). TOC was measured using combustion oxidation
nondispersive infrared absorption method (HJ 501-2009). TN (HJ 636-
2012) and NHs-N (HJ 536-2009) were determined by a UV-vis spectro-
photometer (Shimadzu Instrument Co. Ltd., UV-2450, Japan).

2.3.2. Antibiotics extraction and instrumental analysis

Based on our previous study (Zhou et al., 2012), 50 antibiotics of 11
classes were selected for analysis in the present experiment: sulfon-
amides, diaminopyrimidines, tetracyclines, fluoroquinolones, macrolides,
polyether ionophores, aminocoumarins, polypeptides, lincosamides,
chloramphenicol derivatives, and 3-lactams. Detailed information about
target standards and internal standards used in the analysis and the

physicochemical properties of the target compounds, as well as the ana-
lytical method can be found in the Supporting Information (SI Text1)
and previous study (Zhou et al., 2012).

Briefly, the water samples were extracted by Oasis HLB cartridges
(6 mL, 500 mg), while the solid samples including substrate, particle
phase and plant samples were extracted by the method of ultrasonic-
assisted extraction with solvents (acetonitrile and citric acid buffer),
followed by an enrichment and clean-up step with solid-phase extrac-
tion using SAX-HLB cartridges in tandem. Rapid-resolution liquid chro-
matography-tandem mass spectrometry (RRLC-MS/MS) was used to
analyze target antibiotics. The RRLC-MS/MS used was Agilent liquid
chromatography 1200 series RRLC system coupled to an Agilent 6460
triple quadrupole MS equipped with an electrospray ionization (ESI)
source (Agilent, Palo Alto, CA, USA). The quantitative analysis of the tar-
get compounds was carried out in dynamic multiple reaction monitor-
ing (DMRM) mode. Laboratory blanks and laboratory controls were
also analyzed along with the samples as quality controls.

2.4. ARGs analysis

DNA extraction and ARG determination methods can be referred to
our previous study (Su et al., 2014), which were briefly described as
follows.

2.4.1. DNA extraction and purification

Each water sample (0.5 L) was filtered through a sterile membrane
filter (0.45-um pore diameter) with a vacuum filtration apparatus.
Then, the membrane filter was aseptically removed by using a sterile
forceps, cut into pieces by a sterile scissor and put into the tube provided
by the PowerSoil DNA Isolation Kit (MoBio Laboratories, USA). The DNA
extraction and purification procedures used here followed the protocol
provided by the manufacturer.

10 g of each homogeneous substrate sample were used to extract
total DNA. The 0.85% sterile stroke-physiological saline was used to
wash each substrate sample with the purpose of getting almost all of
the microorganism, then the saline containing microorganisms was fil-
tered through a sterile membrane filter (0.45-um pore diameter) with a
vacuum filtration apparatus. The following steps were the same as the
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DNA extraction of the water sample. Then, DNA was further purified
using the DNA Spin Kit (Tiangen Biotech, China) to minimize PCR
inhibition.

2.4.2. ARGs quantification

Real-Time quantitative PCR (qPCR) were used to quantify 12 target
genes including sulfonamide (sull, sul2 and sul3), tetracycline (tetG,
tetM, tetO and tetX), quinolone (ermB and ermC) and chloramphenicol
genes (cmlA and fIoR), and 16S rRNA. The specific primers and external
reference methods used in this study for RTFQ PCR are listed in SI Table
S1. The ViiA 7 Real-Time fluorescence quantitative PCR System (ABI,
USA) using SYBR Green qPCR Kit (TAKARA, Japan) was used to quantita-
tively determine the abundance of target genes. Both positive and neg-
ative controls (Milli-Q water) were included in every run. A total of
40 cycles was applied to improve the chances of product formation
from low initial template concentrations. A 20-uL PCR reaction solution
was employed: 2 x THUNDERBIRD SYBR® qPCR Mix 10 pL, 0.05 mM
each primer 0.08 pL, 50 x ROX reference dye 0.04 pL, template DNA
2 L (DNA < 80 ng), and distilled water 7.8 uL (DNase I treated). The
gPCR assays were run on an Applied Biosystems 7500 Fast Real-Time
PCR System (ABI, USA). The qPCR program for quantification of ARGs
consisted of initial denaturing at 95 °C for 1 min, followed by 40 cycles
for 15 s at 95 °C, 55 °C for 30 s (some primers of ARGs have different an-
nealing temperatures, see Table S1), 72 °C for 30 s, and a final step for
melting curve. Calibration curves were generated using plasmids carry-
ing target genes. The external reference method (SI Text S2) was used to
calculate the copy number of ARGs, with the square of related coeffi-
cient (r?) of the standard curve > 0.99 and the amplification efficiency
ranging between 95 and 110%.

2.5. Mass balance analysis

Mass balance analysis was used to assess mass removal capacity of
the mesocosm-scale CWs in different conditions. It was assumed that
concentrations of the pollutants in influents and conditions of six
mesocosm-scale CWs were stable during the operation period, since
the plant samples can only be collected once. The mass flow of a pollut-
ant entering and leaving each mesocosm-scale CW was assessed by
mass balance analysis.

M; =G xQ (or M) x T (1)

where M is the mass loading of the pollutant i in the water, particle,
substrate and plant, C; represents the concentration of pollutant i in
the water, particle, substrate and plant, Q is the average daily water
flow in the mesocosm-scale CWs and M is the dry weight of the sub-
strates or plants, and T is operation time of the mesocosm-scale CWs.

Mremoval = Minﬂuent_Mefﬂuent (2)

where Mipauent and Megmuent are the mass loadings of a pollutant in the

influent and each mesocosm-scale CW effluent, respectively (including

water phase and particle phase), and M;emova 0N behalf of the mass re-

moval of the pollutant after mesocosm-scale CW treatment.
Meanwhile,

Mremoval = Msubstrate + Mplant + Mloss (3)

where Msypstrate aNd Mpianc are the mass loading of a pollutant adsorbed
by substrates and plants, Myss is the mass loadings of a pollutant de-
graded by microorganism or removed by other ways.

2.6. Statistical analysis
Basic data analysis was performed with Microsoft Excel 2010 to

obtain averages and standard deviations of concentrations of target
contaminants. One-way ANOVA with Duncan test was used to

evaluate the statistical significance of difference and Pearson corre-
lation analysis was used to investigate the statistical correlation be-
tween antibiotic removal and microbial biomass using SPSS version
20.0 (IBM, NY).

3. Results
3.1. Operational performance of the mesocosm-scale CWs

The general wastewater quality parameters (temperature, pH, DO,
conductivity and redox potential) related to unfiltered water and con-
ventional wastewater control parameters (COD, TN, NHs-N, TP and
TOC) of the samples collected from CWs are summarized in Table 1
and SI Table S2. The results showed that all six CWs had variable re-
moval efficiencies. Conventional wastewater control parameters de-
creased and removal rates ranged from 25.8% to 83.6% (Table 2). In
the influent (W0), COD, TN, NHs-N, TP and TOC were detected at the
concentrations of 109, 60.7, 34.7, 4.67 and 19.7 mg/L respectively,
while in the final effluents (W1-W6), these parameters were de-
tected at 18.9-37.8, 27.3-38.5, 19.3-24.3, 1.94-2.61 and 3.90-
11.4 mg/L respectively (SI Table S2).

3.2. Occurrence and removal of antibiotics

Among the 50 antibiotics of 11 classes, 8 antibiotics including eryth-
romycin-H,0 (ETM-H,0), monensin (MON), clarithromycin (CTM),
leucomycin (LCM), sulfamethoxazole (SMX), trimethoprim (TMP), sul-
famethazine (SMZ) and sulfapyridine (SPD) were detected in influent
and effluents, whereas 3 of them (ETM-H,O, TMP and SPD) were
found in particle phase, 2 of them (ETM-H,0 and CTM) were found in
substrate phase and 1 of them (ETM-H,0) was found in plant. In influ-
ent, ETM-H,0 had the highest concentration of 8370 ng/L, followed by
MON, CTM, LCM and SMX with their concentrations of 80.5, 70.3, 37.5
and 30.6 ng/L respectively, while TMP, SMZ and SPD were detected at
the lowest concentrations of 12.2, 9.48 and 6.09 ng/L respectively (Fig.
2 and SI Table S3). In particle phase, ETM-H,0, TMP and SPD were
detected at the concentrations of 14.4-329, 2.20-2.26 and 2.52-
2.61 ng/L respectively. In substrate phase, ETM-H,0 and CTM were
detected at the concentrations of 7.70-17.6 and 1.58-1.70 ng/g respec-
tively. And in plant phase, only ETM-H,0 was detected, with its concen-
trations ranging between 0.70 and 4.02 ng/g (Fig. 2 and SI Table S3). The
analytical results showed that ETM-H,0 was the predominant analyte
in the four different types of samples.

After treatment by mesocosm-scale CWs, all detected antibiotics
were decreased to different degrees. Fig. 3 showed the aqueous removal
rates (including water phase and particle phase) of different antibiotics
by the mesocosm-scale CWs. For LCM and SMZ, the aqueous removal
rates of all six mesocosm-scale CWs reached 100%. For ETM-H,0,
MON, CTM and TMP, the removal rates by all six CWs were mostly
>67.2% (76.0-97.2%, 79.4-86.3, 67.2-87.3% and 84.3-84.6%, respec-
tively), while SMX and SPD were removed from 22.1%-69.2% and
11.1%-13.9%, respectively. It should be noted that aqueous removal effi-
ciencies for all detected antibiotics by the six mesocosm-scale CWs were
in general the following order: CW5 > CW4 > CW3 > CW6 > CW2 > CW1
(Fig. 3 and SI Table S4).

3.3. Occurrence and removal of ARGs

All selected 12 genes including three sulfonamide resistance genes
(sull, sul2 and sul3), four tetracycline resistance genes (tetG, tetM, tetO
and tetX), two macrolide resistance genes (ermB and ermC), two chlor-
amphenicol resistance genes (cmlA and floR) and 16S rRNA (bacteria)
were detected in both water and substrate samples from the
mesocosm-scale systems (Fig. 4; SI Tables S5 and S6). In general,
among the 11 target ARGs of 4 classes, sull, sul2, tetG and floR
were relatively abundant (1.96 x 108 1.60 x 10%, 2.30 x 107 and



978 J. Chen et al. / Science of the Total Environment 571 (2016) 974-982

Table 1
Wastewater physicochemical parameters of the mesocosm-scale constructed wetlands.

Physicochemical parameters

Temperature (°C) pH DO? (mg/L) Conductivity (us/cm) Redox potential (mV)
Influent 25.6 £+ 0.35 7.78 £+ 0.09 1.00 + 0.08 626 + 7.16 —169 + 3.68
w1 24.7 £ 0.20 7.66 £+ 0.02 0.36 4 0.24 607 + 6.11 —130 +3.24
cw2 24.9 £+ 0.07 7.78 £ 0.01 0.17 £ 0.06 614 + 2.36 —189 +9.07
cw3 25.3 £+ 0.05 7.79 £ 0.01 0.27 £ 0.13 624 + 2.22 —181 4+ 4.80
Ccw4 25.1 £+ 0.02 7.81 £+ 0.01 0.12 £+ 0.03 609 + 0.19 —202 +6.90
CW5 25.0 £+ 0.05 7.84 £ 0.01 0.12 £ 0.03 607 + 4.10 —211 +£5.00
CW6 249 4+ 0.14 7.80 £ 0.02 0.16 £ 0.09 608 + 18.2 —188 4+ 8.02

2 Dissolved oxygen.

4.37 x 107 copies/mL, respectively) in all water samples (Fig. 4 and SI
Table S5), while the highest copy number was found for sul3 and ermC
(1.34 x 10° and 1.72 x 10° copies/g, respectively) in most CWs in all
substrate samples (Fig. 4 and SI Table S6).

Following wetland treatment, the concentrations of the detected
ARGs were decreased in the six mesocosm-scale systems (Fig. 5 and
Table S7). For the dominant ARGs, the 6 removal rates of sull, sul2,
tetG and floR in the mesocosm-scale CWs were 70.0-86.7%, 47.2—
79.1%, 79.7-92.9% and 82.8-94.6%, respectively. The aqueous
removal rates of all target ARGs (>_ ARGs) ranged from 63.9%
to 84.0% (SI Table S7). The removal efficiencies for all detected
ARGs by the 6 mesocosm-scale CWs were in the following order:
CW3 > CW6 > CW5 > CW2 > CW4 > CW1.

34. Correlation between pollutant removal and bacterial biomass

Pearson correlation analysis was performed to study the correlations
between pollutants removal amounts (COD, TN, NH3-N, TP, TOC and }
antibiotics) and bacterial biomasses. In order to estimate bacterial bio-
masses in different mesocosm-scale CWs, the concentrations of 16S
RNA (bacteria) in both water and substrate, the volume of water and
the weight of substrate were determined. The total bacterial biomass
of the mesocosm-scale CWs ranged from 1.01 x 10" to 6.36 x 10" cop-
ies/unit (SI Table S8). As shown in Table 5, strong and significant posi-
tive correlations existed between the total bacterial biomass and COD,
TN, NH5-N and ) antibiotics (R = 0.82-0.91, p < 0.05), suggesting
the removal efficiencies of pollutants were linked to microbial activities
in the mesocosm-scale CWs.

3.5. Mass loadings of pollutants in the mesocosm-scale CWs

Mass loadings of pollutants in the influent and effluent could reflect
the treatment capacity of the CWs. The mass removals of pollutants in-
cluding the 8 detected antibiotics and general wastewater quality pa-
rameters (COD, TN, NHs-N, TP and TOC) by the mesocosm-scale CWs
are summarized in Table 3. The calculated total mass removals of

Table 2
Removal rates (%) of conventional quality parameters by the mesocosm-scale constructed
wetlands.

Ccop? TNP NH,-N¢ TP¢ TOC®
w1 68.6 43.0 31.6 483 63.8
Cw2 71.1 52.0 25.8 44.0 83.6
w3 77.1 55.0 38.7 50.6 67.1
CW4 77.4 54.3 44.0 48.7 75.3
CW5 80.2 54.7 419 58.4 80.3
CWe6 65.2 420 29.9 444 424

2 Chemical oxygen demand.
Total nitrogen.

Ammonia nitrogen.

Total phosphorus.

b
c
d
¢ Total organic carbon.

COD, TN, NHs-N, TP and TOC by the mesocosm-scale CWs were 6.81-
8.38 g/d, 2.48-3.20 g/d, 0.86-1.46 g/d, 0.20-0.26 g/d and 0.80-
1.58 g/d, respectively. The mass removal of total antibiotics by the
mesocosm-scale CWs was 652-846 pg/d.

Removal mechanism was elucidated from the mass loading in influ-
ent, effluent, plant, substrate and biodegradation. The mass loadings of
each antibiotic in different media of the CWs during the operation pe-
riod are given in SI Table S9. The mass loading of all detected antibiotics

8000 + EETM-Hy0 B MON HCTM HLCM Wastewater (ng/L)
6000 - B SMX B T™MP g SMZ [ SPD
4000
2000 & b . .
I i [ £} [
100 4

PPO PP1 PP2 PP3 PP4 PP5 PP6

20

Concentration of antibiotics

Substrate (ng/g)
16
12 A
8 4
4 4
0 d
& S1 S2 S3 S4 S5 S6
Plants (ng/g)

l - I i I
: i N
P1 P2 P3 P4 PS

Fig. 2. Concentrations (ng/L) of detected antibiotics in different phases of the mesocosm-
scale constructed wetlands (asterisk indicates the significant differences between influent
and effluent from different CWs). Influent (WO and PP0), CW1 (W1, PP1, S1 and P1), CW2
(W2, PP2, S2 and P2), CW3 (W3, PP3, S3 and P3), CW4 (W4, PP4, S4 and P4), CW5 (W5,
PP5, S5 and P5), CW6 (W6, PP6 and S6).
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Fig. 3. Removal rates (%) of the total antibiotics in the mesocosm-scale constructed
wetlands (letters (a, b, ¢, d) indicates the significant differences between different CWs).

in influent was up to 247,000 ng, which was reduced to 3500-60,000 g
in effluent of the six CWs. The mass loadings of plant uptake and sub-
strate adsorption were 0.05-0.41 pg and 4920-10,600 pg. Table 4
showed that plant uptake and substrate adsorption accounted for
small percentages of mass removal for antibiotics by CWs, while dissi-
pation due to biodegradation and other processes accounted for a ma-
jority of the mass removal.
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Fig. 4. Absolute concentrations of ARGs in the influent and effluents (copies/mL) and in
different substrates (copies/g) of the mesocosm-scale constructed wetlands (asterisk
indicates the significant differences between influent and effluent from different CWs).
Influent (WO0), CW1 (W1 and S1), CW2 (W2 and S2), CW3 (W3 and S3), CW4 (W4 and
S4), CW5 (W5 and S5), CW6 (W6 and S6).
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Fig. 5. Removal rates (%) of the total ARGs in the mesocosm-scale constructed wetlands
(letters (a, b, ¢, d, e, f) indicates the significant differences between different CWs).

4. Discussion
4.1. Performance comparison among the mesocosm-scale CWs

The results from the present study showed variable removals of the
contaminants including conventional wastewater quality parameters
(COD, TN, NHs-N, TP and TOC), 8 detected antibiotics and target 11
ARGs in the raw domestic wastewater by the six mesocosm-scale CWs
with different design parameters. With regard to COD, TN and TOC, it
was found that the CW1 (SF-CW) and CW6 (HSSF-CW without plants)
performed worse than the other four CWs including two HSSF-CW's
and two VSSF-CWs. Subsurface flow and planting were beneficial to
the removal of nutrients, which is consistent to some previous studies
(Brix, 1994; Lin et al., 2002b; Wen et al,, 2010; Vymazal, 2011;
Carvalho et al., 2014). For 8 detected antibiotics, CW4 and CW5
(HSSF-CWs with different plants) performed better than the other
four CWs, with CW1 being the worst (Fig. 3 and SI Table S4). It suggests
the HSSF-CWs are the better choice than both SF-CWs and VSSF-CWs
for eliminating antibiotics. In addition, the presence of plants in CWs
was also helpful to remove antibiotics. In contrast, CW3 (VSSF-CW
with down flow) and CW6 (HSSF without plants) performed better
for the ARGs. This requires further investigation into the removal mech-
anism of CWs for ARGs.

4.2. Removal mechanism for antibiotics and ARGs

Eight antibiotics including 3 sulfonamides (SPD, SMZ and SMX), one
sulfonamides potentiator (TMP), 3 macrolides (ETM-H,0, LCM and
CTM) and an antibiotic of ionophores (MON) were detected in waste-
water samples, while only 2 antibiotics (ETM-H,0 and CTM) were de-
tected in the substrate samples and only one antibiotic (ETM-H,0) in
the plant samples. The detection of ETM-H,0 and CTM was consistent
with their higher Ko, and lower solubility values than the others
(Zhou et al., 2012). There were no sulfonamides and ionophores de-
tected in the substrate and plant samples, suggesting degradation
(and transformation) played a more important role in the aqueous re-
moval of these two classes of antibiotics than substrate adsorption and
plant uptake. The results are in good agreement with the previous re-
ports that sulfonamides (including TMP used as sulfonamides potentia-
tor) and MON are easily biodegradable (Xu et al., 2007; Mohring et al.,
2009; Li and Zhang, 2010; Garcia-Galan et al., 2011; Sun et al.,, 2014).
For the detected 3 macrolides, adsorption onto substrates and uptake
by plants only accounted for a minor percentage of the total mass
loading into each CW. Previous reports showed that the removal of
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Table 3

Removal of the mass loadings of antibiotics and conventional quality parameters every day by the mesocosm-scale constructed wetlands.

Antibiotics (ug/d)

Conventional quality parameters
(g/d)

ETM-H,0*  MONP CTM€ Lcmd SMX¢© TMP' SMz# SpD" 3" antibioticss COD' TN NHs-N' TP™ TOC"
CW1 634+793 6.14+078 483+087 3.60+048 0654025 1.16-+0.18 091+0.12 0.11+003 652+ 933 717 250 1.05 022 121
CW2 689394 6624086 4954064 3604048 193+021 1.17+£0.18 091+£0.12 0.09+0.02 703+ 40.1 743 3.03 086 020 158
CW3 744 £245 6.16+£053 453+069 3604048 191+020 1.174+0.18 091 +£0.12 0.12+£003 7624224 805 320 129 023 127
CW4 812+119 6.66+094 500+083 3.60+048 1.67+027 1.17+0.18 091012 010+£005 8314133 809 3.16 146 022 143
CW5 826+133 628+084 589+065 3.60+048 2034003 1.17+0.18 091+0.12 0.10+0.04 846 + 146 838 3.18 139 026 152
CW6 710+ 142 6394070 4844064 3604048 1374+021 1.174+0.18 091 +£0.12 0.10£003 728+ 146 6.81 245 1.00 020 0.80

¢ Erythromycin-H,0.

> Monensin.

¢ Clarithromycin.

4" Leucomycin.

¢ Sulfamethoxazole.
Trimethoprim.

& Sulfamethazine.

" Sulfapyridine.

i All detected antibiotics.
I Chemical oxygen demand.
X Total nitrogen.

! Ammonia nitrogen.

™ Total phosphorus.

" Total organic carbon.

macrolides was mainly attributed to biological treatment (Li and Zhang,
2010; Zhou et al., 2013). In addition, photolysis might play a certain role
in the removal of antibiotics in the surface flow CWs (Cardinal et al.,
2014), although their mass removal rate was the lowest (Table 4).

As biological contaminants, ARGs exhibit different behavior and fate
in various environmental media since their mass and composition may
change with biological activities (Auerbach et al., 2007; Chen et al.,
2015). It is noteworthy that the removal efficiencies of antibiotics and
ARGs by different mesocosm-scale CWs in the present study were
even better than conventional WWTPs (Li and Zhang, 2010; Jia et al.,
2012; Chen and Zhang, 2013; Zhou et al., 2013; Xu et al., 2015). The
present and previous studies (Liu et al., 2013) implied that sorption
and biological processes could be the two main mechanisms for ARGs
elimination. The biological process within CWs could play a complex
role in ARG removal as it may lead to ARG transmission and prolifera-
tion, while it may also involve in ARG degradation (Ghosh and LaPata,
2007; Diehl and LaPara, 2010; Guo et al., 2014; Yang et al., 2014).
Redox conditions are the important factor in the degradation of organic
compounds (Ying et al.,, 2008; Liu et al., 2011), thus further research is
needed to understand the role of biological process in ARG removal
under different redox conditions.

In the present study, not only the conventional pollutants (TN, NHs-
N, TP and TOC), but also 2 antibiotics (ETM-H20 and CTM) and all of the
11 target ARGs were found accumulated in the substrates of the six
mesocosm-scale CWs, which suggested that substrate adsorption is an
important removal process from wastewater for nutrients, antibiotics
and ARGs. Meanwhile, detection of ETM-H,0 in the plant samples of

Table 4
The mass removal percentages of antibiotics by different mechanisms in the mesocosm-
scale constructed wetlands during the operation period.

Percentage (%) CW1 CW2 CW3 Cw4 CW5 CW6

3" antibiotics® Mremoval” 75.7 81.9 88.9 96.8 98.6 85.0
Mgubstrace  1.99 2.07 429 412 3.38 2.79

3.75 x 1.86x 191 x 3.58x 165 x -

10-°> 107°> 10=°> 10=° 107*

Mioss® 737 79.8 84.7 92.7 95.2 82.2

d
Mplant

All detected antibiotics.

Total removal percentage of all detected antibiotics mass loading.

Removal percentage of all detected antibiotics mass loading by substrates.
Removal percentage of all detected antibiotics mass loading by plants.

Removal percentage of all detected antibiotics mass loading by microorganism or
other ways.

the five CWs (Fig. 2) implies that plant uptake is another process for
some antibiotics. Previous studies documented that substrate adsorp-
tion and plant uptake were the important ways to reduce the nutrient
loadings and other environmental pollutants such as antibiotics and
ARGs by constructed wetlands (Truu et al., 2009; Vymazal, 2011;
Carvalho et al., 2014). Although the mass removal percentages by sub-
strate adsorption and plant uptake were relatively low in comparison
to the degradation losses (Table 4), these two processes could be impor-
tant for the biodegradation process by providing retention sites and in-
creasing microbial activities in CWs. It should also be noted that the
different masses accumulated in plants were different in the two
HSSF-CWs with two different plant species (CW4 and CW5), suggesting
different uptake capacity of different species. In addition, previous stud-
ies reported that the removal of general pollutants was primarily related
to microbial activity (Nurk et al., 2005; Tao et al., 2007; Sundberg et al.,
2007; Truu et al., 2009). The present study shows that the microbial ac-
tivities in the mesocosm-scale CWs can be positively correlated to the
removal efficiency of the chemical pollutants (Table 5). Some previous
studies also proved that microbes may play a more important role in
pollutants removal in large scale CWs (Chen et al., 2015; Avila et al.,
2015). This further suggests that biodegradation plays a more important
role when compared to substrate adsorption and plant uptake in terms
of mass removal.

5. Conclusion

The results from this study showed the nutrient loadings, antibiotics
and ARGs could be efficiently reduced by mesocosm-scale CWs with dif-
ferent designs. The HSSF-CWs and VSSF-CWs showed higher removal
rates of pollutants than SF-CWs, and the presence of plants is beneficial
to pollutant removal. The reduction of antibiotics and ARGs by the CWs
could be achieved at relatively similar or even higher rates than conven-
tional wastewater treatment plants. Therefore, this study demonstrated
that CWs is a promising technology for treatment of domestic sewage to
remove various contaminants like antibiotics and ARGs. In terms of re-
moval mechanism, substrate adsorption, plant uptake and biodegrada-
tion contribute to the reduction of various wastewater contaminants
including the nutrients, antibiotics and ARGs, while the biodegradation
plays a very important role. However, further research is still needed to
explore the fate and removal mechanism of antibiotics and ARGs in CWs
under different design conditions in large scale CWs.
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Table 5

Correlations between the pollutants removal amounts and bacterial biomass in the CWs by Pearson correlation analysis.

The removal amounts

cop® TNC NH3-N¢ TP® TOC* > antibiotics®

Bacterial biomass 0.91%2 0.82 0.85" 0.66 0.67 0.88"
The removal amounts COoD - 0.92" 0.83" 0.80 0.70 0.81

TN - - 0.61 0.52 0.77 0.71

NH;-N - - - 0.73 027 0.84"

TP - - - - 0.41 0.63

TOC - - - - - 0.35

> antibiotics - - - - - -

* Means that the correlation is significant at the 0.05 level (2-tailed).
* Means that the correlation is significant at the 0.01 level (2-tailed).
@ Values indicate the Pearson correlation coefficient (r).

P Chemical oxygen demand.

¢ Total nitrogen.

4 Ammonia nitrogen.

Total phosphorus.

Total organic carbon.

& All detected antibiotics.

*

—-
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