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With the extensive use of antibiotics, antibiotics and their induced resistance genes (ARGs)
have become new types of pollutants widely distributed in a variety of environmental
media. The contamination of antibiotics and ARGs occurring in important living and
agricultural regions has aroused wide concern worldwide, especially in lake basins.
The Dongting Lake basin is one of the important aquaculture and livestock areas in
China, which is accompanied by a large amount of antibiotic use and discharge. However,
the occurrence characteristics of antibiotics and ARGs in a multi-environment medium are
still unclear. In this study, surface water and sediment samples in East Dongting Lake were
collected by season, antibiotics and ARGs were quantitatively analyzed, and the risk
quotient method was used to evaluate the ecological risk of antibiotics in surface water. 1)
The concentration of antibiotics in the surface water of East Dongting Lake ranged fromND
to 943.49 ng/L, with the maximum average concentration of 20.92 ng/L in spring. The
concentration of antibiotics in sediments ranged from ND to 177.43 ng/g, with the
maximum average concentration of 16.38 ng/g in fall. Ofloxacin (OFL) and
sulfamethoxazole (SMX) were the main antibiotic pollutants in East Dongting Lake
Basin. 2) sul1 and sul2 were the dominant ARGs in East Dongting Lake Basin. For
spatial change, the total abundance of ARGs upstream was higher than that downstream.
For seasonal change, the surface water and sediment were characterized by spring >
summer > fall. 3) OFL and sulfamethoxazole might pose a significant high risk to aquatic
organisms both in three seasons, and the ecological risk of antibiotics in East Dongting
Lake is more significant at low temperatures than high. This study could provide important
data information of the occurrence and concentration of antibiotics and ARGs in East
Dongting Lake Basin.
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1 INTRODUCTION

Since the 1930s, antibiotics arewidely used in areas such as health care,
breeding, and agricultural. However, only 25–75% of antibiotics can
be absorbed by the body, and large amounts of antibiotics are released
into the environment through human activities, such as clinical
treatment, livestock and poultry production, and pharmaceutical
(Luo et al., 2010). Although antibiotics can be degraded by light,
heat, and biodegradation under natural conditions (Ohore et al., 2020;
Zhang et al., 2020), some residual antibiotics and antibiotic resistance
can persist in the natural environment through the propagation and
transmission ofmicroorganisms (Xiong et al., 2018). Selective pressure
caused by antibiotic residues causes some susceptible bacteria to
develop antibiotic resistance genes (ARGs) (Kim, 2004), which can
be transferred horizontally between microorganisms, further induce
the transformation between different environmental media, along the
food chain, and finally enter the human body to increase human
antibiotic resistance (Ghosh et al., 2009; Stoll et al., 2012; Sengupta
et al., 2013). According to data from the Global Antibiotic Resistance
and Use Surveillance System in 2020, a high proportion of resistance
gene problems have appeared in 66 countries, and more and more
bacteria have developed resistance to available antibiotics. Therefore,
the risks of antibiotics and ARGs need to be taken seriously (Sarmah
et al., 2006).

The aquatic environment has been identified as an important
reservoir of antibiotics and antibiotic resistance genes (ARGs) (Liu
et al., 2018c; Nguyen et al., 2019). Every year in China, at least 5
tons of antibiotics enter the water environment in various forms.
As a result, antibiotics and their ARGs have beenwidely detected in
Hongze Lake (Liu L et al., 2018), Poyang Lake (Pan et al., 2018),
Chaohu Lake (Liu et al., 2018c), Honghu Lake (Yang et al., 2016),
Taihu Lake (Wu et al., 2016), and other water bodies in China.
Exogenous inputs such as medical wastewater, livestock and
poultry breeding wastewater, aquaculture wastewater, and
effluent from sewage treatment plants (Kolar et al., 2014; Di
Cesare et al., 2015; Zhang et al., 2015) are important sources of
ARGs in the water environment. In addition, sediments might act
as a sink but also as a secondary source of various contaminants
including antibiotics and ARGs and even pose higher potential risk
to aquatic organisms (Su et al., 2014; Lu et al., 2018). Studies have
shown that ARGs have also been detected in the atmosphere near
livestock farms, hospitals, and sewage treatment plants (Xu et al.,
2014). Hence, the study on the pollution state and risk of antibiotics
and ARGs in the lake basin, especially in important aquaculture
and livestock areas, has been paid more and more attention.

As the second largest freshwater lake in China, Dongting Lake
is the link connecting the Yangtze River with a strong flood
storage capacity, which plays a very important role in regulating
the flood runoff and environmental protection of the Yangtze
River. Meanwhile, Dongting Lake is the birthplace of traditional
Chinese agriculture and also is one of the important habitats for
birds. Studies have shown that the emissions of antibiotic (3440t/
a) in the Dongting Lake basin rank the first in China, among
which the pollution level of East Dongting Lake Basin is the most
prominent (Liu et al., 2018a, b). The research results of the
contribution of the PCA–MLR model to antibiotics in East
Dongting Lake show that livestock and poultry breeding is the

main source, with the contribution rate of more than 70% (Di
Cesare et al., 2015; Liu L et al., 2018). The pollution levels of
antibiotics were higher in the eastern part than those in southern
and western parts in Dongting Lake (Wang et al., 2019). Yang et al.
(2016) detected ARGs in the sediments of East Dongting Lake,
showing the highest relative abundance of sul2. In contrast, at
present, the multi-media occurrence characteristics of antibiotics
and their ARGs in the water and sediment environment of East
Dongting Lake have not been systematically studied yet, especially
under different hydrological periods, which underscores the need
for complementary studies.

In this study, the pollution levels and spatial characteristics of
four commonly used antibiotics (sulfonamides, macrolides,
tetracyclines, and fluoroquinolones) and nine target ARGs in
surface water and sediments of East Dongting Lake Basin were
quantitatively studied, and the variation characteristics in
different seasons were explored. Moreover, the risk quotient
(RQ) method was used to evaluate the ecological risk of
antibiotics in surface water. This work could provide reliable
data information for further assessment of antibiotics and ARG
pollution and ecological protection in East Dongting Lake Basin.

2 MATERIALS AND METHODS

2.1 Study Area and Sample Collection
East Dongting Lake (28°59″~29°38″N, 112°43″~113°15″E),
located in the northeast of Hunan Province, has a total area of
1328 km2 and an average water depth of 6.39 m (Liu et al., 2018a).
As an important reservoir lake in the Yangtze River Basin and one
of the important aquaculture and livestock areas in China, it plays
a great role in regulating the flood runoff, ensuring ecological
security, and promoting economic and social development
(Wang et al., 2019).

FIGURE 1 | Sampling sites in East Dongting Lake.
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By investigating the pollution source distribution and the site
accessibility, surface water and sediment samples were collected
from 14 sampling sites (Figure 1) at the entrance, outlet, and
national nature reserve areas in spring, summer, and fall 2019,
respectively, for the determination of antibiotics and ARGs in the
lake body. At each sampling site, 1 L surface water at a depth of
0–1 m was collected by stainless steel drums and stored in 1 L
brown sampling bottles with 5 ml methanol at 4°C.
Simultaneously, sediment at a depth of 0–10 cm was collected
by a mud bucket and stored at −80°C before analysis.

2.2 Pretreatment and Detection of
Antibiotics
2.2.1 Water Sample Pretreatment
1 L water samples were filtered using a 0.22 μm aperture mixed
cellulose micropore membrane (Millipore, United States), and
then the solutions were purified and enriched using solid phase
extraction (SPE, Oasis HLB cartridges, Waters, United States,
500 mg, 6 ml). After eluting with 6 ml methanol and 6 ml
ammonia–methanol (5%) solution, the eluents were
concentrated under nitrogen gas condition. The resulting
residues were further redissolved by using 10% methanol
(1 ml), filtered through a 0.22 μm membrane, and transferred
to amber glass for quantitative analysis.

2.2.2 Sediment Sample Pretreatment
2 g dry sediment samples were extracted by 15 ml EDTA buffer
solution and 15 ml acetonitrile; after oscillation (10 min,
200 rpm), ultrasonication (15 min), centrifugation (5 min,
6000 rpm), and concentration, 500 ml ultrapure water was
added to dissolve the target antibiotics, and 0.25 g EDTA-2Na,
with 1 mol/L hydrochloric acid, was used to adjust pH to 3.0 ±
0.05. The redissolved solutions were concentrated with SPE
(Oasis SAX, HLB cartridges, Waters, United States) and then
treated following the same steps as those for the water sample.

2.2.3 Detection of Antibiotics
The quantitative analysis of 12 target antibiotics belonging to four
different classes: sulfonamides (SAs), including sulfamethoxazole
(SMX), sulfamethazine (SMZ), and sulfadiazine (SDZ);
macrolides (MLs), including erythromycin (ERM) and
roxithromycin (ROM); tetracyclines (TCs), including
oxytetracycline (OTC), chlortetracycline (CTC), and
tetracycline (TC); and fluoroquinolones (FQs), including
ofloxacin (OFL), norfloxacin (NOR), enrofloxacin (ENR), and
ciprofloxacin (CIP), was performed by using the ultra-
high–performance liquid chromatography–tandem mass
spectrometry (UHPLC-MS/MS) method (Ultimate3000 HPLC
system coupled with API3200, United States). The detailed
chromatographic conditions were as follows: chromatographic
column, Waters BEH-C18 column (3.0 × 150 mm, 3.5 μm);
column temperature, 40°C; mobile phase, 0.01% formic acid
(formic acid/ultrapure water, V/V) (A) and acetonitrile (B);
flow rate, 0.3 ml min−1; injection volume, 5 μL; and gradient
program, 0–7 min, 3–15% B; 7–9 min, 15% B; 9–12 min, 15–30%

B; 12–13 min, 30% B; 13–18 min, 30–42% B; 18–19 min, 42% B;
19–21 min, 42–3% B; and 21–29 min, 3% B.

2.3 Ecological Risk Assessment
Currently, studies on the risk assessment of antibiotics to aquatic
organisms including bacteria, algae, invertebrates, and fish are
extensive, but there is a lack of toxicological data on antibiotics in
sediments. Therefore, this study only evaluated the ecological risk
of antibiotics in surface water. RQs (risk quotients) can be
calculated according to the following formula:

RQs � MEC/PNEC, (1)
where RQs represent risk quotients, MEC represents the
maximum measured antibiotic concentration, and PNEC
represents no effective concentration in water. Ecological risks
are classified according to RQ values: RQs < 0.01, 0.01 ≤ RQs <
0.1, 0.1 ≤ RQs < 1, and RQs ≥ 1 indicating no risk, low risk,
medium risk, and high risk, respectively.

2.4 Detection of Antibiotic Resistance
Genes
2.4.1 DNA Extraction
After water sample filtration, the 0.22 μm aperture mixed
cellulose micropore membrane was used for DNA extraction
by Water DNA Kit (Omega, United States). The DNA extraction
of sediment samples was conducted following the manufacturer’s
protocols of Soil DNA Rapid Extraction Kit (MP Biomedicals,
France). All extracted DNA samples were stored at −20°C for
analysis.

2.4.2 Real-Time Quantitative PCR Analysis
Nine target ARGs (sul1, sul2, tetA, tetM, tetW, qnrS, ermA, ermB,
int1) and 16S rRNA (total bacterial population) were analyzed by
qPCR. The primer sequences of the selected ARGs are shown in
Supplementary Table S1. SYBR Green kits (Takara, Dalian,
China) were used for the preparation of PCR solution
according to the manufacturer’s protocols. The thermal cycle
was set at 95°C for 3 min pre-degradation which was followed by
35 cycles at 95°C for 30 s, annealing for 30 s (the required
annealing temperatures are shown in Supplementary Table
S1), 72°C for 1 min, and extension for 40 s under 72°C.

2.5 Statistical Analysis
IBM SPSS Statistics 25.0 software (United States) was used for
statistical analysis. Origin 9.0 was used for the production of the
distribution map of antibiotics and ARGs.

3 RESULTS AND DISCUSSION

3.1 Occurrence of Antibiotics in Surface
Water
Twelve antibiotics belonging to four classes, including
macrolides, quinolones, sulfonamides, and tetracycline, were
detected in the surface water of East Dongting Lake, and their
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concentrations are shown in Table 1. The detection rates of
monomer varied from 0 to 100%, with an average detection
rate of 47.9%. The detection rate of OFL and ROM in three
seasons was 100%, and the detection rate of SDZ, SMZ, and
SMX in three seasons was higher than the average level. The 12
target antibiotics detected in the surface water of East
Dongting Lake were generally in ng/L, and their
concentrations ranged from ND to 943.49 ng/L. The order
of average concentration of antibiotics was quinolones
(23.90 ng/L) > sulfonamides (13.68 ng/L) > macrolides
(10.08 ng/L) > tetracycline (4.41 ng/L). The OFL
concentration was the highest (170.45–1944.04 ng/L),
followed by SMX (290.27–634.24 ng/L), ERM (0–301.41 ng/
L), and ROM (2.04–220.47 ng/L). These four antibiotics are the
main antibiotic compounds in the surface water, contributing
89% of the antibiotics in East Dongting Lake.

The order of average concentration of antibiotics in different
seasons was as follows: spring (20.92 ng/L) > fall (11.96 ng/L) >
summer (8.76 ng/L). Antibiotic concentrations are lowest in
summer, partly because of the dilution of the antibiotics by
increased rainfall. And on the contrary, higher temperatures in
summer promote the biodegradation and non-biodegradation of
antibiotics. For spring and fall, the frequent weather changes,
high incidence of diseases, and increased use of antibiotics in
these two seasons would lead to the increase of antibiotics
entering the water environment (Stoll et al., 2012; Cheng
et al., 2014). Moreover, the reduced temperature,
hydrodynamic conditions, microbial activity, and dissolved
oxygen could enhance the persistence of antibiotics in the
water body (Kim and Carlson, 2007b; Loftin et al., 2008; Yan
et al., 2013; Lu et al., 2018).

The cumulative concentration of antibiotics in the surface
water of East Dongting Lake is shown in Figure 2. It can be seen
that there are significant spatial differences in antibiotic
concentration levels. The cumulative concentrations of
antibiotics in spring, summer, and fall are 60.47–1166.26 ng/L,
16.10–289.33 ng/L, and 23.02–754.13 ng/L, respectively. The
spatial distribution of antibiotics is closely related to the
distribution of surrounding pollution sources. The

sampling site X7 is close to Yueyang Tower District,
Yueyang City. With frequent human activities, the
widespread use of antibiotics in the prevention and
treatment of human diseases will lead to a high
concentration of antibiotics in this area. Moreover, the
sampling site X7 monitors the water quality at the outlet of
East Dongting Lake, and the higher concentration at the outlet
will affect the downstream lake. The aquaculture is developed
in Huarong County with an aquaculture area of 8 × 108–1.2 ×
109 m2, which is close to sites X1 and X3. Seasonal drug use in
the aquaculture industry may lead to seasonal differences in
the concentration of antibiotics at this site. Low
concentrations of antibiotics were detected at sites X11 and
X13 in the national nature reserve, mainly due to their
distance from densely populated areas and aquaculture

TABLE 1 | Concentration of antibiotics in the surface water of East Dongting Lake.

Antibiotics Spring (n = 11, ng/L) Summer (n = 8, ng/L) Fall (n = 14, ng/L)

Min. Max. Mean Rate
(%)

Min. Max. Mean Rate
(%)

Min. Max. Mean Rate
(%)

SDZ ND 2.82 0.66 90.9 0.17 0.57 0.26 100 0.13 2.6 0.99 100
SMZ ND 0.32 0.13 72.7 ND 0.09 0.04 75 ND 2.8 0.59 64.3
SMX 3.03 163.52 36.10 100 7.17 244.8 79.28 100 ND 220.95 20.73 50
OTC ND ND ND 0 ND ND ND 0 ND 45.73 22.12 50
TC ND ND ND 0 ND ND ND 0 ND 30.8 3.45 14.3
CTC ND ND ND 0 ND ND ND 0 ND 50.32 16.66 71.4
OFL 18.94 943.49 176.73 100 6.77 49.82 21.31 100 15.44 486.59 63.41 100
NOR ND ND ND 0 ND ND ND 0 ND 12.17 0.87 7.1
CIP ND ND ND 0 ND ND ND 0 ND 27.02 1.93 7.1
ENR ND 0.45 0.04 9.1 ND ND ND 0 ND 63.75 8.09 50
ROM 4.60 17.98 9.98 100 0.16 0.35 0.26 100 1.22 110.66 15.75 100
ERM 11.14 54.12 27.40 100 ND 12.56 3.98 62.5 ND ND ND 0

“Rate” represents the detection rate; “ND” represents not detected.

FIGURE 2 | Cumulative concentration of antibiotics in the surface water
of East Dongting Lake in different seasons.
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areas, indicating that human activity intensity is also one of
the important factors affecting the occurrence of antibiotics.
Different from the research results in Nansi Lake (Zhang et al.,
2020), the total antibiotic concentration downstream (X5–X9)
was higher than that upstream with agriculture and
aquaculture (X10–X14) in East Dongting Lake. It may be
related to the fact that several sites of the lower lake are
close to Yueyang Tower District and are greatly affected by
urban sewage discharge.

3.2 Occurrence of Antibiotics in Surface
Sediments
As were reported in existing studies, sediment could act as a
crucial enrichment medium of pollutants including antibiotics
and could increase the pollution levels and duration through
second release effect (Chen and Zhou, 2014; Cheng et al.,
2014). The concentrations of 12 antibiotics in the surface
sediments of East Dongting Lake Basin are shown in
Table 2. All the 12 antibiotics were detected. The detection
rate of monomer varied from 0 to 100%, and the average
detection rate was 63.6%, which was higher than the average
detection rate in surface water (47.9%). The detection rate of
SDZ, SMX, OFL, and ROM in three seasons was 100%. The 12
target antibiotics detected in the surface sediments of East
Dongting Lake were generally in ng/g, and the concentrations
ranged from ND to 177.43 ng/g. The order of average
concentration was sulfonamide antibiotics (27.80 ng/g) >
quinolone antibiotics (10.00 ng/g) > tetracycline antibiotics
(3.66 ng/g) > macrolides (2.28 ng/g). The total concentration
of SMX was the highest (111.76–1626.48 ng/g), followed by
OFL (114.93–666.71 ng/g) and OTC (8.85–77.05 ng/g). SMX,
OFL, and OTC were the main antibiotics in the sediments, and
the contribution rate of antibiotics in East Dongting Lake
reached 90.5%. Compared with the results of surface water,
OFL and SMX are the main antibiotic compounds in water
samples and sediments, indicating that these two classes of
antibiotics are the main pollutants in East Dongting Lake
Basin. Obviously, by natural sedimentation, the antibiotics

in the water body could be absorbed, accumulated, and stored
in sediments, which might lead to potential risk to aquatic
organisms continuously.

The average contents of antibiotics in the sediments of different
seasons were in the order of fall (16.38 ng/g) > summer (7.05 ng/g) >
spring (5.71 ng/g), which could be attributed to the consumption of
antibiotics in different seasons (e.g., tetracyclines were commonly
used in low-temperature seasons to prevent and treat respiratory
infection and diarrhea) and also some environmental factors such as
temperature-induced inhibited biodegradation and water flow rate
(Kim and Carlson, 2007b; Loftin et al., 2008; Lu et al., 2018). In
addition, the physical and chemical properties of the sediments, such
as pH, C/N ratio, total organic carbon content, and particle size, can
affect the adsorption behavior of antibiotics.

TABLE 2 | Contents of antibiotics in the surface sediment of East Dongting Lake.

Antibiotics Spring (n = 6, ng/L) Summer (n = 6, ng/L) Fall (n = 13, ng/L)

Min. Max. Mean Rate (%) Min. Max. Mean Rate (%) Min. Max. Mean Rate (%)

SDZ 0.03 0.67 0.18 100 0.02 0.12 0.06 100 0.21 2.42 0.54 100
SMZ ND 0.03 0.02 83.3 ND 0.02 0.01 33.3 0.04 0.42 0.18 100
SMX 6.27 51.58 18.63 100 9.47 177.43 55.97 100 44.58 164.4 125.11 100
OTC ND 54.78 9.6 33.3 ND 3.81 1.47 50 ND 30.62 5.93 92.3
TC ND 5.98 0.98 16.7 ND 0.98 0.28 33.3 ND 8.92 1.78 23.1
CTC ND 19.8 3.55 50 ND 3.91 1.01 33.3 ND 28.15 5.62 53.8
OFL 10.61 30.78 9.16 100 16.66 42.57 24.10 00 24.85 109.46 51.29 100
NOR ND 0.49 0.32 83.3 ND 2.58 1.27 66.7 ND 3.41 1.34 46.2
CIP ND 0.98 0.16 16.7 ND ND ND 0 ND ND ND 0
ENR ND 0.28 0.12 50 ND ND ND 0 ND 4.76 3.44 92.3
ROM 2.55 35.22 12.61 100 0.11 0.71 0.38 100 0.64 2.46 1.16 100
ERM 0.72 7.12 3.13 100 ND 0.58 0.1 16.7 ND 1.09 0.13 15.4

“Rate” represents the detection rate; “ND” represents not detected.

FIGURE 3 | Spatial distribution of antibiotic content in the sediment of
East Dongting Lake in different seasons.
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Spatial distribution characteristics of antibiotic contents of
surface sediments in East Dongting Lake are shown in
Figure 3. It can be seen that there are significant spatial
differences in antibiotic content levels. The cumulative content
of antibiotics in spring, summer, and fall ranged from 31.46 ng/g to
156.23 ng/g, 35.69 ng/g to 197.15 ng/g, and 128.17 to 244.46 ng/g,
respectively. The sampling site X12 monitors the water quality of
input water from the Xinqiang River with the highest cumulative
content of antibiotics in spring and the lowest in summer, which
may be related to the seasonal use of antibiotics in this area,
especially for respiratory infection and diarrhea treatment at low
temperature (Matsui et al., 2008). The sampling site X1 is close to
the area where aquaculture is more developed, and the widespread
use of antibiotics may affect the content level here. The sampling
site X8 monitors the pollutant content of the entry section in the
main urban area of Yueyang City, which is affected not only by the
water quality of the upper input Xinqiang River but also by the
backwater quality of the Yangtze River. The antibiotic contents in
the national nature reserve (site X3) andX9 are at a low level, which
may be because they are far away from the exogenous input
pollution source. Similar to the trend in the surface water, the
total content of antibiotics downstream was higher than that
upstream, which might be due to the sewage discharge in
Yueyang City, water quality of the backwater of the Yangtze
River, and enrichment of sediments.

3.3 Ecological Risk of Antibiotics
According to the PNEC estimation in the literature and the
maximum measured antibiotic concentration in surface water,
the ecological risk quotients of antibiotics in East Dongting Lake
are evaluated (shown in Table 3). The results showed that OFL
and SMX both have significantly high risk in three seasons, CIP,
ENR, and ROM have high ecological risk in fall, and the risk level
of ERM is high in spring and medium in summer. Algae play an
important role in aquatic ecosystems and provide nutrients for
other organisms. The high ecological risk of antibiotics can affect
the growth of algae, worsen water quality, and disrupt the balance
of aquatic ecosystems. Seasonal variations in antibiotic
concentrations may cause seasonal variations in ecological risk.
SDZ, SMZ, OTC, TC, CTC, and NOR show no or low risk to

algae. Although the risk is low, they might induce the generation
of drug-resistant bacteria or resistance genes in the water
environment, enter the human body through the food chain,
and pose a threat to human health. According to previous studies,
SMX presented moderate risk in Gonghu Bay, Taihu Lake (Xu
et al., 2014), while OFL presented low risk in Datong Lake (Liu
and Lu, 2018). More attention should be paid to the high risk of
antibiotics in the Dongting Lake basin such as OFL and SMX.

3.4 Occurrence of Antibiotic Resistance
Genes in Surface Water
The absolute abundance of ARGs and int1 in the surface water of
East Dongting Lake in spring, summer, and fall is shown in
Figure 4. The absolute abundance ranges from 0 to 4.88 × 104

copies/ml. The order of mean absolute abundance is as follows:
sulfonamide ARGs (5.91 × 103 copies/ml) > integron int1 (5.22 ×
103 copies/ml) > tetracycline ARGs (4.59 × 102 copies/ml) >
quinolone ARGs (3.54 × 102 copies/ml) > macrolide ARGs (5.22
× 103 copies/ml). The detection concentration of different types
of ARGs is different, which may be the result of the combined
action of various factors such as antibiotic residue concentration
positive pressure (Caucci et al., 2016; Sui et al., 2017), microbial
content, aquatic animals, and plants. The average absolute
abundance of sul1 was 9.78 × 103 copies/ml, followed by int1
(5.22 × 103 copies/ml) and sul2 (2.03 × 103 copies/ml). The
average absolute abundance of ermB was only 2.73 × 101 copies/
ml. Therefore, sul1 and sul2 were the dominant ARGs in the
surface water of East Dongting Lake. Compared with other
resistance genes, sul1 and sul2 genes might have a wider range
of sources, which are generally located on large transmissible
multi-resistant or small non-conjugative plasmids, and they are
found in various plasmids, showing increased risk to ecological
health (Frank et al., 2007; Gao et al., 2012).

The characteristics of the bacterial abundance were analyzed
based on 16S rRNA. The absolute abundance of 16S rRNA in the
surface water of East Dongting Lake Basin in spring, summer, and
fall is shown in Figure 5. The absolute abundance of 16S rRNA
ranged from 6.72 × 105 to 1.32 × 107 copies/mL in spring and 9.18
× 104 to 1.50 × 107 copies/ml in summer. The absolute abundance

TABLE 3 | Ecological risk assessment parameters and RQs of antibiotics in East Dongting Lake water.

Antibiotics PNEC (ng/L) References ME (g/L) RQs in this study

Spring Summer Fall Spring Summer Fall

SDZ 2220 González-Pleiter et al. (2013) 2.82 0.57 2.6 0.0013 0.0002 0.0012
SMZ 1277 Li et al. (2012) 0.32 0.09 2.8 0.0003 0.0001 0.0022
SMX 27 Pruden et al. (2012) 163.52 244.8 220.95 6.0563 9.0667 8.1833
OTC 1040 Liu et al. (2018a) ND ND 45.73 0 0 0.0440
TC 3310 González-Pleiter et al. (2013) ND ND 30.8 0 0 0.0093
CTC 5790 Liu et al. (2018a) ND ND 50.32 0 0 0.0087
OFL 21 Robinson et al. (2005) 943.49 49.82 486.59 44.9281 2.3724 23.1710
NOR 50,180 González-Pleiter et al. (2013) ND ND 12.17 0 0 0.0002
CIP 5 Robinson et al. (2005) ND ND 27.02 0 0 5.404
ENR 49 Robinson et al. (2005) 0.45 ND 63.75 0.0092 0 1.3010
ROM 100 Robinson et al. (2005) 17.98 0.35 110.66 0.1798 0.0035 1.1066
ERM 20 González-Pleiter et al. (2013) 54.12 12.56 ND 2.706 0.628 0

“ND” represents not detected.
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FIGURE 4 | Box-plot of absolute abundance of ARGs and integron int1 in the surface water of East Dongting Lake in spring (A), summer (B), and fall (C).

FIGURE 5 | Absolute abundance of 16S rRNA in the surface water of East Dongting Lake in spring (A), summer (B), and fall (C).
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of 16S rRNA in fall ranged from 1.43 × 103 to 1.24 × 104 copies/
ml. The average absolute abundance of 16S rRNA was 4.33 × 106

copies/ml in spring >3.19 × 106 copies/ml in summer >5.21 × 103

copies/ml in fall. The differences in the absolute abundance of 16S
rRNA in different seasons may be influenced by various factors,
including water temperature, flow conditions, and human
activities. The absolute abundance of 16S rRNA in spring and
summer was significantly higher than that in fall, which partly
may be related to the high temperature and nutrient conditions in
spring and summer, which are conducive to the growth and
reproduction of microorganisms in the water environment and
thus result in a greater number of copies of ARGs (Jiang et al.,
2011; Knapp et al., 2012; Calero-Caceres et al., 2017).

The total abundance of ARGs in the surface water of East
Dongting Lake is shown in Figure 6. It can be seen that the
absolute abundance of ARGs has an obvious spatial difference.
The total abundance of ARGs in spring, summer, and fall ranged
from 5.08 × 103 to 7.85 × 104 copies/ml, 1.38 × 103 to 5.13 × 104

copies/ml, and 1.31 × 103 to 4.12 × 103 copies/ml, respectively. The
spatial distribution of ARGs in East Dongting Lake was closely
related to antibiotic pollution levels, pollution sources, and
environmental factors. The sampling site X1 was located in the
East Dongting Lake Bird Nature Reserve, and the total abundance of
ARGs was at a medium level in both spring and summer. The
migration of birds will carry ARGs from the external environment
into East Dongting Lake, which will affect the abundance level of
ARGs in the lake. Therefore, the influence of biological transport by
birds on ARGs in the lake basin should be a cause for concern.
Sampling sites X7, X1, and X3 were the points with the highest

cumulative concentrations of antibiotics in the surface water of East
Dongting Lake in spring, summer, and fall, respectively, while
medium or low levels of ARGs were detected there. The opposite
phenomena were also reported in other studies (Jiang et al., 2011,
2013; Knapp et al., 2012; Calero-Caceres et al., 2017), indicating that
the seasonal distribution relationship of antibiotics and ARGs was
complex and the antibiotic exposure level was not the only factor
affecting the occurrence of ARGs.

3.5 Occurrence of Antibiotic Resistance
Genes in Surface Sediments
The detection rates of eight ARGs and int1 integron gene in the
surface sediments of East Dongting Lake in three seasons were as
follows: the detection rate was 17 and 33% for ermA in spring and
summer, respectively, and 100% for other seven ARGs. The
detection rate of all target genes was 100% in fall.

The absolute abundance of ARGs and int1 in the surface
sediments of East Dongting Lake in spring, summer, and fall is
shown in Figure 7. The absolute abundance ranges from 0 to 2.74 ×
109 copies/g. The order of average absolute abundance was
sulfonamide ARGs (5.67 × 107 copies/g) > integron int1 (1.40 ×
107 copies/g) > tetracycline ARGs (3.80 × 105 copies/g) > quinolone
ARGs (3.14 × 105 copies/g). The average absolute abundance of sul2
was 1.08 × 108 copies/g, followed by int1 (1.40 × 107 copies/g) and
sul1 (5.76 × 106 copies/g), which was the same trend as that in
surface water. The water body and sediment are two closely related
parts of the lake water environment. ARGs have dynamic
equilibrium between water and sediment and can be transferred

FIGURE 6 | Total abundance of ARGs in the surface water of East Dongting Lake in spring (A), summer (B), and fall (C).
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FIGURE 7 | Box-plot of absolute abundance of ARGs and integron int1 in sediments of East Dongting Lake in spring (A), summer (B), and fall (C).

FIGURE 8 | Absolute abundance of 16S rRNA in surface sediments of East Dongting Lake in spring (A), summer (B), and fall (C).
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to each other. Combined with the results of surface water and
sediment detection, sul1 and sul2 were the dominant ARGs in East
Dongting Lake Basin, which was in agreement with previous studies
in Poyang Lake (Liang et al., 2020) and Huangpu River (Jiang et al.,
2013). Int1 was reported to act as an environmental marker for
anthropogenic pollution and also could promote the widespread
antibiotic resistance through horizontal gene transfer (Zhu et al.,
2013; Gillings et al., 2015; Liu et al., 2018c). The high int1 abundance
in both water and sediment in our study revealed potential
horizontal gene transfer in multi-media in East Dongting Lake.

The absolute abundance of 16S rRNA in surface sediments of
East Dongting Lake Basin in spring, summer, and fall is shown in
Figure 8. The absolute abundance of 16S rRNA ranged from 3.47 ×
108 to 1.49 × 109 copies/mL in spring and 6.05 × 107 to 1.72 × 109

copies/mL in summer. The abundance range of 16S rRNA in fall was
2.62 × 107 to 3.10 × 109 copies/g. The average abundance in spring
(8.85 × 108 copies/g) > summer (6.60 × 108 copies/g) > fall (5.14 ×
103 copies/g) was the same as that in surface water. The absolute
abundance of 16S rRNA in the sediments was 2–5 orders of
magnitude higher than that in surface water. Generally, it was
due to the adsorption of flowing components containing ARGs
into suspended particles and accumulation in the sediments. On the
contrary, the higher nutrient, temperature, and antibiotic
concentration selective pressure in the sediments could promote
the growth of microorganisms and induction of resistance genes.

The total abundance of ARGs in the surface sediments of East
Dongting Lake is shown in Figure 9. The spatial difference of absolute
abundance of ARGs was obvious. The total abundance of ARGs in
spring, summer, and fall ranged from1.65 × 106 to 2.68 × 107 copies/g,

1.42 × 106 to 4.26 × 106 copies/g, and 2.27 × 106 to 1.24 × 107 copies/g,
respectively. The abundance of ARGs in the sediments of East
Dongting Lake was affected not only by the concentration of
antibiotics but also by the surrounding pollution sources. The total
abundance of ARGs at X12 was at the highest level in both spring and
summer. The highest level in spring may be because of the selective
pressure by cumulative concentration of antibiotics at this site, which
would induce the production of ARGs and increase the abundance of
ARGs, while the cumulative concentration of antibiotics was the
lowest here in summer. We speculate that the good temperature
andflow conditions are beneficial to the biodegradation andmigration
of antibiotics, leading to the low pollutant content but high ARG
abundance at this site. The sampling site X7monitors thewater quality
at the outlet of East Dongting Lake. A higher concentration of
pollutants will affect the water quality of downstream lakes. The
total ARG abundance upstream was greater than that downstream,
which was the same as that detected in surface water, indicating that
the ARG abundance level in the sediments may also decrease with the
pollutant migration process. In addition, for close to the outlet of the
lake, the fast water flow rate led to a degree of dilution of the antibiotics
and resistance genes. Furthermore, anthropogenic activitiesmight lead
to the different characteristics of the upstream and downstream sites
(Li et al., 2017; Lu et al., 2018).

4 CONCLUSION

This study quantitatively analyzed the occurrence and
distribution of antibiotics and ARGs in surface water and

FIGURE 9 | Total abundance of ARGs in surface sediments of East Dongting Lake in spring (A), summer (B), and fall (C).
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sediment samples in East Dongting Lake by season. The results
revealed that the concentrations of antibiotics were relatively low
in East Dongting Lake, while their high detection rates and
potential ecological risks were worthy of attention. Moreover,
the concentration variation in antibiotics could produce a positive
pressure in the abundance of ARGs. There exists significant
media exchange between surface water and sediment in
antibiotics and ARGs. The differences in hydrological
conditions, temperature, rainfall, surrounding human activities,
and environmental conditions probably led to different
distribution characteristics and seasonal variations. It is
necessary to analyze the main pollution sources, e.g., typical
land pollution source (livestock and poultry breeding area,
aquaculture area, and sewage treatment plant) and
atmospheric subsidence source, for antibiotics and ARGs in
East Dongting Lake Basin to identify the main pollution
sources and control areas accurately.
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