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Introduction
The intensive and extensive use of antibiotics for treating human 
and veterinary infections has caused antibiotic pollution, thus 
promoting the proliferation and accumulation of antibiotic 
resistance genes (ARGs) in aquatic environments [1]. The 
proliferation of ARGs is recognized as an emerging serious 

public health concern by the World Health Organization [2]. 
Municipal wastewater treatment plants (WTPs) continuously 
receive wastewater containing various antibiotic residues and 
ARGs. However, WTPs usually are not able to properly remove 
antibiotic residues and ARGs from wastewater, as revealed by 
the frequent detection of these contaminants in the effluent 
[3]. In addition, antibiotics can promote the proliferation of 
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Abstract
Constructed wetlands are a low-cost, low-energy and environmentally friendly 
wastewater treatment technology. Constructed wetlands have potential of 
removal of antibiotics and antibiotic resistance genes. However, there is a 
little understand on public health risks of antibiotic resistance genes in effluent 
from constructed wetlands treating wastewater in the presence or absence of 
antibiotic residues. In order to investigate public health risks for effluent-receiving 
environment, we prepared two different experimental constructed wetlands 
treating tetracycline-contaminated (230 μg/L) and tetracycline-uncontaminated 
wastewater and examined changes in the abundances of the tetracycline 
resistance genes tetA, tetC and tetX and the microbial community composition 
in effluents from both constructed wetlands. We monitored tet genes by real-
time PCR and analyzed microbial community composition by 16S rRNA gene 
amplicon sequencing. The constructed wetlands showed a strong ability to 
remove tet genes from wastewater, which reduced their risk to the public in the 
effluent-receiving environment. However, the presence of tetracycline antibiotic 
in wastewater, even at a sub-inhibitory concentration, could lessen the removal 
ability of constructed wetlands and change the microbial community composition. 
The propagation of Chlamydiae and Gammaproteobacteria also increase in the 
presence of tetracycline. Given that Chlamydiae and Gammaproteobacteria 
include many human and animal pathogens, this result highlights their persistence 
and development under tetracycline contamination and the potential adverse 
effects on human and environmental health. This appears to be the first report of 
the selective pressure and promoting effects of tetracycline on tet gene abundance 
and microbial community composition in common reed constructed wetlands.
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ARGs during the wastewater treatment process [4]. Biological 
wastewater treatment processes such as activated sludge 
can also provide suitable conditions for ARG proliferation and 
spread [5]. Therefore, WTPs are considered a “hotspot” for 
the transformation and dissemination of ARGs into aquatic 
environments [3,6,7]. 

Constructed wetlands (CWs), wetland systems are engineered for 
the treatment of wastewaters, are a low-cost, low-energy, easily 
operable and environmentally friendly wastewater treatment 
option. CWs can efficiently remove organic compounds (such 
as biochemical oxygen demand and chemical oxygen demand), 
total suspended solids and nutrients from wastewaters [8,9]. 
CWs are applied as the secondary or tertiary treatment stages for 
wastewater treatment process to remove nitrogen, phosphate 
and persistent chemicals such as phenolic compounds [10,11]. In 
addition, some studies have examined the potential of CWs for 
the removal of antibiotics and ARGs [12-14]. However, it remains 
unclear whether CW treatment reduces the public health risk of 
ARGs. 

During treatment in CWs, the presence of antibiotic residues can 
promote the propagation of ARG-harboring bacteria, making 
the effluent from CWs a potential source of ARGs. Therefore, to 
reduce the public health risk of ARGs in the effluent-receiving 
aquatic environments, it is necessary to monitor the fate and 
distribution of ARGs in effluent from CWs. To our knowledge, 
however, no research has examined the public health risk of 
ARGs in effluent from CWs treating wastewater in the presence 
or absence of antibiotics. 

Antibiotic residues, even at very low concentrations, can disturb 
microbial communities in the environment [15]. After treatment, 
the water flowing from a CW is a microbial source for effluent-
receiving aquatic environments and the resulting change in 
microbial composition can affect the microbial ecology in the 
receiving environments. 

In this study, we focused on tetracycline resistance (tet) genes. 
Tetracycline is an important commonly used broad-spectrum 
antibiotic and tet genes are often detected in wastewater 
effluents and variety of ecosystems [4,5,16]. Tet genes have 
been identified in 126 bacterial genera, both commensal and 
pathogenic bacteria. Because of the often acquisition in bacteria 
through horizontal gene transfer, tet genes are recognized as 
serious pollutants with public health effects [16]. The main 
objectives of this study were (i) to determine the effects of CWs 
on reducing tet gene populations from wastewater effluent 
in the presence or absence of tetracycline and (ii) to examine 
the bacterial community change via treatment of wastewater 
effluent by CWs. We assessed three tet genes belonging to two 
groups: The efflux pump genes (tetA and tetC) and the enzymatic 
inactivation gene (tetX). We monitored the three tet genes by 
real-time PCR and analyzed microbial community composition by 
16S rRNA gene amplicon sequencing.

Materials and Methods
Microcosm-scale CWs and experimental design
Four microcosm-scale CWs were set up in 1 L plastic pots (100 mm 

diameter, 150 mm height) and operated in a greenhouse, where 
they were exposed to natural temperature and sunlight. Each 
CW was filled with 100 g of pumice rocks (grain size, 10-20 mm) 
from the bottom to 20 mm and with 200 g of red soil (5-10 mm) 
from 20 to 130 mm and was then planted with 12 to 16 common 
reeds (Phragmites australis). CWs were designed to treat 400 
mL of wastewater in batch mode with a vertical down flow from 
the top to the drain at the bottom. During the 8 week start-up 
period, in order to construct a microbial community within each 
CW, they were irrigated with secondary effluent from a municipal 
WTP in Kofu, Yamanashi, Japan. This WTP effluent was also used 
as the influent wastewater for CWs in this study. The chemical 
properties of the effluent were as follows (mean, n=10): pH, 
7.4, ammonium-N, 4.2 mg/L, nitrite-N, 0.41 mg/L, nitrate-N, 
5.7 mg/L, phosphate-P, 2.2 mg/L and total organic carbon, 16.2 
mg/L. During the 2 month experimental period, every 2 days CWs 
were filled with this wastewater, which was either injected with 
230 µg/L tetracycline (hereafter “TC-contaminated CWs”) or not 
(“TC-uncontaminated CWs”) and drained. The effluent water 
from each CW collected after 2 days, 1 month and 2 months was 
used for downstream analysis (Figure 1).

DNA extraction, quantitation and next-
generation sequencing 
CW effluent (about 300 mL) was collected and passed through 
a membrane filter (0.22 µm pore size, Millipore, Carrigtwohill, 
Ireland) to collect microorganisms. The filter was then subjected 
to DNA extraction using the NucleoSpin Soil Kit (TakaraBio, Shiga, 
Japan), according to the manufacturer’s instructions. The three 
tet genes (tetA, tetC and tetX) and 16S rRNA gene were quantified 
by quantitative polymerase chain reaction (qPCR) using a Thermal 

Figure 1 Schematic diagram of a microcosm-scale constructed 
wetland.  
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Results and Discussion 
Changes in tet gene populations in wastewater 
with TC present
Figure 2 shows the absolute abundance of 16S rRNA and three 
tet genes (tetA, tetC and tetX) in influent (original wastewater) 
and effluent samples collected 2 days, 1 month and 2 months 
after the experiment started. The mean values of 16S rRNA, tetA, 
tetC and tetX in the influent, whole experiment time were 1.32 
× 1010, 2.3 × 103, 2.9 × 102 and 4.8 × 102 copies/mL, respectively. 
The population stability of the three tet genes in the influent 
wastewater throughout the experiment confirmed that WTPs are 
a source for tet gene dissemination into the environment (Figure 
2) [7].

Abundance of the 16S rRNA gene in the TC-contaminated and TC-
uncontaminated effluents varied between 4.2 × 109 and 3.8 × 1010 
copies/mL over the 2 months. The 16S rRNA gene abundances 
in effluents from CWs were in range to those in the influent 
sample. However, tetA gene abundance in effluents collected 
after 1 month and 2 months from TC-contaminated and TC-
uncontaminated CWs were clearly lower (p<0.05) than in the 
influent sample. Likewise, tetC and tetX genes in effluents were 
also clearly lower (p<0.05) than in the influent or were below 
the detection limits, during 2 month experiment. A comparison 
between CW influent and effluent shows a high removal rate of 
the three tet genes in both TC-uncontaminated CWs (tetA, 2.5-
3.4 log units, tetC, 2.2-2.3 log units, tetX, 2.3-3.0 log units) and TC-
contaminated CWs (tetA, 2.5-3.7 log units, tetC, 2.0-2.3 log units, 
tetX, 2.3-2.8 log units). These high and steady removal rates over 
time clearly indicate that CWs are effective at removing these tet 
genes and in reducing the public health risks from wastewater, 
whether contaminated with TC or not (Figure 2). 

The abundance of the 16S rRNA gene showed temporal variation 
in both TC-uncontaminated and TC-contaminated effluents 
and no significant difference (p>0.05) was observed between 
the two groups, indicating that 16S rRNA gene abundance 
was independent of TC contamination. Berglund et al. also 
demonstrated that the presence of antibiotics had no effect on 
the abundance of the 16S rRNA gene in lake sediment microcosms 
[19]. In contrast, tet genes showed different trends not only 
between TC-uncontaminated and TC-contaminated groups but 
also among the three genes. In the TC-uncontaminated CWs, 
tetA was detected at every sampling time, but tetC was detected 
only in the 2 day and 1 month samples and tetX only in the 2 day 
sample (Figure 2). 

Cycler Dice RealTime System II (model TP900*960, TakaraBio). 
Each qPCR was conducted in a 25 μL reaction mixture including 
12.5 μL of SYBR Green Master Mix (TakaraBio), 0.5 μL of each 
primer, 1 μL of template DNA and 10.5 μL of ddH2O. The qPCR 
temperature program was an initial denaturation at 95°C for 1 
min, followed by 40 cycles of 95°C for 10 s, annealing at various 
temperatures for 30 s and 72°C for 20 s. After each qPCR, a melt 
curve analysis was conducted by increasing the temperature 
from 65 to 95°C to verify specificity. A standard curve for each 
gene was created by using a synthetic plasmid carrying the target 
sequence. All qPCRs were conducted in triplicate (Table 1). 

2.3 Phylogenetic analysis of the bacterial 
community
Sequencing and sequence read analyses were conducted by 
FASMAC Corp. (Kanagawa, Japan). The extracted DNA samples 
from two TC-contaminated CWs and from two TC-uncontaminated 
CWs, respectively, were pooled together in equal ratio. These 
pooled DNA samples were subjected to Illumina MiSeq 16S rRNA 
gene sequencing. The V4 region of the 16S gene was amplified by 
PCR using universal primers 515F (5'-Seq A-TGT GCC AGC MGC 
CGC GGT AA-3') and 806R (5'-Seq B-GGA CTA CHV GGG TWT CTA 
AT-3') and was then read by the Illumina MiSeq Sequencer. 

Sequence reads were analyzed using sickle (ver. 1.33), Fastx 
toolkit (ver. 0.0.13.2), FLASH (ver. 1.2.10) and USEARCH (ver. 
8.0.1623_i86linux64). These analyses involved the formation of 
contigs, removal of error sequences and removal of chimeras. 
All operational taxonomic units (OTUs) were clustered at a cut-
off of 0.03 (97% similarity). All OTUs belonging to archaea were 
removed from the data set. In addition, OTUs were eliminated 
from the OTU table if their relative abundance was less than 
1% of the total sequences of all samples in the experiment. 
Alpha diversity indices (observed OTUs, Shannon, evenness 
and Simpson) were calculated using the QIIME pipeline [17]. In 
order to reduce the bias caused by different sample sizes, before 
microbial diversity analysis, the generated OTU table was rarified 
to an even sampling depth of 22074 sequences which is the 
minimum sequence number found in all samples. Beta diversity 
was determined using the UniFrac distance metric and was 
visualized using principal coordinates analysis [18].

Statistical analysis
The average and standard deviation (SD) of all data were 
calculated and all the results are expressed as mean value. 
Significance (P<0.05) was assessed using one-way ANOVA.

Target genes Primers Sequences Annealing temperature (°C) References

16S rRNA 341F
534R

5'-CCTACGGGAGGCAGCAG-3'
5'-TACCGCGGCTGCTGGCAC-3' 60 Bru et al. [28]

tetA tetA-FW
tetA-RV

5'-CCTGATTATGCCGGTGCT-3'
5'-TGGCGTAGTCGACAGCAG-3' 61 Szczepanowski et al. [29]

tetC tetC-FW
tetC-RV

5'-GCGGGATATCGTCCATTCCG-3'
5'-GCGTAGAGGATCCACAGGACG-3' 68 Aminov et al. [30]

tetX tetX-FW
tetX-RV

5'-CGTTGGACTGACTATGGCAA-3'
5'-CCCATTGGTAAGGCTAAGTCA-3' 61 Szczepanowski et al. [29]

Table 1 Target genes used for quantitative polymerase chain reaction analysis, their primer sequences and annealing temperatures.
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Figure 2 Absolute abundance of 16S rRNA and three tet genes (tetA, tetC, tetX) in the influent and effluent samples collected from 
tetracycline-uncontaminated and tetracycline-contaminated constructed wetlands 2 days, 1 month and 2 months after the 
experiment started.
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was a minor population in the TC-uncontaminated effluent 
but was the dominant one in the TC-contaminated effluent, 
suggesting a marked selective effect of TC on this class. The 
selection of Gammaproteobacteria by TC was also observed in 
freshwater sediment [19]. 

The Chlamydiae population in TC-contaminated CW increased 
from 5.3% to 15% after 2 months. Previous research implied that 
antibiotics, including TC, in aquatic environments significantly 
select some genera associated with opportunistic pathogens, 

Figure 3 Normalized abundance of tet genes (tetA, tetC, tetX) to total 16S rRNA in the influent 
and effluent samples collected from tetracycline-uncontaminated and tetracycline-
contaminated constructed wetlands 2 days, 1 month and 2 months after the 
experiment started. 

A comparison between TC-contaminated and TC-uncontaminated 
effluent showed a higher abundance of tetC and tetX genes in the 
presence of TC. The increase of tetC and tetX in TC-contaminated 
effluent was also confirmed by the normalized abundance of these 
genes. The greater number of tetC and tetX copies in effluent 
of TC-contaminated CWs as compared to TC-uncontaminated 
CWs suggests that the presence of TC in wastewater might 
induce the proliferation of tetC and tetX genes during the CW 
treatment process. This positive selection by antibiotics on 
antibiotic resistance gene abundance was reported previously 
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in a manure-polluted aquatic environment and in water supply 
reservoirs [20,21]. On the other hand, the numbers of tetA genes 
in TC-contaminated and TC-uncontaminated effluents were 
similar after 2 months, suggesting that the presence of TC might 
not select for tetA. Roberts and Schwarz, reported that tetA is 
present in 23 genera, whereas tetC and tetX have been found 
in 16 and 11 genera, respectively [16]. The broader host range 
of tetA genes might be a reason for the different fate of tetA as 
compared to that of tetC and tetX, namely, the prevalence of 
tetA in TC-uncontaminated effluent and its independence of TC 
in the wastewater. These results suggest that TC-contamination 
in wastewater can have a selective effect on the propagation of 
tet genes, but the effectiveness varied among different tet genes 
and their hosts (Figures 2 and 3).

Changes in the bacterial community in 
wastewater with TC present
The bacterial communities in the influent and effluents were 
analyzed by comparing the V4 region of 16S rRNA gene 
sequences. A comparison between samples collected after same 
periods (e.g. 1 month, 2 months) showed that the Shannon, 
evenness and Simpson indices of effluents from CWs treating TC-
contaminated and TC-uncontaminated wastewaters were higher 
than those of the influent. These results suggest that the diversity 
of microbial communities increased during CW treatment. The 
Shannon, evenness and Simpson indices in effluent from TC-
uncontaminated CWs were nearly constant during the 2 month 
experiment. These findings suggest that TC in the CWs might 
exert a selective effect on the population of bacterial taxa with 
minor abundance in CWs, thus leading to an increase in microbial 
diversity (Table 2). 

A principal coordinates analysis of weighted UniFrac distance 
metric showed that microbial community composition in the 
influent wastewater was distinctively changed after treatment 
by either a TC-uncontaminated CW or a TC-contaminated CW. 
Furthermore, the analysis also revealed a large, clear separation 
between microbial communities depending on whether there 
was TC exposure or not (Figure 4). 

The microbial community compositions in influent and effluents 
from CWs after 2 months of experiment are illustrated in Figure 
5. At the phylum level, microbial composition of the influent was 
dominated by Proteobacteria (38.9%), Actinobacteria (21.9%) 
and Bacteroidetes (15.5%). Proteobacteria (37.9%), Firmicutes 
(18.3%), Chlamydiae (15.3%) and Actinobacteria (8.4%) were 
dominant in effluents of CWs treating TC-uncontaminated 
wastewater, whereas OD1 (33.6%), Proteobacteria (25.1%), 
Firmicutes (8.6%) and Chlamydiae (5.3%) were dominant in those 
of CWs treating TC-contaminated wastewater (Figure 5). 

The temporal variation of microbial composition was distinct 
between TC-uncontaminated and TC-contaminated effluents. 
The most changes in population were observed for the phyla 
Proteobacteria and Chlamydiae. Proteobacteria in the TC-
uncontaminated effluent (31.7-47.7%) represented a significantly 
larger proportion than in the TC-contaminated effluent (7.9-
25.1%). Among Proteobacteria classes, Gammaproteobacteria 

Figure 4 Principal coordinates analysis using weighted UniFrac 
distance metric indicates a clear separation between 
aquatic microbial communities in the wastewater 
influent, tetracycline-uncontaminated effluent and 
tetracycline-contaminated effluent from constructed 
wetlands over 2 months.

Figure 5 Microbial composition at the phylum level (class level 
for Proteobacteria) in influent and effluent samples 
collected from tetracycline-uncontaminated and 
tetracycline-contaminated constructed wetlands over 
2 months.
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such as Acinetobacter, Clostridium and Salmonella [22-25]. To 
our knowledge, this is the first report of the selective effect of 
TC on Chlamydiae bacteria. Many members of this phylum are 
human and animal pathogens. Our results suggest that the 
presence of TC in wastewater might increase the public health 
risk of Chlamydiae in CW effluent. In addition, Cyanobacteria 
were found in the TC-uncontaminated CWs but not in the TC-
contaminated ones, likely because TC inhibits photosynthesis in 
these bacteria [26]. The distinctive bacterial phyla compositions 
between TC-uncontaminated and TC-contaminated effluent 
demonstrated that TC in wastewater can select for a different 
microbial community. The increase of Chlamydiae and 
Gammaproteobacteria, two taxa that include many pathogenic 
bacteria, highlights the potential adverse effects on human, 
animal and environmental health [27].

Sampling time Observed OTUs Shannon Evenness Simpson (1-D)
Influent 134 4.62 0.65 0.94

TC-uncontaminated
2 days 131 5.87 0.83 0.98

1 month 155 5.94 0.82 0.97
2 months 137 5.53 0.78 0.96

TC-contaminated
2 days 148 4.81 0.67 0.91

1 month 157 6.33 0.87 0.97
2 months 141 5.63 0.79 0.97

Table 2 Alpha diversity metrics for wastewater influent and effluent samples collected from the tetracycline-uncontaminated and tetracycline-
contaminated constructed wetlands over 2 months.

Conclusion 
This study demonstrated that CWs could remove the three tet 
genes (tetA, tetC and tetX) and reduce their public health risks 
for the effluent-receiving environment. However, the presence 
of TC in wastewater appears to weaken the ability of CWs to 
remove the tet genes. Furthermore, the presence of TC changed 
the microbial community composition in effluents from CWs and 
had a marked selective effect on the propagation of Chlamydiae 
and Gammaproteobacteria, which contain many pathogenic 
bacteria. Therefore, the removal of TC from wastewater before 
CW treatment or the removal of both TC and tet genes by CW 
will be necessary to reduce the public health risk of tet genes in 
aquatic environments.
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