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Abstract 22 

The occurrence and removal of 49 antibiotics (including fluoroquinolones, quinolones, 23 

penicillins, cephalosporins, macrolides, tetracyclines, lincosamides, sulfonamides, 24 

dihydrofolate reductase inhibitor and nitroimidazole antibiotics) as well as 11 genes 25 

conferring resistance to sulfonamides (sul1 and sul2), fluoroquinolones (qnrS), macrolides 26 

(ermB), glycopeptides (vanA), tetracyclines (tetM and tetW), β-lactams (blaTEM, blaKPC, 27 

blaNDM, blaOXA-48) and the Class I integron integrase gene (intI1) were investigated in 2 28 

vertical subsurface flow (VF) constructed wetlands (1.5 m2 each): an unsaturated (UVF) unit 29 

and a partially saturated (SVF) unit (0.35 m saturated out of 0.8 m) operating in parallel and 30 

treating urban wastewater in Barcelona (Spain). The determination of antibiotics in water was 31 

carried out by UPLC-MS/MS in 4 alternate sampling campaigns, whereas the occurrence of 32 

ARGs was evaluated by qPCR in water and biofilms from the top (5-15 cm) and bottom (70-33 

80 cm) layers of both wetlands at the end of the operational period. 13 antibiotics were 34 

quantified in the primary-settled wastewater, 6 of which were present in all samples (i.e. 35 

ciprofloxacin, ofloxacin, pipemidic acid, azithromycin, clarithromycin and clindamycin). The 36 

SVF showed statistical significance on the removal of 4 compounds (namely ciprofloxacin, 37 

ofloxacin, pipemidic acid and azithromycin), suggesting that the wider range of pH and/or 38 

redox conditions of this configuration might promote the microbial degradation of some 39 

antibiotics. In contrast, the concentration of the latter (except pipemidic acid) and 40 

clindamycin was higher in the effluent than in the influent of the UVF. ARGs detected in 41 

influent wastewater in descending order were sul1 and sul2, blaTEM, ermB and qnrS. Except 42 

the latter, all these ARGs were detected in the biofilm of both wetlands. Average removal 43 

rates of ARGS showed no statistical differences between both units, and ranged between 46-44 

97% for sul1, 33-97% for sul2, 9-99% for ermB, 18-97% for qnrS and 11-98% for blaTEM. 45 

The distribution of ARGs was similar in both wetland units, and also in the top and bottom 46 
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layers of both wetlands, except for sul2, that showed significantly higher abundance in the 47 

SVF unit.  48 

Keywords 49 

Contaminants of emerging concern, pharmaceuticals, wastewater treatment, green treatment 50 

systems, nature-based solutions, treatment wetlands 51 



 4 

1. Introduction 52 

Antibiotic resistance (AR) has become a serious and growing threat at all ecological levels, 53 

affecting human, animal, and environmental health (Hernando-Amado et al., 2019). Although 54 

the origins of the problem are diverse and complex (Laxminarayan et al., 2013), pollution of 55 

surface waters by antibiotic residues from anthropogenic wastes (e.g. raw and treated 56 

wastewater discharges) has been underlined as one of the major causes of the rapid 57 

dissemination of AR in the environment (Martinez, 2009; Berglund, 2015). 58 

Despite the numerous informative warning campaigns on the increasing prevalence of AR 59 

among bacterial pathogens and the need for a more rational use of antibiotics, Spain is among 60 

the top three countries with the highest antibiotic consumption in Europe, as demonstrated in 61 

the Surveillance report from the European Centre for Disease Prevention and Control 62 

(ECDC, 2018). However, overall consumption was reduced in a 4.78% between 2016 and 63 

2017 (Horcajada et al., 2018). In the ECDC report, penicillins and β-lactams are the antibiotic 64 

families most consumed in Europe (including Spain); whereas the fluoroquinolone 65 

ciprofloxacin is the antibiotic most consumed in Spain (18 MT per year), followed by 66 

sulfamethoxazole and clarithromycin (10 MT per year) (Ortíz de García et al., 2013). 67 

Antibiotics enter the environment through different routes, namely: i) the excretion from 68 

medicated cattle in animal husbandry facilities (Tasho and Cho, 2016; Wei et al., 2011); ii) 69 

the discharge of hospital wastewater effluents (Hocquet et al., 2016; Rodríguez-Mozaz et al., 70 

2015); iii) the direct application of antibiotics in fish farms (Sapkota et al., 2008); iv) the 71 

application of manure in land for fertilization purposes (and also the use of biosolids to the 72 

same end) (Chee-Sanford et al., 2009; Dolliver and Gupta, 2008; Sabourin et al., 2009); and 73 

v) the regular discharge of urban wastewater treatment plants (uWWTP) effluents into aquatic 74 

bodies (e.g. rivers, lakes) (Gracia-Lor et al., 2012; Michael et al., 2013; Rizzo et al., 2013; 75 

Zhang et al., 2015). Regarding the latter, it is well known that uWWTP are inefficient in the 76 



 5 

removal of many pharmaceutical compounds (including antibiotics), antibiotic resistant 77 

bacteria (ARB), and antibiotic resistance genes (ARGs), thus polluting the receiving 78 

ecosystems with a combination of selective agents and selected biological entities (Cacace et 79 

al., 2019; Corno et al., 2019; Manaia et al., 2018, 2016). Under this scenario, there is a 80 

critical need to find alternative treatment technologies to efficiently remove antibiotics and 81 

resistance determinants (both ARB and ARGs) from wastewater while maintaining low 82 

operational and maintenance costs (O&M) (Sharma et al., 2016). 83 

Constructed wetlands (CWs) are nature-based wastewater treatment systems that have proven 84 

to be a sustainable alternative at decentralized scale for the treatment of different kinds of 85 

wastewater worldwide (Álvarez et al., 2017; Paing et al., 2015). The necessary infrastructure 86 

for their construction is simple and their O&M costs are well below those of conventional 87 

uWWTPs. Besides, CWs do not require the addition of chemical reagents, there is not sludge 88 

production, and the energy requirements are very low or close to zero. CWs have shown to be 89 

highly efficient decreasing the concentration of conventional water quality parameters (such 90 

as COD, BOD, NH4
+), meeting the requirements of the Council Directive 91/271/EEC 91 

regarding quality of wastewater effluents prior to their discharge in the environment. The 92 

quality of these effluents is often suitable for reuse in agriculture or other environmental 93 

purposes (Verlicchi and Zambello, 2014; Ávila and García, 2015). The capacity of these 94 

systems to remove contaminants of emerging concern, including pharmaceuticals, has also 95 

been demonstrated in different studies (Ávila et al., 2014; Matamoros et al., 2017; Paz et al., 96 

2019). Multiple design and operational characteristics have been developed over the last 97 

decades. In particular, vertical subsurface flow (VF) wetlands are operated by providing 98 

intermittent feeding from the top, which drains to the bottom of the filter bed, thus remaining 99 

unsaturated between pulses. This configuration has proven to perform better than horizontal 100 

subsurface flow (HF) wetlands on the removal of organic matter, and especially ammonia, 101 
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due to an enhanced nitrification capacity provided by their unsaturated conditions (Nivala et 102 

al., 2013; Kahl et al., 2017). However, the denitrification activity is generally limited in this 103 

type of wetlands due to the lack of anaerobic conditions necessary for the establishment of 104 

denitrifying bacteria. Recently, the use of VF with a partial saturation of the lower part of the 105 

gravel media yielded an enhanced removal of total nitrogen (TN) by promoting the 106 

generation of redox gradients throughout the filter bed (Dong and Sun, 2007; Silveira et al., 107 

2015; Pelissari et al., 2017). The presence of more diverse and metabolically versatile 108 

bacterial communities in this type of wetland facilitates the occurrence of diverse N 109 

transformation pathways that enable the complete nitrification-denitrification process 110 

(Pelissari et al., 2018). This configuration has also led to  higher elimination rates of various 111 

contaminants of emerging concern, including the antibiotics trimethoprim and 112 

sulfamethoxazole (Sgroi et al., 2018). 113 

Although the occurrence and removal of antibiotics and ARGs in VF wetlands has recently 114 

received scientific attention (Chen et al., 2016a,b; Huang et al., 2015; Liu et al., 2014, 2013; 115 

Song et al, 2018), further research is needed to discern the different mechanisms involved in 116 

their fate, depending also on the effect of the wetland’s operational characteristics. The 117 

present study evaluated the performance of VF wetlands, operating under different 118 

configurations, on the removal of both antibiotics and ARGs as a low-cost treatment to 119 

reduce the impact of these pollutants in the receiving water bodies. Two identical 1.5-m2 VF 120 

wetlands (one unsaturated and another partially saturated) were set up in parallel and 121 

intermittently fed with urban wastewater during 6 months. The occurrence and removal of 49 122 

antibiotic and 11 ARGs (conferring resistance to sulfonamides, fluoroquinolones, macrolides, 123 

glycopeptides, tetracyclines, and b-lactams) were evaluated in both water and bed media 124 

samples at the end of the operational period during two weeks. 125 
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 126 

2. Materials and Methods 127 

2.1. Description of the experimental setup 128 

The current study was carried out at the experimental CW system located outdoors at the 129 

facilities of the Universitat Politècnica de Catalunya (UPC) in Barcelona, (NE Spain). The 130 

system treated urban wastewater from the surrounding residential area, which was pumped 131 

directly into the system. The treatment line consisted of an Imhoff tank (0.2 m³, HRT = 12 h) 132 

as primary treatment, followed by two vertical subsurface flow (VF) constructed wetlands 133 

(1.5 m2 each) operating in parallel. The two CWs were identical except for the saturation 134 

status; whereas one of them was partially saturated with water (0.35 out of 0.8 m) (SVF), the 135 

other one was unsaturated (UVF) (Figure 1). 136 

The VF beds were constructed inside polyethylene tanks. Each wetland unit had a surface 137 

area of 1.5 m² (1.0 m W × 1.5 m L), and a filter media depth of 0.8 m, consisting of a 0.1 m 138 

sand layer (Ø = 1-2 mm) on top, and a 0.7 m layer of fine gravel (Ø = 3-8 mm) underneath. A 139 

polyethylene pipe distributed the pumped water uniformly 0.1 m above the bed surface. The 140 

planted macrophyte in both wetlands was Phragmites australis, which was well developed at 141 

the time of the study. Both wetlands were intermittently and simultaneously fed, in pulses of 142 

about 25 L, providing about 8 pulses per day. The average organic loading rate (OLR) and 143 

hydraulic loading rate (HLR) applied to each wetland unit during the current study were of 30 144 

g COD m–2 d–1 and 133 mm d–1, respectively. Before this operational setup, the two VF 145 

wetlands had been in operation alternating cycles of feed and rest since their start-up in May 146 

2010 (Ávila et al., 2017), thus the filter media and rhizosphere were well established and 147 

colonized by microorganisms. In January 2016, the VF wetlands started to operate in parallel, 148 

and sampling of antibiotics and ARGs took place after six months. Whereas the UVF wetland 149 
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operated typically unsaturated (i.e. 0.8 m free drainage), in the SVF wetland the bottom part 150 

(0.35 m) remained saturated by leveling of the outlet pipe. An electromagnetic flow meter 151 

(Sitrans F M Magflo®) was installed at the inlet and the outlet of the wetlands to monitor flow 152 

values in the system and enable the assessment of the evapotranspiration in both units. 153 

2.2.  Sampling 154 

Influent and effluent samples of both CW units were taken (as grab samples) on alternate 155 

days during two consecutive weeks in June-July (n = 4). Urban wastewater samples (influent) 156 

were taken from the outlet of the Imhoff tank, and effluent samples from the outlets of both 157 

VF wetlands, as shown in Figure 1. All samples were taken every day at the same time (10 158 

am). For chemical characterization of the water, samples were taken in PVC bottles and 159 

analyzed in the laboratory on the same day of collection. Samples for the determination of 160 

antibiotics were collected in amber glass bottles, filtered through PVDF 0.45 µm filters and 161 

pre-concentrated by solid phase extraction (SPE) also on the same day; SPE cartridges were 162 

frozen at -18 ºC until analysis. For the analysis of ARG, water samples (100 mL) were 163 

collected in sterile bottles and filtered through 0.2 µm pore-size membranes (ISOPORE 0.2 164 

µm GTTP 47 mm diameter, Millipore, Ref. GTTP04700) using an appropriate filtration 165 

device. Filters were then carefully folded and introduced separately into 2 mL sterile 166 

Eppendorf tubes and safely stored at –30 ºC until DNA extraction. Biofilm samples from the 167 

CW filter media were collected by sampling the gravel filter of both VF wetlands in 168 

triplicate, using a sterile plastic core. These biofilm samples (10–20 g of gravel) were taken 169 

from the top (0–15 cm depth) and bottom (70–80 cm depth) layers at the end of the treatment 170 

period (July), placed into 50 ml sterile Falcon tubes and stored at –30ºC until DNA extraction 171 

(see below). 172 

2.3. Chemicals and reagents 173 
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All antibiotic standards, including 6 cephalosporines, 1 dihydrofolate reductase inhibitor, 8 174 

fluoroquinolones, 2 lincosamides, 6 macrolides, 2 nitroimidazole antibiotics, 3 penicillins, 4 175 

quinolones, 15 sulfonamides (including 3 acetylated metabolites) and 4 tetracyclines, together 176 

with the corresponding isotopically labelled compounds (internal standards and surrogates 177 

during the SPE process) were purchased from Sigma-Aldrich with high purity grade (>90%) 178 

and Toronto Research Chemicals (Ontario, Canada). The whole list of target compounds is 179 

given in Table S1 of the Supplementary Information (SI). 180 

Individual stock standard solutions and working standard solutions were prepared and stored 181 

as described by Gros et al. (2013). Similarly, separated mixtures of isotopically labelled 182 

internal standards, used for internal standard calibration, and surrogates were prepared in 183 

MeOH; ampicillin-15N was prepared in HPLC water/ACN (50:50, v/v). Further dilutions 184 

were also prepared in a MeOH/water (50:50, v/v) mixture. 185 

SPE for pre-concentration and purification of the different samples was performed using 186 

Oasis HLB cartridges (60 mg, 3 mL) from Waters Corporation (Milford, MA, U.S.A.). Glass 187 

fiber filters (1 µm) and nylon membrane filters (0.45 µm) were purchased from Whatman 188 

(U.K.). HPLC water, acetonitrile and formic acid (98%) were purchased from Merck 189 

(Darmstadt, Germany). Hydrochloric acid (HCl) (37%) and ethylenediaminetetraacetic acid 190 

disodium salt solution (Na2EDTA) at 0.1 mol L-1 were purchased from Panreac. 191 

2.4.  Analysis of conventional water quality parameters 192 

On-site measurements at the time of the samples collection were performed for water 193 

temperature (Checktemp-1 Hanna thermometer, US), dissolved oxygen (DO) (EcoScan DO 194 

6, ThermoFisher Scientific, US), pH (Crison 506, Spain), redox potential (EH) (Thermo Orion 195 

3 Star redox meter, ThermoFisher Scientific, US) and electrical conductivity (EC) (CLM-381, 196 

EH, Germany). Grab water samples were taken immediately to the adjacent laboratory to 197 
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measure total suspended solids (TSS), alkalinity and chemical oxygen demand (COD), 198 

following the corresponding Standard Methods (APHA-AWWA-WEF, 2012); 199 

NH4
+-N according to Solórzano method (Solórzano, 1969); nitrate and nitrite nitrogen (NOx-200 

N), orthophosphate (PO4-P) and sulfate (SO4
2–) were analyzed by ion chromatography (ICS-201 

1000, Dionex Corporation, USA), performed in isocratic mode with carbonate-based eluents 202 

at 30°C and a flow of 1 mL min-1.  203 

Total carbon (TC) and total nitrogen (TN) were determined using a multi N/C (2100S) 204 

analyzer (Analytik Jena, Germany). All the analyses were done in triplicate and results were 205 

given as average values. For analysis of all these dissolved forms, samples were previously 206 

filtered through 1–3 μm pore glass microfiber filters. 207 

2.5.  Analysis of antibiotics in water 208 

Solid phase extraction (SPE) was performed in triplicate for each sample and on the same day 209 

of collection. Extraction recovery efficiencies were obtained for each type of water sample 210 

(influent and effluent), spiking the corresponding samples with a mixture of the target 211 

compounds at a concentration of 500 and 250 ng L–1 for influent and effluents, respectively. 212 

The surrogate mix solution was added in all the samples at a concentration of 100 ng L-1 prior 213 

to SPE, in order to evaluate the performance of the method (considering potential losses 214 

during extraction and clean up). 215 

Analysis of the target antibiotics in the water samples was performed following the 216 

methodology by Gros et al. (2013). Briefly, chromatographic separation was carried out with 217 

a Waters Acquity Ultra-PerformanceTM liquid chromatograph (UPLC) system (Milford, MA, 218 

USA), using an Acquity HSS T3 column (50 mm x 2.1 mm i.d., 1.8 µm particle size). The 219 

UPLC instrument was coupled to a 5500 QTRAP hybrid triple quadrupole linear ion trap 220 

mass spectrometer (QqLIT-MS/MS) (Applied Biosystems, Foster City, CA, USA) with a 221 

turbo Ion Spray source. For increased sensitivity, two selected reaction monitoring (SRM) 222 
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transitions were monitored per compound, one for quantitation and the other for positive 223 

confirmation. Time-specific SRM windows were adjusted to the retention times of each 224 

target compound (windows of 20 s), and target scan time was set to 0.25 s. Further 225 

information is given elsewhere. Quantification was performed based on the internal standard 226 

calibration approach. Concentrations were estimated for the most abundant SRM transition 227 

selected. All data were acquired and processed using Analyst 1.6.3 software. Linearity, LOD 228 

and LOQ for all antibiotic compounds are shown in the Table S2 of SI. 229 

2.6.  Quantification of antibiotic resistance genes 230 

DNA from filters (water samples) and gravel filter (biofilms) was extracted using the 231 

FastDNA SPIN kit for soils (MP Biomedicals, CA, US) and following the manufacturer’s 232 

instructions. The concentration of DNA in the resulting extracts was analyzed using QUBIT® 233 

(Life Technologies; Carlsbad, CA, USA) and purity was determined by measuring A260/A230 234 

and A260/A280 absorbance ratios using a NanoDrop 2000 spectrophotometer (Thermo Fisher 235 

Scientific; Wilmington, DE, USA).  236 

The concentration of 11 ARGs as well as the integrase gene of class 1 integron (intI1) in 237 

water and biofilm samples was determined using quantitative PCR (qPCR) as previously 238 

described by Subirats et al. (2017). Target ARGs were selected according to their clinical 239 

relevance and prevalence in wastewater, and for being representatives of resistance against 240 

main antibiotic families, namely: sulfonamides (sul1 and sul2), fluoroquinolones (qnrS), 241 

macrolides (ermB), tetracyclines (tetM and tetW), glycopeptides (vanA) and β-lactams 242 

(blaTEM, blaKPC, blaNDM and blaOXA-48). Furthermore, copy numbers of bacterial 16S rRNA 243 

genes were determined from the same extracts to allow normalization across samples and to 244 

compare bacterial abundance between different sites/compartments. Primers and PCR 245 

conditions used for the quantification of target ARGs are compiled in SI, Table S3. 246 
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2.7.  Statistical analysis 247 

All statistical tests were performed in R version 3.3.1 (R Core Team, 2014; 248 

http://www.Rproject.org). In brief, all data were tested for normality (Shapiro-Wilk's test) 249 

and homoscedasticity (Levene's test) using package stats. Significant differences in the 250 

absolute or relative abundance of target genes between systems were assessed using One-way 251 

ANOVA or its non-parametric equivalent (i.e. Kruskal-Wallis test, package npar) when data 252 

deviated from normality. Significance level was set at α = 0.05. 253 

3. Results and Discussion 254 

3.1. Effect of partial saturation on conventional water quality parameters 255 

Table 1 shows average values of conventional water quality parameters in the influent and 256 

effluent of the two CW units. DO and redox values were significantly higher in the effluent 257 

of the UVF (2.2 mg O2 L–1 and +108 mV) than in the SVF (0.2 mg O2 L–1 and –5 mV), due to 258 

the higher oxygenation of the UVF bed. Consequently, sulfate reduction occurred only in the 259 

SVF wetland (60%), which was also observed in a study conducted simultaneously at this 260 

treatment plant (Pelissari et al., 2018), who reported the enrichment of sulfate-reducing 261 

bacteria (SRB) such as Desulfobacterales and Desulforomonadales in this CW. Electric 262 

conductivity (EC) showed a slight increase in the SVF, which could be associated to the 263 

higher evapotranspiration in this unit (16% vs. 2% in SVF and UVF units), concomitant with 264 

a better adaptation of the vegetation (greater plant height and growth). Despite the pH 265 

remained close to neutrality at all sampling points (6.9–7.5), values were somehow lower in 266 

the SVF wetland during all the sampling campaigns, which could be related to the production 267 

of organic acids by fermentation under anoxic conditions within the saturated zone (Lettinga, 268 

1995). The higher removal of organic matter in the UVF compared to the SVF unit (60% vs. 269 

36% COD, respectively) could be attributed to the higher oxygen transfer capacity of the 270 
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UVF unit due to the complete drainage of water in the filter bed between feeding events 271 

(Nivala et al., 2013). The removal of solids was also superior in the UVF than in the SVF 272 

(79% vs. 68% TSS removal, respectively), which is in agreement to previous results by Saeed 273 

and Sun (2017). 274 

Table 1. Average concentration (± SD) of conventional water quality parameters at the influent 275 

(Imhoff tank) and effluent of the unsaturated (UVF) and saturated (SVF) vertical subsurface flow 276 

constructed wetlands during the study period (June and July 2016; n=12), and removal efficiency (in 277 

parenthesis). 278 

Variable/parameter Influent UVF SVF 

*T (ºC) 23.2 ± 2.2 22.1 ± 2.1 24.3 ± 1.7 

*DO (mg L-1) 0.2 ± 0.2 2.2 ± 0.7 0.2 ± 0.3 

*EC (mS cm-1) 2.3 ± 0.6 2.3 ± 0.3 2.8 ± 0.5 

*EH (mV) -65 ± 49 +108 ± 34 -5 ± 41 

*pH 7.2 ± 0.1 7.5 ± 0.2 6.9 ± 0.2 

TSS (mg L-1) 97 ± 52 20 ± 13 (79%) 31 ± 13 (68%) 

*COD (mg L-1) 232 ± 64  93 ± 33 (60%) 148 ± 36 (36%) 

*TOC (mg L-1) 71 ± 29  32 ± 13 (55%) 51 ± 23 (28%) 

TN (mg L-1) 56 ± 11 37 ± 7 (34%) 32 ± 5 (43%) 

NH4-N (mg L-1) 19 ± 4 6 ± 4 (68%)  4 ± 1 (79%) 

*NOx-N (mg L-1) <LOD 26.9 ± 6.6 1.1 ± 1.0 

*SO4-2- 85 ± 18 111 ± 14 (-30%) 34 ± 22 (60%) 

PO4-P 5.5 ± 1.3 6.0 ± 1.4 (-9%) 7.5 ± 3.1 (-36%) 
<LOD: below limit of detection  279 
* Statistical significance observed between UVF and SVF wetlands. 280 

 281 

The saturation of the bottom compartment in the SVF (43% of total depth) did not limit the 282 

nitrification capacity of the filter bed, and the concentrations of ammonia in the SVF and 283 

UVF effluents were similar. Moreover, a high denitrification activity probably occurred in the 284 

SVF unit as suggested by the negligible concentration of NOx-N in the effluent, compared to 285 

the UVF (1.1 NOx-N L–1 in SVF vs 27 mg NOx-N L–1 in UVF). Consequently, the removal of 286 

TN was higher in the SVF (43%) than in the UVF (34%), which is in agreement with 287 
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previous studies (Silveira et al., 2015; Saeed and Sun, 2017). Pelissari et al. (2018) observed 288 

a higher difference after a larger operation period that included the winter season (January-289 

July) (56% vs. 34%). These data confirmed, altogether with microbiological assessments 290 

previously carried out within this experimental plant, that the partial saturation of the filter 291 

bed of the SVF wetland enabled the occurrence of a greater denitrifying activity. 292 

3.2. Behavior of antibiotics in constructed wetlands 293 

3.2.1. Occurrence of antibiotics in influent wastewater 294 

13 antibiotics were quantified in influent wastewater samples at least 1 of the 4 days of 295 

sampling (Table 2). 6 of which were present in all influent samples, namely all the 296 

fluoroquinolones (ciprofloxacin, ofloxacin) and macrolides (azithromycin and 297 

clarithromycin) detected, pipemidic acid and clindamycin. Concentrations in the influent 298 

ranged from 1.8 ng L–1 for clindamycin to 1190.8 ng L–1 for pipemidic acid. The latter has 299 

been previously found in other uWWTPs of Spain up to a concentration of 2500 ng L–1 300 

(Dorival-García et al., 2013a; Gracia-Lor et al., 2012). For macrolides, azithromycin was 301 

the second antibiotic detected at the highest concentration, at concentration in the range 302 

379–627 ng L–1, and clarithromycin was found at lower concentrations (29–266 ng L–1). 303 

Azithromycin concentrations were slightly higher than those reported by Rodríguez-Mozaz 304 

et al. (2015) in an uWWTPs of NE Spain, whereas clarithromycin levels were in agreement 305 

to those measured by Dorival-García et al. (2013a) in two uWWTPs. Ciprofloxacin (105–306 

278 ng L–1) and ofloxacin (130–214 ng L–1) have frequently been found at similar values in 307 

urban wastewater in Spain (Dorival-García et al., 2013; Rodríguez-Mozaz et al., 2015), 308 

across Europe (Castiglioni et al., 2005; Lindberg et al., 2006), and worldwide (Ghosh et al., 309 

2009; Shi et al., 2009). Moreover, of the two lincosamides studied, clindamycin was the 310 

only one detected (lincomycin was not present in any influent sample) and at relatively low 311 

concentrations (1.8-40 ng L–1), results which are in agreement with those reported by Fatta-312 
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Kassinos et al. (2011). Three sulfonamides (i.e. sulfadiazine, sulfathiazole and 313 

sulfapyridine) were detected two of the four days of sampling at concentrations ranging 314 

from 71.5 ng L–1 (sulfadiazine) to 186.1 ng L–1 (sulfathiazole); sulfamethoxazole was found 315 

just at a single sampling campaign (33 ng L–1) and sulfisoxazole was detected but non-316 

quantified, which agrees with the low frequency of detection and levels observed a recent 317 

study in the same area (García-Galán et al., 2020).  318 

Table 2. Average concentration of antibiotics in influent wastewater and removal efficiencies 319 

(%) of the two vertical flow wetland configurations (UVF: unsaturated unit; SVF: saturated unit) 320 

Group / 
Compound 

Frequency of detection 
(%) 

Influent 
concentration (ng L-1) 

RE (%) 
UVF 

RE (%) 
SVF 

Sulfonamides  
Sulfamethoxazole 25 33 >98 >94 
Sulfadiazine 50 76±6 NA 61±52 
Sulfapyridine 50 90±8 NA 64±50 
Sulfathiazole 50 176±14 NA 75±33 

Fluoroquinolones  
*Ciprofloxacin 100 213±80 -28±73 77±14 
*Ofloxacin 100 165±35 <-200 98±0.4 
*Pipemidic acid 100 780±400 80±12 >99 

ß-lactams  
Ampicillin 75 160±17 55±5 49±8 

Macrolides     
*Azithromycin 100 455±117 -17±30 53±10 
Clarithromycin 100 105±109 58±31 65±34 

Lincosamides  
Clindamycin 100 12±18 <-200 <-200 

Nitroimidazoles  
Metronidazole 25 101 82 >99 

Dihydrofolate reductase inhibitors 
Trimethoprim 50 32±4 >93 >89 

*Statistical significance between the UVF and SVF wetlands. 321 
NA: not available because of recovery problems in the analysis of this matrix. 322 
Note: Only those compounds with influent concentrations > LOQ were used for calculation of removal efficiencies.  323 
RE% calculated for non-detected effluent values were determined by using the LOD/2, and indicated as >X%. 324 
 325 

However, sulfamethoxazole has frequently been considered a water quality indicator due to 326 

its ubiquity and recalcitrance (García-Galán et al., 2011; Gros et al., 2010; Osorio et al., 327 
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2016). Furthermore, among sulfonamides it has been identified as the main responsible for 328 

the increase of sulfonamide resistance in WWTP (Guo et al., 2017). Previous studies have 329 

measured sulfamethoxazole in urban wastewater in Spain in concentrations of about one 330 

order of magnitude higher, ranging 200–600 ng L–1 (García-Galán et al., 2012; Gros et al., 331 

2013; Rodríguez-Mozaz et al., 2015).   Regarding the 4 penicillins evaluated, only ampicillin 332 

was detected at concentrations ranging from 146 ng L-1 to 179 ng L–1. These levels are in 333 

accordance to those measured in a previous study conducted in a uWWTP in NW Spain 334 

(Hijosa-Valsero et al., 2011). Metronidazole was present only in one sample (101 ng L–1), 335 

and its metabolite metronidazole-OH was not detected. Both compounds are frequently 336 

detected at higher concentrations in urban wastewaters (García-Galán et al., 2020; Gros et al., 337 

2013; Rodríguez-Mozaz et al., 2015). Finally, trimethoprim was detected two of the four 338 

sampling days at a range of 29-35 ng L–1. These levels are slightly lower than those published 339 

in previous studies in Spain (Gracia-Lor et al., 2012; Dorival-García et al., 2013; Rodríguez-340 

Mozaz et al., 2015; Gros et al., 2013). Tetracyclines and cephalosporins were not detected in 341 

the present study. 342 

3.2.2. Removal of antibiotics in vertical subsurface flow wetlands  343 

The removal efficiencies (RE%) calculated in the two VF wetland systems for the 4 sampling 344 

campaigns are shown in Table 2. The partially saturated wetland (SVF) showed a robust 345 

performance throughout the study period with efficiencies >50% for all antibiotics, except for 346 

clindamycin whose removal was negative. Excellent elimination rates (>90%) were achieved 347 

for sulfamethoxazole, ofloxacin, pipemidic acid, metronidazole and trimethoprim, whereas 348 

moderate removals (60-75%) were achieved for sulfadiazine, sulfapyridine, sulfathiazole, 349 

ciprofloxacin and clarithromycin. Ampicillin and azithromycin were removed on average by 350 

49 and 53%, respectively.  351 
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Conversely to the SVF system, the UVF showed a comparatively lower performance, 352 

exhibiting negative RE% (higher concentrations in the effluent than in the influent) for 4 353 

antibiotics (i.e. ciprofloxacin, ofloxacin, azithromycin and clindamycin). This was especially 354 

severe for ofloxacin  and clindamycin and observed each day of sampling, with average 355 

removals <-200% in both cases. Negative removals for azithromycin and clindamycin were 356 

previously reported by Breitholtz et al. (2012) in free water surface wetlands operating as 357 

tertiary treatment. As in the present study, influent concentrations were already low and close 358 

to the LOQ. Negative removals are oftentimes attributed to the desorption or release of 359 

compounds sorbed onto the particulate matter that gets dissolved during the biological 360 

treatment under certain pH and redox conditions (Ávila et al., 2017). Moreover, most 361 

antibiotics are mainly excreted with bile and feces partially attached to the particulate matter 362 

and may be released back to the aqueous phase when solids are trickled within the filter bed 363 

(Lindberg et al., 2005; Plósz et al., 2010; Verlicchi et al., 2012). Another possible cause 364 

might be a result of the transformation of the conjugated forms into the original parent 365 

compound (Göbel et al., 2007; García-Galán et al., 2012; Dong et al., 2016; Mamo et al., 366 

2018). 367 

It has been widely reported that sorption seems to be the major removal mechanism of 368 

fluoroquinolones during biological wastewater treatment (Golet et al., 2003; Verlicchi et al., 369 

2012). Both ciprofloxacin and ofloxacin have been found in the literature in the particulate 370 

phase of influent and effluent wastewater at relative abundances higher than 20% of the total 371 

concentration (Petrie et al., 2014; Marx et al., 2015). In CW systems, these compounds 372 

generally present a low solubility and a high tendency to adsorb to the gravel in the filter 373 

media; furthermore, they are also very prone to photodegradation (Jia et al., 2012). Binding 374 

mechanisms involved in the sorption of contaminants onto a solid matrix depend on much 375 

more than only its Kow value. Other interactions specific to the functional groups of sorbates 376 
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and sorbents, which in turn depend on factors such as pH or the ionic strength (Hörsing et al., 377 

2011; Svahn and Björklund, 2015; Wu et al., 2015) contribute to the strength of the sorption 378 

of a molecule to particulate matter. In fact, the sorption of fluoroquinolones is supposed to be 379 

highly pH-dependent (Kümmerer, 2009). The fact that high negative RE% values were 380 

observed for ciprofloxacin and ofloxacin in the UVF wetland at every sampling event, 381 

whereas good removals occurred in the SVF (77±14% and 98±1%, respectively), suggest that 382 

specific pH and/or redox conditions may have affected sorption processes within the filter 383 

biofilm of the UVF unit. On the other hand, similar results than those observed in the SVF 384 

have been obtained for ofloxacin in HF wetlands at mesocosms scale (Chen et al., 2016a),  385 

for ciprofloxacin and ofloxacin in HF wetlands at full-scale, functioning as tertiary treatment 386 

units (Verlicchi et al., 2013), and for ciprofloxacin in VF wetlands receiving highly-loaded 387 

swine wastewater (Liu et al., 2013).  388 

The concentration of clindamycin in the effluent of both wetlands increased almost every 389 

sampling day. Negative removal of clindamycin is frequently reported in studies conducted in 390 

uWWTPs (Kovalova et al., 2012; Gros et al., 2013; Nielsen et al., 2013) and also in CWs 391 

(Breitholtz et al., 2012). This lincosamide has been considered as a rather ‘inert’ substance, 392 

exhibiting a low capacity to be mineralized but forming persistent transformation products, as 393 

sulfoxide and N-desmethyl clindamycin. Indeed, several authors have proposed to draw 394 

special attention on the determination of the human metabolite sufisoxide clindamycin in 395 

influent samples to correct measured input loads of clindamycin (Oertel et al., 2014; Marx et 396 

al., 2015; Ooi et al., 2017). Clindamycin has also been found in sewage sludge, although at 397 

relatively low concentrations (2-11 ng g-1) (Marx et al., 2015; Subedi et al., 2017), thus 398 

deconjugation of its human metabolites seems the most plausible explanation for its negative 399 

removal (Marx et al., 2015). 400 



 19 

Regarding macrolides, high Kow values and low water solubilities usually lead to high 401 

adsorption by plants and the material of the filter media. Average removal efficiencies of 402 

82% have been reported for these antibiotics in  VF wetlands (Liu et al., 2019). In the present 403 

study, however, the negative removal obtained for azithromycin in the UVF unit is in 404 

agreement with the literature in CWs, which reports a high variability on its removal, 405 

observing from negative up to 86% elimination (Verlicchi and Zambello, 2014). Negative to 406 

negligible RE% were also observed in three uWWTPs evaluated by Gros et al. (2013), as 407 

well as after fungal treatment with Trametes versicolor (Lucas et al., 2016). Negative 408 

removal (12%) and low sorption capacity was also found by Marx et al. (2015) in uWWTP. 409 

However, 20-66% removal of this compound was observed by Yan et al. (2014) in the largest 410 

uWWTP of southwest China, where sorption onto sludge represented about 9-27% of the 411 

initial loading. Thus, the increase of its concentration in the UVF unit might be due to its 412 

desorption from the rhizosphere of the wetland under specific physical and chemical 413 

conditions. Regarding clarithromycin, its elimination was similar in the SVF (65±34%) and 414 

the UVF (58±31%), being in accordance with the moderate removal shown in the literature in 415 

CWs under different configurations (Hijosa-Valsero et al., 2011; Rühmland et al., 2015; Chen 416 

et al., 2016a). Moreover, Marx et al. (2015) observed low removal (11%) of this antibiotic 417 

and no sorption capacity to the sludge of uWWTPs. 418 

The saturation of the filter bed was also beneficial for the removal of pipemidic acid, which 419 

was reduced by >99% in the SVF unit at all sampling campaigns and by 80±12% in the UVF 420 

unit. This elimination was higher than that observed in a conventional uWWTP (45%) in NE 421 

Spain (influent concentration of 80±47 ng L–1) (Rodríguez-Mozaz et al., 2015).  Batch 422 

experiments showed that despite the low Kow of this substance, its sorption capacity to sludge 423 

was much higher than expected (>500 L Kg–1) (Dorival-García et al., 2013b), indicating that 424 

sorption plays a major role on the removal of this and other quinolones from the aqueous 425 
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phase in uWWTPs (Jia et al., 2012). To the best of our knowledge, there is no previous 426 

literature about the behavior of this quinolone in CWs. 427 

The removal of ampicillin was similar in the UVF (55±5%) and SVF (49±8%) wetlands. 428 

These results agree with a study conducted in experimental CWs with different 429 

configurations, where a floating system planted with Typha angustifolia was the only CW out 430 

of several configurations that removed this penicillin though at low RE% (29%) (Hijosa-431 

Valsero et al., 2011). Regarding sulfonamides, these could only be determined for the SVF 432 

effluent, as only sulfamethoxazole could be analyzed in the UVF effluent sample.  As 433 

explained in the previous section, sulfamethoxazole was detected only on one day of 434 

sampling and the removals achieved were similar in the UVF (>98%) and SVF (>94%) units. 435 

These values were significantly higher than those observed in the same UVF wetland the 436 

preceding fall season (Ávila et al., 2017), indicating that higher temperatures promote higher 437 

microbial degradation rates of these organic compounds, as observed by Rühmland et al. 438 

(2015). The high RE% values are in accordance with previous studies in mesoscale UVF 439 

wetlands, which reported values ranging from 68% to 98% (Liu et al., 2014; Chen et al., 440 

2016b). Sulfadiazine, sulfapyridine and sulfathiazole were removed by 60-75% in the SVF 441 

unit. Although sorption onto particulate matter seems to be another relevant pathway for 442 

sulfonamides (Marx et al., 2015), this could be rather reversible (Yang et al., 2011). 443 

Metronidazole was also detected only in one sampling campaign, achieving similar RE% in 444 

both wetlands (82 and >99% for UVF and SVF). These values are higher than removals 445 

obtained in CAS systems, which are usually <30% (Dolar et al., 2012; Jelic et al., 2011). 446 

Almost complete removal of metronidazole was detected in a HF wetland planted with P. 447 

australis and operating at tertiary treatment level (Li et al., 2014). This nitroimidazole has 448 

been found to be weakly adsorbed to soil (Rabølle and Spliid, 2000) and barely biodegraded 449 

in uWWTPs. On the contrary, and due to its high photosensitivity, photodegradations appears 450 



 21 

as its principal removal pathway. This was recently observed by García-Galán et al. (2020) in 451 

a microalgae-based wastewater treatment system (high rate algae ponds) fed with urban 452 

wastewater. In this study, metronidazole was not detected in any biomass sample, and its 453 

overall removal was >90%. The high RE% of trimethoprim agrees studies in the literature in 454 

HF and VF wetlands (Verlicchi and Zambello, 2014; Chen et al., 2016b; Sgroi et al., 2018). 455 

All in all, statistical results indicated that the partial saturation of the filter bed of the SVF 456 

wetland configuration seemed to enhance the elimination of 4 out of the 10 antimicrobials 457 

detected in both CWs (i.e. ciprofloxacin, ofloxacin, pipemidic acid and azithromycin). This 458 

could be attributed both to the higher microbial community diversity developed in its filter 459 

biofilm (Pelissari et al., 2018; Sgroi et al., 2018), together with the pH and redox conditions 460 

occurring within the filter bed of this wetland (Saeed and Sun, 2012). The larger variation in 461 

redox conditions occurring within this wetland configuration should allow the existence of 462 

both aerobic and anaerobic degradation pathways, thus promoting the removal of relatively 463 

complex organic molecules. 464 

3.3.  Occurrence and removal of antibiotic resistance genes 465 

Comparison of 16S rRNA gene copy numbers (used here as a proxy for bacterial abundance) 466 

between influent wastewater and the effluents from both wetlands showed similar values 467 

(≈1x108 16S rRNA copies/mL) indicating that both systems did not reduce the overall 468 

bacterial load in the flowing water despite their different operational conditions (Figure 2). 469 

These results contrast with those by Chen et al. (2016b), which observed a significant 470 

reduction in the absolute concentration of 16S rRNA when treating domestic sewage using 471 

CWs operating with different configurations. These authors obtained aqueous removal rates 472 

of total ARGs ranging from 64% to 84%. Despite their similarity in quantitative terms in the 473 

current study, the composition of effluent bacterial communities from both CWs qualitatively 474 

differed from that of the influent wastewater (see Pelissari et al., 2018). 475 
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Out of the 12 genes targeted in our qPCR analysis, only intI1, sul1, sul2, ermB, blaTEM and 476 

qnrS were identified in both water and biofilm samples. Remarkably, genes conferring 477 

resistance to glycopeptides (vanA), tetracyclines (tetM and tetW) and carbapenems (blaKPC, 478 

blaNDM, blaOXA-048) were always below the limit of detection of the qPCR assays in both 479 

sample types (data now shown). This result agrees with the lack of detection of the antibiotics 480 

to which these genes confer resistance to in the wastewater. The fact that genes tetM and tetW 481 

were below the detection limit in all samples is not surprising considering the reduced use of 482 

tetracyclines in Spain (Ortíz de García et al., 2013).  483 

Among the measured ARGs, genes conferring resistance to sulfonamides (i.e. sul1 and sul2) 484 

showed the highest abundance in influent wastewater (4.25 × 106 and 4.43 × 106 copies/mL, 485 

respectively), followed by blaTEM (2.82 × 106 copies/mL), ermB (9.06 × 105 copies/mL) and 486 

qnrS (1.30 × 105 copies/mL) (Figure 2). These concentrations are one (ermB, qnrS) or two 487 

(sul1, sul2) orders of magnitude lower than those measured by Chen et al. (2016a, b) in 488 

sewage feeding similar CWs. In both CW units, the absolute concentrations of measured 489 

ARGs in effluents were lower than those measured in influent wastewater although the 490 

observed differences were not statistically significant (Figure 2). The only exception was 491 

sul2, which showed a significant decrease in its absolute concentration in the effluent of the 492 

UVF wetland when compared to the influent wastewater (One-way ANOVA, Tukey HSD 493 

post-hoc test p<0.02). Overall, these results suggest that under the operational conditions 494 

tested, any of the wetlands was efficient enough to significantly reduce the abundance of 495 

detected ARGs per unit volume of water (being sul2 the exception in UVF). Similar results 496 

were obtained when comparing the relative abundance of most of the studied ARGs (gene 497 

copies normalized by 16S rRNA gene copies) (Suppl. Figure S2). No differences were 498 

observed between influent wastewater and effluents from both wetlands in the relative 499 

abundance of genes intI1, sul2, blaTEM and ermB and only genes sul1 and qnrS showed a 500 
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slight but significant decrease in their prevalence within the bacterial community in effluents 501 

from the SVF system. 502 

The abundance pattern of the studied genes in the gravel media of both CWs was similar to 503 

that found in the flowing wastewater, being intI1, sul1, and sul2 the ARGs showing the 504 

highest abundance, followed by ermB and blaTEM  (Figure 3). Remarkably, however, the gene 505 

qnrS was not detected in gravel media (data not shown) suggesting that bacteria carrying this 506 

gene were unable to develop in gravel biofilms under the conditions tested. Moreover, the 507 

fact that we did not observe differences in the absolute abundance of the detected ARGs 508 

between the top (5–15 cm depth) and the bottom (70–80 cm depth) layers of both wetlands, 509 

suggests a homogeneous distribution of ARGs across the filter bed. Nevertheless, the 510 

comparison of absolute abundances of ARGs between wetland systems yielded significative 511 

differences for intI1, sul1 and ermB, which showed lower concentrations in biofilms 512 

developed under unsaturated conditions (Figure 3). Furthermore, when concentrations were 513 

normalized by the bacterial abundance in both gravel media, differences between both CWs 514 

were even more pronounced for all genes except blaTEM (Suppl. Figure 3), suggesting that 515 

conditions in the unsaturated wetland did not favor the colonization of gravel particles by 516 

bacteria carrying ARGs. Aydin et al. (2015) also reported that anaerobic conditions 517 

(prevalent in the saturated CW) favor the accumulation of ARGs. 518 

For the detected ARGs, the estimated removal rates ranged between 21% to 93% in both 519 

wetland systems (Table 3). These values fairly agree with those obtained by Chen et al. 520 

(2016a, b) in CWs using different substrates, flow configurations, and plant species. 521 

Remarkably, yet no differences were observed in the removal of any of the detected ARGs 522 

between both wetland configurations, although the elimination of 16S rRNA and intI1 genes 523 

showed contrasting results in UVF and SVF. Indeed, whereas the SVF effluent showed a 524 

positive enrichment in 16S rRNA (average removal rate of –2.4%) and intI1 (–7.7%) gene 525 
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copies, the effluent of the UVF system showed an average removal rate of 44.9% and 21.1% 526 

for these genes, respectively (Table 3). Overall, these results indicated that the studied 527 

wetlands were not able to significantly reduce either the bacterial load of the influent 528 

wastewater or the prevalence of most ARGs within the bacterial community. 529 

 530 

 531 

Table 3. Influent average concentration (± SEM) and their average (± SEM) removal efficiencies 532 

(%) for the detected ARGs at the two vertical subsurface flow constructed wetlands (UVF: 533 

unsaturated unit; SVF: saturated unit).  534 

Gene 
Influent 

concentration  
(gene copies mL-1) 

RE (%) 
UVF 

RE (%) 
SVF 

16S rRNA 1.69×108 ± 7.92×106 44.9 ± 15.5 –2.40 ± 20.9 
intI1 3.12×106 ± 4.32×105 21.1 ± 23.4 –7.67 ± 25.8 
sul1 4.25×106 ± 1.23×106 59.6 ± 14.1 67.2 ± 8.85 
sul2 4.43×106 ± 1.04×106 81.8 ± 5.36 45.0 ± 9.77 
blaTEM 2.82×106 ± 2.43×106 69.9 ± 10.4 92.9 ± 0.72 
ermB 9.06×105 ± 4.34×105 75.5 ± 15.1 69.7 ± 6.35 
qnrS 1.30×105 ± 4.10×104 78.8 ± 9.52  80.6 ± 4.59 

 535 

4. Conclusions 536 

The occurrence and removal of 49 antibiotics and genes resistant to sulfonamides, 537 

fluoroquinolones, macrolides, glycopeptides, tetracyclines, β-lactams, and Class I integron 538 

were evaluated in an unsaturated (UVF) and a partially saturated (SVF) vertical subsurface 539 

flow constructed wetland operating in parallel. The main conclusions were: 540 

− The occurrence of a saturated zone in the SVF wetland bed promoted the occurrence of a 541 

different redox conditions that enabled an enhanced capacity for complete nitrogen 542 

removal within a single wetland unit. However, the reduction of organic matter and solids 543 
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was lower in this wetland. 544 

− 13 antibiotics were quantified in the influent wastewater at least in one of the 4 sampling 545 

days, including 4 sulfonamides (sulfamethoxazole, sulfadiazine, sulfapyridine and 546 

sulfathiazole), 2 fluoroquinolones and 1 quinolone (ciprofloxacin, ofloxacin and pipemidic 547 

acid), 1 ß-lactam (ampicillin), 2 macrolides (azithromycin and clarithromycin), 1 548 

lincosamide (clindamycin), 1 nitroimidazole (metronidazole) and 1 dihydrofolate 549 

reductase inhibitor (trimethoprim). The removal of antibiotics was significantly higher in 550 

the SVF than in the UVF for all the fluoroquinolones, azithromycin, metronidazole and 551 

trimethoprim. On the contrary, all the sulfonamides, ampicillin and clarithromycin had 552 

RE% values similar in both units or slightly higher in the UVF. These results could be due 553 

to the higher microbial diversity given specific redox and/or pH conditions in this wetland 554 

type. Clindamycin was present at higher concentration in the effluent than in the influent 555 

of both wetland units. Negative removals were also observed for four antibiotics at the 556 

UVF wetland, suggesting that desorption/ deconjugation processes could be taking place 557 

under certain pH and/or redox conditions. 558 

− The removal of ARGs from wastewater in both absolute and relative terms showed a high 559 

variability between sampling days, but no statistical differences were observed between 560 

both CW units. The distribution of ARGs was similar in the top and bottom layers of both 561 

wetland units, as well as between the two CW units, except for sul2, that showed 562 

significantly higher abundance in the SVF unit. 563 

 564 
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 892 

Figure 1. Wastewater treatment plant. (A) Diagram of the experimental treatment plant indicating water influent and 893 
effluent sampling points; (B) Cross-section of the two constructed wetlands indicating the gravel (biofilm) sampling depths 894 
for the determination of ARGs. 895 
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 898 

Figure 2. Boxplots showing the absolute concentrations of targeted genes in the influent and effluent 899 

wastewater from saturated (SVF) and unsaturated (UVF) constructed wetlands. Different letters above 900 

boxplots indicate significant differences (Post-hoc Tukey test after correction of p-values for multiple 901 

comparisons). The lower and upper edge of each boxplot are the first and third quartiles, the mid line 902 

shows the median and the whiskers extend from the minimal and maximal values. 903 

 904 

 905 

 906 
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 908 
 909 

 910 
 911 
Figure 3. Boxplots showing the absolute concentrations of targeted genes at the different depth layers 912 

of gravels in saturated (SVF) and unsaturated (UVF) constructed wetlands. The lower and upper edge 913 

of each boxplot are the first and third quartiles, the mid line shows the median and the whiskers 914 

extend from the minimal and maximal values. Asterisks denote statistical significance between 915 

saturated and unsaturated CW as follows: * p < 0.05; ** p < 0.01. 916 
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