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Abstract 

Background: Qingcaosha Reservoir is China’s largest river impoundment and an important drinking water resource 
for Shanghai city. Although antibiotics contamination in the reservoir has been reported, little is known about the 
presence of antibiotic resistance genes (ARGs). In this study, the occurrence and distribution of 12 ARGs and the class 
1 integron gene (intI-1) in water and sediments collected from the reservoir were investigated for 1 year.

Results: The 12 ARGs were detected in both water and sediment samples, and no significant temporal or spatial vari-
ations were observed. Sulfonamide resistance genes were predominant in the reservoir with a detection frequency of 
100%. Statistical analysis indicated a positive correlation in relative abundance between some ARGs such as sul1, sul2, 
and intI-1. Most ARGs were negatively correlated with total nitrogen and positively correlated with chemical oxygen 
demand and chlorophyll-a.

Conclusion: In general, ARGs were found to be prevalent in Qingcaosha Reservoir, among which sulfonamide resist-
ance genes were the most dominant and tetB was the least. intI-1 may facilitate the proliferation and propagation of 
some ARGs, especially sul1 and sul2. The abundance of ARGs was well correlated with aquatic environmental factors 
in water, providing potential clues for the control of ARG contamination.

Keywords: Antibiotic resistance genes, Drinking water reservoir, Temporal and spatial variations

© The Author(s) 2019. This article is distributed under the terms of the Creative Commons Attribution 4.0 International License 
(http://creat iveco mmons .org/licen ses/by/4.0/), which permits unrestricted use, distribution, and reproduction in any medium, 
provided you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, 
and indicate if changes were made.

Background
Antibiotics are effective against bacteria and have been 
widely used to treat bacterial infections in humans or 
animals since their discovery in the 1930s [1]. China is 
the largest producer and consumer of antibiotics in the 
world, accounting for approximately 72,700 tons of 36 
common antibiotics consumed in 2013, divided equally 
between clinical and veterinary use [2]. Overuse of anti-
biotics has subjected bacteria to long-term selection 
pressure, leading to the development of antibiotic resist-
ance, which indicates that the bacteria will be difficult to 
kill [3]. Antibiotic resistance genes (ARGs) are the core 
functional elements in antibiotic resistant bacteria, and 

they have the ability to migrate among different microbes 
through horizontal gene transfer [4, 5]. The shuttling of 
ARGs among various bacteria has made possible the gen-
eration of super resistant pathogens, posing a tremen-
dous potential threat to public health [6].

Recently, ARGs have been detected in surface water [7, 
8], drinking water [9], sewage treatment plants [10], wet-
land [11], soils [12], sediments [13], and even air [14]. The 
environmental abundance of ARGs is mainly caused by 
selection pressure from antibiotics, and by some environ-
mental factors including microbial consortium structure 
and nutrients [15]. Aquatic ecosystems have been the 
environments of most concern in ARGs research. It has 
been reported that sulfonamide, tetracycline, β-lactam, 
and macrolide resistance genes are the most abundant 
ARGs in aquatic environments [16, 17]. Notably, clays 
in aquatic ecosystems such as in sediments are able to 
adsorb DNases that would otherwise hydrolyze free DNA 
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(including ARGs), and thus contain a large number of 
microbes possessing ARGs [18]. These adherent ARGs 
were possibly released into water from the sediments 
under relatively quiescent (low-flow) condition [18]. 
Thus, the distribution of ARGs between water bodies and 
sediments merits further exploration [18, 19].

In drinking water supplies, the presence of ARGs has 
been believed to seriously threaten public health and thus 
has attracted increasing attention. Conventional water 
treatment techniques including sand filtration and sedi-
mentation have difficulty completely removing ARGs, 
and the concentrations of ARGs can even increase after 
chlorine disinfection [20, 21]. These ARGs residues from 
drinking water treatment plants were bound to be trans-
ported to terminal consumers. Hao et  al. investigated 
the concentrations of ARGs in the tap water of Tianjin, 
China, and fifteen ARGs were continuously detected in 
all samples [21]. Therefore, in addition to further improv-
ing treatment techniques, it is necessary to control the 
distribution of antibiotics and ARGs into drinking water 
sources. Artificial reservoirs have been constructed for 
water storage and supply in various countries including 
China. With the spread of antibiotic use, ARGs as a vari-
ety of emerging contaminant have been detected in many 
reservoirs in recent years [22, 23].

Qingcaosha Reservoir came into use in 2011 to replace 
the Huangpu River as the long-standing main water 
source for Shanghai, which was no longer suitable con-
sidering increasing quality requirements for clean drink-
ing water [3]. The reservoir is located in the Yangtze River 
Estuary in Shanghai, eastern China, covering an area of 
approximately 70 km2 and with a designed effective stor-
age capacity of 435 million cubic meters. In recent years, 

due to the chemical industry and sewage plant pollution 
from the upper reaches of the Yangtze River Estuary, the 
reservoir’s water quality has slightly deteriorated [24]. 
A previous study demonstrated that various antibiotics 
were widely distributed in Qingcaosha Reservoir water, 
raising the possibility of health risks to residents [25]. 
However, little is known about the presence of antibiotic 
corresponding ARGs, and long-term continuous moni-
toring for this emerging risk is still lacking.

We collected both water and sediment samples from 
Qingcaosha Reservoir monthly for an entire year. Our 
main aims were to (1) characterize the occurrence, abun-
dance, distribution, and variation of 12 ARGs and the 
class 1 integron gene (intI-1) in water and sediments; 
(2) explore the potential connections between different 
ARGs; and (3) determine the primary environmental fac-
tors that influence the abundances of ARGs. Our results 
provide annual monitoring data for the prevalence of 
ARGs in Qingcaosha Reservoir and yield important clues 
for controlling antibiotics and their corresponding ARGs 
in the reservoir and nearby areas.

Materials and methods
Study site and sample collection
Qingcaosha Reservoir, located in the Yangtze River Estu-
ary in eastern China, is an important source of drinking 
water for a population of over 12 million in Shanghai 
and provides more than 7.19 million  m3 of water daily. 
This large shallow reservoir has a surface area of 66 km2 
with a depth ranging from 1.5 to 7.0  m. It receives its 
fresh water supply from the Yangtze River with an aver-
age flow velocity of 0.05  m/s. Our sampling sites were 
located as shown in Fig. 1. Water and sediment samples 

Fig. 1 Map of the Qingcaosha Reservoir and sampling sites
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were collected monthly from April, 2016, to March, 2017. 
Water samples (5 L) were collected from the top 0.5 m of 
surface water, and sediment samples (1 kg) were collected 
from the top 5 cm of the riverbed using a core sampler. 
Each sample consists of a mixture of three different raw 
samples from one sampling site. All samples were stored 
in sterile bottles and then transported immediately to the 
laboratory, stored at 4 °C and pretreated within 24 h.

Sample pretreatment and DNA extraction
Water samples (500  mL) were filtered through 0.22  μm 
pore size polycarbonate membranes (GTTP, Millipore, 
Ireland), and then, the filter membranes were cut into 
small pieces and placed in extraction tubes provided in a 
Water DNA Kit (Omega, USA). Total DNA was extracted 
according to the instructions of the manufacturer. For 
sediments, 0.25  g dry samples were extracted using the 
PowerSoil DNA Isolation Kit (Mobio, USA) according 
to the manufacturer’s protocol. The quality of extraction 
was verified by agarose gel electrophoresis, and the DNA 
quantities were measured using a UV–Vis spectropho-
tometer (Q5000, Quawell, USA).

Quantification of ARG by qPCR
Quantitative real-time PCR (qPCR) assays were carried 
out to quantitatively analyze the target genes from water 
and sediment samples, including the 16S rRNA gene, two 
sulfonamide resistance genes (sul1, sul2), three tetracy-
cline resistance genes (tetA, tetB, tetQ), three β-lactam 
resistance genes (OXA-1, TEM-1, ampC), two amino-
glycoside resistance genes (strA and strB), two macrolide 
resistance genes (ermB, mphA), and the class 1 integron 
gene (intI-1). These target genes were relatively common 
in water environment, and related antibiotics have been 
detected in this reservoir [25]. Sequences of all primers 
of the target genes are listed in Additional file 1: Table S1 
based on the published literature [17, 26–31]. All qPCR 
assays were performed in a 20 μL total volume contain-
ing 0.5  μM primer pairs (Sangon Biotech, China), 8 μL 
of  ddH2O, 10 μL of hot start reaction mix with 1 × Sen-
siMix™  SYBR® No-ROX Kit (Bioline, USA), and 1 μL 
of template DNA. All reactions were conducted with a 
real-time PCR instrument (ABI 7500, Thermo Scientific, 
USA), and each run consisted of an initial preheating step 
at 95 °C for 5 min, followed by 40 cycles with each cycle 
consisting of 15 s at 95 °C and 30 s at different annealing 
temperatures as presented in Additional file 1: Table S1. 
Product specificity was validated by melting curve analy-
sis (60–98 °C, 0.5 °C per read, 6 s hold). For each sample, 
an additional diluted extract was simultaneously analyzed 
to avoid possible inhibitory effects in PCR processes. The 
specific amplified products were cloned in pCR™2.1 vec-
tor using a TA cloning Kit (Promega, USA).

Plasmids extracted from a known copy number of the 
positive colony were serially diluted to generate a stand-
ard curve. Reliable correlation coefficients (R2 > 0.99) and 
amplification efficiencies based on slopes between 90 
and 110% for standard curves were obtained. The sam-
ples and positive plasmids along with sterile ultrapure 
water as a negative control were run in triplicate. The 
copy numbers of target genes were calculated based on 
the calibration curves. Gene concentrations in samples 
of water and sediments are presented as copies/mL and 
copies/g (dry weight), respectively.

Analysis of water quality parameters
All reagents and solvents in the water quality analysis 
were analytical grade. Concentrations of chlorophyll-a 
(Chl-a), chemical oxygen demand  (CODMn), ammo-
nia nitrogen  (NO4

+–N), total nitrogen (TN), and total 
phosphorus (TP) were measured according to Chinese 
national standards [11]. Dissolved organic carbon (DOC) 
was measured using a TOC analyzer (Shimazu, Japan), 
and pH was measured using a digital meter (pHS-25, 
Leici Instrument Co., Shanghai).

Statistical analysis
Correlation analysis was performed with Origin 9 
(Originlab, USA). The redundancy analysis (RDA) used to 
analyze the effect of environmental factors on ARGs was 
performed using Canoco 5.0 (Biometris, Netherlands). 
A one-way ANOVA followed by Dunnett’s test was used 
to assess the homogeneity of variance with a significance 
level of 5% (p = 0.05). The calculations of heat map were 
performed using Microsoft Excel 2010.

Results
Occurrence and abundance of a variety of ARGs 
in Qingcaosha Reservoir
Figure  2 summarizes the abundance of all of the target 
genes in water and sediment samples from Qingcaosha 
Reservoir sampling sites over the entire year. The differ-
ent colors of blocks represent absolute abundances of 
genes (log-transformed). Detailed information on abun-
dance and detection frequency is presented in Additional 
file 1: Table S2. 16S rRNA genes and ARGs were detected 
in all samples, with detected concentrations higher in 
sediment than in water.

In particular, genes 16S rRNA, intI-1, sul1, sul2, tetA, 
strA, and strB were detected in 100% of the water and 
sediment samples. The concentration of 16S rRNA 
genes was the highest, with copy numbers ranging 
from 1.4 × 105 to 1.1 × 108 copies/mL in water and from 
1.8 × 108 to 1.8 × 1011 copies/g in sediment. For ARGs, 
sulfonamide resistance genes sul1, sul2 were predomi-
nant in the Qingcaosha Reservoir, with the highest 
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absolute abundance of 3.7 × 103 to 1.4 × 106 copies/
mL in water and 2.1 × 107 to 4.4 × 109 copies/g in sedi-
ment, respectively. Of the three tetracycline resistance 
genes, tetA was the most prevalent in this reservoir 
with an average concentration of 6.7 × 102 copies/mL 
in water and 2.5 × 106 copies/g in sediment. However, 
the concentrations of tetB and tetQ were relatively 
low, especially the gene tetB, detected in only 11.1% of 
the samples. Of the three β-lactam resistance genes, 
the overall trend in frequency in water and sediment 
samples was TEM-1 > OXA-1 > ampC, with the low-
est detection frequency being ampC in sediment. Two 
aminoglycoside resistance genes, strA and strB, were 
also found in the reservoir in high concentrations, 
with a peak value for strA of 1.1 × 107 copies/g in sedi-
ment. In addition, the concentrations of two macrolide 
resistance genes ermB (94.4% in water and 77.8% in 
sediment) and mphA (91.7% in water and 80.6% in sedi-
ment) were significantly lower than other resistance 
genes. Class 1 integron gene (intI-1) was another highly 
abundant gene in this reservoir, with concentrations 
ranging from 9.5 × 103 to 4.0 × 106 copies/mL in water 
and 1.8 × 108 to 1.3 × 1010 copies/g in sediment.

Temporal and spatial distribution of ARGs
For analysis of temporal variation in a distinct way, we 
divided the data from 12  months into four seasons, 
including spring (March, April, and May), summer (June, 
July, and August), autumn (September, October, and 
November) and winter (December, January, and Febru-
ary). Figure  3 shows the seasonal variation of ARGs in 
water samples (Fig.  3a) and sediment samples (Fig.  3b). 
Copy numbers of TEM-1, strA, strB, and ermB higher 
in water samples in summer, and OXA-1, TEM-1 were 
higher in sediment in summer and autumn, respectively. 
However, the absolute abundance of ARGs exhibited no 
significant variation between seasons.

Figure 4 shows the spatial variation of ARGs in water 
samples (Fig. 4a) and sediment samples (Fig. 4b) from dif-
ferent sampling sites. In general, there were no significant 
differences between different sample sites although the 
absolute abundance of ARGs at site 3 was slightly higher 
than for other sediment sampling sites and tetB was not 
detected in water samples.

To minimize the variance in the abundance of ARGs 
possibly caused by divergences in background biomass 
and DNA extraction efficiency, the normalization of 

Fig. 2 Heat maps of target genes for all sampling sites and all sampling times. a Water samples; b sediment samples. Each grid represents the 
absolute abundance of the target genes for all samples normalized on a log 10 scale. White blocks stand for below limit of quantity. The vertical 
axis represents the sequence of sampling sites and sampling times, while the horizontal axis represents the target genes. The legend shows 
corresponding fold change values
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absolute abundances was performed using the copy num-
bers of 16S rRNA. A similar variation tendency in terms 
of seasonal and spatial distribution in both water and 
sediment was found in the relative abundances of ARGs 
(Additional file 1: Figs. S1, S2).

Correlation analysis between abundances of ARGs
A correlation analysis comparing the absolute and rela-
tive abundances of ARGs was performed, and the results 
of this analysis are summarized in Additional file  1: 
Tables S3, S4. intI-1, the gene with the highest relative 
abundance, had strong positive correlations with two 
sulfonamide resistance genes sul1, sul2 in both water 
and sediment (p < 0.01, Fig.  5). In sediment samples, a 
positive correlation was found between the relative abun-
dances of intI-1 and strA, strB, tetA (p < 0.01, Additional 
file  1: Table  S4). Apart from that, we found significant 

correlations between most ARGs in the same class (Addi-
tional file 1: Tables S3, S4).

Effects of water quality parameters on ARGs
To analyze the key factors affecting the occurrence and 
abundance of ARGs, we recorded several water qual-
ity parameters including Chl-a,  CODMn, DOC, pH, TN, 
TP, and  NH4

+-N. The detailed results for water qual-
ity parameters are shown in Additional file  1: Table  S5. 
The effective tool, RDA, was used to assess the potential 
response relationship between different ARGs and their 
associated water quality parameters (Fig. 6). intI-1, sul1, 
and sul2 were the predominant genes in the reservoir, and 
they had similar relationships with water quality param-
eters, mainly  CODMn and Chl-a, indicating that their 
formation was favored in circumstances with relatively 
higher  CODMn and Chl-a. For ARGs in water, most were 
negatively correlated with TN but positively correlated 

Fig. 3 Seasonal variation of ARGs in the samples from the Qingcaosha Reservoir. a Water samples; b sediment samples

Fig. 4 Distribution of ARGs in the samples from different sampling sites in the Qingcaosha Reservoir. a Water samples; b sediment samples
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with pH, which was further verified using a Pearson cor-
relation coefficient (Additional file 1: Table S6).

Discussion
Among all detected genes, the copy numbers of sul1, 
sul2, and intI were predominant in this reservoir with 
high detection frequencies, which was consistent 
with previous reports for the Three Gorges Reservoir 
located in the upper reaches of the Yangtze River [32], 
but greater than those observed in studies of Tai Lake 
[8] and the Haihe River [18]. Sulfonamide resistance 
genes sul1 and sul2 encoded alternative drug-resistant 

variants of the dihydropteroate synthase enzymes and 
produced clinical resistance in Gram-negative enteric 
bacteria [33]. Multiple studies have shown that sul-
fonamide resistance genes are the most common ARGs 
in the environment [8, 18, 32], which could possibly 
be linked to the widespread use of sulfonamides and 
resulting selective pressure for the corresponding ARGs 
[2]. For example, the release from aquaculture is one 
of the most important sources of antibiotics (includ-
ing sulfonamide) in Yangtze Estuary [34]. According 
to previous studies of antibiotic residues in Qingcao-
sha Reservoir [25] and the Huangpu River [3], sulfa-
monomethoxine has a high abundance in this reservoir, 
ranging from not detected to 163.2  ng/L, and in the 
Huangpu River, ranging from 2.05 to 623.27 ng/L. Gen-
erally, the antibiotic contents in the environment were 
much lower (usually on the order of  10−9–10−6) than 
the minimum inhibitory concentration acquired in the 
laboratory studies. It was estimated that the resistance 
of bacteria was gradually developed under the long-
term selection pressure [15, 35]. The previous study in 
the Haihe River also revealed a strong positive correla-
tion (p < 0.01) between the relative abundance of sul1, 
sul2 and the concentration of sulfonamide [18]. Gene 
intI-1 is a mobile genetic element (MGE) that, as an 
indicator for the horizontal gene transfer potential of 
ARGs, has been frequently detected in the environment 
[36–38]. In our study, the relative abundance of intI-1 
was significantly positively correlated with some ARGs 
(p < 0.01), particularly sul1 and sul2, indicating that 
intI-1 could facilitate the propagation of sul1 and sul2 
in the Qingcaosha Reservoir. The gene sul1 is generally 

Fig. 5 Correlations between the relative abundance of class 1 integron and two sulfonamide resistance genes. a Correlations in water samples 
(n = 36); b correlations in sediment samples (n = 36)

Fig. 6 Diagram of the RDA analysis between all ARGs and 
environmental factors in water
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associated with class I integrons, and thus, a strong 
positive correlation is not surprising. Similar results 
were obtained in the Three Gorges Reservoir [32] and 
the Wenyu River [39].

Both aminoglycoside resistance genes (strA and strB) 
and macrolide resistance genes (ermB and mphA) had 
relatively high abundance/detection frequencies in the 
reservoir. Aminoglycosides are in frequent clinical use, 
and macrolides have been widely found in animal waste 
and agricultural soil [40]. Their corresponding ARGs 
have rarely been reported in aquatic environments. The 
β-lactam resistance gene TEM-1 was present in all water 
samples and 97.2% of the sediment samples, higher val-
ues than found in other studies on the Huangpu River 
 (103–104 copies/mL) [41]. The concentration of β-lactam 
was reported in a previous study to be the highest among 
all antibiotics in Qingcaosha Reservoir [25]. The high 
concentration of β-lactam resistances genes could be 
caused by antibiotic long-term selection pressure.

The abundances of tetracycline resistance genes were 
relatively low in Qingcaosha Reservoir. Of the three tet-
racycline resistance genes, tetA was dominant while 
tetB possessed the lowest abundance and detection fre-
quency. The differences among the three tetracycline 
resistance genes might be caused by different patterns 
of tetracycline antibiotic usage and different composi-
tions of microflora [42]. Tetracycline resistance genes 
have been found to be among the most common ARGs 
in aquatic environments [43, 44]. The levels of tetracy-
cline resistance genes were lower than those of Tai Lake 
[45], but they were in agreement with those detected in 
the Huangpu River [41]. Pearson correlation coefficients 
revealed positive correlations between ARGs of the same 
class such as tetA, tetB, and tetQ, indicating that mobiliz-
able plasmids containing ARGs can be transferred among 
microbial communities [46].

The temporal and spatial variations of ARGs may 
be the result of fluctuations in various factors includ-
ing water temperature, flow conditions, surface run-off, 
and anthropogenic activities including antibiotics usage. 
Son et  al. examined the abundance of 11 ARGs in riv-
ers and reservoirs in South Korea and speculated that 
higher temperatures and nutrient conditions promoted 
the growth of microbes in summer, while general stress 
responses from adverse conditions such as low tempera-
ture and low nutrient promoted horizontal gene transfer 
of ARGs in winter [22]. The observation that the abun-
dance of ARGs during wet seasons is lower than that in 
dry seasons could be due to dilution by rainfall [8]. How-
ever, in Qingcaosha Reservoir, no distinct temporal or 
spatial variations were observed except that the relative 
abundance of some ARGs was slightly higher in winter. 
We estimated that this was because of reduced influence 

from anthropogenic activities and relatively stable hydro-
logical conditions. Similar distribution features were also 
found in studies of Taihu Lake [8].

In comparison with water, the concentrations of ARGs 
in sediments were significantly higher. Similar results 
have been found in previous studies [47–49]. On the 
one hand, a large number of microbes are present in 
sediments due to rich nutrients and the accumulation of 
particulate matter, which lead to a higher biomass in per 
g soil than in per mL water. For water samples, the pro-
cess of pre-filtering would inevitably increase the loss in 
biomass [50]. On the other hand, clay components such 
as sediments can adsorb DNases that would otherwise 
hydrolyze free DNA, including ARGs, making it an ideal 
reservoir for ARGs [18, 19]. The results of some studies 
have revealed strong positive correlations between the 
copy numbers of ARGs in water and sediments, suggest-
ing the possible intermigration of ARGs between these 
two matrixes [18, 19]; however, no such correlations were 
found in Qingcaosha Reservoir.

Consistent with previous studies of the influence of 
environmental factors on ARGs [51, 52], in this study, 
the total abundance of ARGs (ΣARGs), 16S rRNA, intI-
1, sul1, and sul2 was positively correlated with Chl-a and 
 CODMn, indicating the potential impacts of these factors 
on the propagation of ARGs. The indicator Chl-a repre-
sents the density of algal cells in the water, and  CODMn 
represents organic components that could be easily bio-
degraded and provide energy to ARBs (antibiotic resist-
ant bacteria) for propagation; therefore, decreasing the 
numbers of algal cells would help to reduce the spread 
of ARGs [53]. Most ARGs in our study had negative cor-
relations with TN, inconsistent with some other studies 
[48, 54]. We hypothesized that this was because nitrogen 
was demonstrated to be the main nutrient inhibiting the 
growth of algae in Qingcaosha Reservoir [24, 55]. Moreo-
ver, the aquatic pH affects the transfer efficiency of ARGs 
between cells [56]. Thus, it is crucial to pay attention to 
the impact of environmental factors on the propagation 
of ARGs when treating the ARG contaminants.

Conclusions
This one-year continuous monitoring of the occurrence 
and distribution of 12 ARGs and intI-1 found that ARGs 
were widely distributed in both water and sediment sam-
ples in Qingcaosha Reservoir, and no significant tempo-
ral or spatial variations were found. The concentrations 
of sulfonamide resistance genes sul1, sul2 were highest, 
while the tetracycline resistance gene tetB was the low-
est. intI-1 facilitated the proliferation and propagation 
of sul1 and sul2, which may be the reason why sulfona-
mide resistance genes were so prevalent in the environ-
ment. Some environmental factors such as pH, nitrogen, 
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and phosphorus in the water were correlated with ARGs, 
indicating that they may play key roles for the formation 
or control of ARGs. In contrast to short-term studies, this 
study acquired detailed data regarding ARGs contami-
nants in the Qingcaosha water system over an entire year 
and could provide a scientific basis for reservoir manage-
ment to deal with ARGs and related antibiotic pollution.
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