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g r a p h i c a l a b s t r a c t
� Continental-scale pollution of ARGs
in coastal waters was firstly
investigated.

� Abundances of ARGs in coastal wa-
ters ranged from 8.89 � 101 to
4.58 � 105 copies/mL.

� Mean abundance of ARGs along
China’s coastline was 8.79 � 104

copies/mL in summer.
� Quinolone resistance genes were the
dominant ARGs in coastal waters.

� Tail water and wastewater might be
the essential sources of ARGs in
coastal waters.
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Antibiotic resistance genes (ARGs) have been frequently detected in various matrices all over the world to
attract wide attention due to the potential risks. Rare information is available on the pollution of ARGs in
the waters of critical ecologically fragile regions such as the coastal zone at a continental scale. Therefore,
this study performed field sampling during winter and summer along 18000 km coastline of China to
investigate the distribution of target ARGs in coastal waters at a continental scale. The absolute abun-
dances of ARGs in coastal waters showed drastic spatio-temporal variation with a mean value of
8.79 � 104/1.39 � 105 copies/mL in summer/winter, much lower than those in tail water from the
maricultural zone or wastewater. The average absolute abundance of class 1 integron-integrase gene
(intI1) in coastal waters was 9.68 � 103/4.15 � 104 copies/mL in summer/winter, still lower than that in
tail water or wastewater. Quinolone resistance genes were the dominant ARGs in coastal waters to ac-
count for over 50% of total ARGs in most of sampling sites. Bacterial communities in coastal waters
showed significant difference both at phylum and genus levels. Abundances of ARGs in coastal waters of
this study were comparable with those in other regions previously reported. Tail water and wastewater
might be the essential sources of ARGs in coastal waters. The findings of this study provided
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comprehensive information on the pollution status of ARGs in coastal waters at a continental scale,
indicating that ARGs pollution has become a crucial stress affecting the sustainable development of
coastal regions.

© 2020 Elsevier Ltd. All rights reserved.
1. Introduction

Antibiotic resistance genes (ARGs) have attractedwide attention
due to ubiquitous occurrence in different matrices (Yang et al.,
2018; Larra~naga et al., 2018; Lv et al., 2018; McCann et al., 2019;
Su et al., 2014), easy transfer (Olanrewaju et al., 2019; Qiu et al.,
2018), persistence (Calero-Caceres and Muniesa, 2016; Jones
et al., 2018), and potential known/unknown health risks (Marti
et al., 2018; Bondarczuk et al., 2016). Anthropogenic activities
such as aquaculture and wastewater discharge will affect distri-
bution of ARGs in waters (Gao et al., 2018; Huang et al., 2017; Wang
et al., 2018). Although ARGs can proliferate under the stress of
various pollutants such as antibiotics, polycyclic aromatic hydro-
carbons (PAHs) and heavymetals (Chen et al., 2017; Gao et al., 2018;
Niu et al., 2016; Xu et al., 2017), antibiotics are still regarded to serve
as the main inducer for proliferation of ARGs in the environments.
Co-occurrence of antibiotics and ARGs has been frequently
observed in different environments (Gao et al., 2018; Niu et al.,
2016; Zhang et al., 2018). The abundances of ARGs in different
matrices have shown the drastic variations (Gao et al., 2018; Lin
et al., 2015; Niu et al., 2016; Zhang et al., 2018), suggesting the
complicated existence of ARGs in the environments.

Coastal regions in China have shown fast economical develop-
ment and these areas are also ecologically fragile due to intense
anthropogenic disturbance (Lu et al., 2018). Coastal water pollution
in China has been frequently reported in recent years (Lu et al.,
2018, 2019a; Pan and Wang, 2012). ARGs have been detected in
regional coastal waters and sediments with various abundances
(Gao et al., 2018; Lin et al., 2015; Niu et al., 2016; Zhang et al., 2018).
However, information on continental-scale spatio-temporal distri-
bution of ARGs in coastal waters is rare. In order to obtain
comprehensive information on ARGs pollution in coastal zone, it is
necessary to investigate distribution feature of ARGs in coastal
waters at a continental scale.

This study performed field sampling along 18000 km coastline
of China during summer and winter to discuss the occurrence and
distribution of target ARGs in coastal waters. Influences of different
factors on distribution of ARGs were also investigated. The final
objective of this study is to provide comprehensive information on
spatio-temporal distribution of ARGs in coastal waters at a conti-
nental scale.
2. Materials and methods

2.1. Sample collection

Coastal water samples along the coastline in China were
collected in summer (from July 17 to September 30 of 2018) and
winter (from October 23 to December 31 of 2017). As shown in
Fig. 1, 35 35 sampling sites with 35 � 6 sub-samples were selected
to investigate the distribution of and abundances of ARGs. The
detailed information of sampling sites and sampling methods
referred to Lu et al. (2018). Additional effluent sample of waste-
water treatment plant (WWTP) was collected in Site Y3W and
served as comparison for Y3 and Y3T (tail water from the mar-
icultural zone).
2.2. Analysis of water quality and antibiotics

Before the analysis of basic water quality and the concentration
of antibiotics, water samples were filtered through 0.45 mm glass
fiber membrane (Merck Millipore Ltd, Ireland). Total nitrogen (TN),
total phosphorus (TP), ammonia, nitrate, nitrite, reactive phosphate
and reactive silicate were measured by a continuous flow analyzer
(Seal, Germany). Total organic carbon (TOC) was determined by a
total organic carbon analyzer (Shimadu, Japan). Seventeen antibi-
otics, involved in four classes, were selected and evaluated for
water samples collected in winter, including tetracycline (TC),
oxytetracycline (OTC), chlortetracycline (CTC), doxycycline (DOC),
sulfamonomethoxine (SMM), sulfadiazine (SDZ), sulfamethazine
(SMZ), sulfachinoxalin (SCX), sulfadimethoxine (SDM), sulfameter
(SM), sulfaclozine (SCZ), sulfamethoxazole (SMX), norfloxacin
(NFC), ciprofloxacin (CFC), ofloxacin (OFC), enrofloxacin (EFC) and
roxithromycin (RTM). A portable refractometer (Lohand Biological,
China) and a pH meter (INESA, China) were used to measure
salinity and pH, respectively. The detailed experimental informa-
tion and instrument referred to Lu et al. (2018).

2.3. DNA extraction

Mixed cellulose esters membrane (0.22 mm, Millipore) filtered
through a volume of 1.0 L water sub-sample was used for the
extraction of total DNA by TIANamp Soil DNA Kit (TIANGEN Biotech,
China) according to instructions. The concentration and purity
weremeasured by NanoDrop Lite (Thermo, USA) and 1% agarose gel
electrophoresis.

2.4. Quantification of target genes

A total of twelve genes were quantified by real-time PCR system
(qPCR, Bio-Rad CFX384 Touch, USA), including tetracycline resis-
tance genes (tetB, tetG, tetX), sulfonamide resistance genes (sul1,
sul2), quinolone resistance genes (qnrA, qnrB, qnrS), macrolide
resistance genes (ermT, ermF), class 1 integron-integrase gene
(intI1) and 16S rRNA gene. The primers of target genes, reaction
systems, amplification procedures and the establishment of cali-
bration standard curves referred to Wang et al. (2019).

2.5. Illumina MiSeq sequencing

The extracted DNA was sent to Majorbio (Shanghai, China) for
Illumina MiSeq sequencing (Illumina, USA). The V4-V5 hypervari-
able region of the 16S rRNA genewas amplified by PCR system (ABI,
USA) with primers 515F and 907R (50-GTGCCAGCMGCCGCGG-30

and 50-CCGTCAATTCMTTTRAGTTT-30). The PCR amplified reactions
were performed according to the standard program of Majorbio,
3 min of pre-denaturation at 95 �C, 27 cycles of denaturation for
30 s at 95 �C, annealing for 30 s at 55 �C, and elongation for 45 s at
72 �C, and a final extension or 10 min at 72 �C with 20 mL mixture.
Purified amplicons were paired-end sequenced (PE300) in Illumina
Miseq platform (Illumina, USA) and the raw data was uploaded in
the National Center for Biotechnology Information (NCBI) (Acces-
sion Number: SRP219489). Raw sequencing data was quality-



Fig. 1. Distribution and absolute abundances of antibiotic resistance genes (ARGs), intI1 and 16S rRNA gene in coastal waters of China. Symbols -W and -S refer to samples collected
in winter and summer, respectively.
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filtered by Trimmomatic and FLASH. UPARSE (version 7.1) was used
to cluster the OTUs (operational taxonomic units) with 97% simi-
larity, and UCHIME was utilized to remove the chimeric sequences.
RDP classifier algorithm against the database of Silva was used to
classify and analyze the 16S rRNA gene sequences.
2.6. Statistical analysis

Pearson and Spearman correlation analysis was accomplished
by SPSS 19 (IBM, USA). Principal component analysis (PCA) was
conducted by Origin 2019 (Origin Lab Corporation, USA). Co-
occurrence network analysis was performed with vegan and
igraph packages in R environment, and visualized by Cytoscape
3.7.1. Other data processing andmapping were conducted by Origin
2019.
3. Results

3.1. Spatio-temporal distribution of 16S rRNA gene, ARGs, and intI1
in coastal waters

The absolute abundances of 16S rRNA gene in coastal waters
along the coastline of China showed significant spatio-temporal
variations (Fig. 1). Except 3 sites (B5T, Y3T, and Y3W), the
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absolute abundances of 16S rRNA gene in water samples collected
from the remaining 32 sites in summer ranged from 2.78 � 101 to
7.43 � 105 copies/mL while those in winter varied from 1.68 � 104

to 6.09 � 105 copies/mL. The lowest absolute abundance of 16S
rRNA gene in coastal water occurred at site Y6 in summer and site
S3 in winter while the highest abundance of 16S rRNA gene in
coastal water occurred at site B5 in summer and site Y4 in winter.
Except 3 sites (B5T, Y3T, and Y3W), the average absolute abundance
of 16S rRNA gene in coastal water of Bohai Area, Yellow Sea Area,
East China Sea Area, and South China Sea Area reached 2.72 � 105/
9.86 � 104, 1.30 � 105/2.31 � 105, 2.97 � 105/1.19 � 105, and
1.65 � 105/7.01 � 104 copies/mL in summer/winter, respectively.
Except 3 sites (B5T, Y3T, and Y3W), the abundances of 16S rRNA
gene in coastal water of 11 sites inwinter were higher than those in
summer. The absolute abundance of 16S rRNA gene in water at Y6
inwinter was almost 8000 times that in summer, showing themost
significant seasonal variation. The absolute abundances of 16S rRNA
gene in coastal water at B5T, Y3T, and Y3W were 2.59 � 105/
5.10 � 104, 4.11 � 104/3.89 � 104, and 9.87 � 102/3.23 � 105 copies/
mL in summer/winter, respectively. The abundances of 16S rRNA
gene in the mariculture tail water or the effluent of wastewater
treatment plants did not show large difference with those in reg-
ular coastal water of the study area.

The absolute abundances of ARGs in coastal waters showed
drastic spatio-temporal variation (Fig. 1a). In summer, the total
absolute abundances of ARGs in coastal waters from 32 sites
(except B5T, Y3T, and Y3W) ranged from 3.68 � 103 (B4) to
3.94 � 105 (Y5) copies/mL with a mean value of 8.79 � 104 copies/
mL while those in water from B5T, Y3T, and Y3W varied from
2.44 � 105 (B5T) to 6.05 � 108 (Y3T) copies/mL. In winter, the total
absolute abundances of ARGs in coastal waters from 32 sites
(except B5T, Y3T, and Y3W) varied from 2.76 � 104 (S3) to
5.41 � 105 (B8) copies/mL with an average value of 1.39 � 105

copies/mL while those in water from B5T, Y3T, and Y3W ranged
from 2.12 � 105 (B5T) to 6.09 � 108 (Y3T) copies/mL. The total
absolute abundances of ARGs in water of 10 sites (Y1, B5T, Y4, Y5,
Y7, Y9, E2, E3, E5, and S3) in summer were higher than those in
winter. Interestingly, the total absolute abundance of ARGs inwater
of 3 sites (B3, Y3T, and E6) inwinter were slightly higher than those
in summer, suggesting that the temperature did not have signifi-
cant effects on distribution of ARGs in these sites. Except 3 sites
(B5T, Y3T, and Y3W), the average total absolute abundance of ARGs
in different areas followed the order of East China Sea Area > Yellow
Sea Area > South China Sea Area > Bohai Area in summer and Bohai
Area > East China Sea Area > South China Sea Area > Yellow Sea
Area in winter. Absolute abundances of ARGs in water at Y3T were
generally higher than those of the remaining sites by 3-4 orders of
magnitude in both summer and winter, suggesting tail water might
be an important source of ARGs. Absolute abundances of ARGs in
water at B5T in summer and winter did not show significant dif-
ference with those in coastal water of the other sites, suggesting
some treatment techniques used in mariculture systems might
have positive effects on reducing ARGs in tail water.

Quinolone resistance genes (qnr) were the dominant ARGs in
coastal water (Fig. 1a and b). Absolute abundances of qnr accounted
for approximately 57.0%e96.8% of total abundances of ARGs in
water samples collected from 71.4% of sampling sites in winter
while those covered about 53.9%e98.8% of total abundances of
ARGs in coastal water of 26 sampling sites in summer. Absolute
abundances of sulfonamide resistance genes (sul) accounted for
approximately 51.3%e84.1% of total abundances of ARGs in water
samples collected from 5 sites (B7, Y3T, Y3W, Y9, and Y11) inwinter
while those covered about 40.0%e80.1% of total abundances of
ARGs in water samples collected from 6 sites (B2, B4, Y3T, Y3W, Y7,
and Y10). Absolute abundances of tetracycline resistance genes (tet)
covered about 30.4%e60.3% of total abundances of ARGs in water
samples collected from 6 sites (Y3-Y6, Y8, and S5) in winter while
those accounted for approximately 31.8%e46.4% of total abun-
dances of ARGs inwater from 4 sites (Y2, B7, B8, and S4). In contrast,
absolute abundances of marcrolide resistance genes (erm)
accounted for less than 7% of total abundances of ARGs in water
from 34 sites (except Y3) in summer and winter.

The absolute abundances of intI1 in coastal waters along
coastline of China showed magnificent seasonal and temporal
variation (Fig. 1a and b). Except 3 sites (B5T, Y3T, and Y3W), the
absolute abundances of ARGs in water samples collected from the
remaining 32 sites in summer/winter were in the range of
(8.89 � 101e9.57 � 104)/(1.56 � 102e4.58 � 105) copies/mL with
the mean value of 9.68 � 103/4.15 � 104 copies/mL. The lowest
abundance of intI1 in coastal water occurred at site B3 in summer
and Y2 in winter while the highest abundance of intI1 in water
occurred at site Y3T both in summer andwinter. Except 3 sites (B5T,
Y3T, and Y3W), the average absolute abundance of intI1 in coastal
water of different areas followed the orders of Bohai Area > Yellow
Sea Area > South China Sea Area > East China Sea Area in summer
and Yellow Sea Area > Bohai Area > East China Sea Area > South
China Sea Area inwinter. Gene intI1 in coastal water of about 74% of
sampling sites showed higher absolute abundances in winter. Ab-
solute abundances of intI1 in water at Y3T and Y3Wwere generally
higher than those of the remaining sites by 2-5 orders of magni-
tude, showing that tail water and effluent of wastewater treatment
plants possessed higher possibility for transfer of ARGs since intI1
was generally an indicator for ARGs transfer (Lu et al., 2019b, 2019c;
Wang et al., 2019).

3.2. Bacterial community of coastal waters

All samples collected in summer were further measured by
high-throughput sequencing for exploring the bacterial commu-
nities of coastal waters along coastline of China. Bacterial com-
munities of different water samples showed significant difference
both at phylum and genus levels (Fig. 2). Proteobacteria, Bacter-
oidetes, Cyanobacteria, and Actinobacteria were 4 dominant phyla
in all coastal water samples (Fig. 2a). Percentages of Proteobacteria
in total bacterial phyla of water samples ranged from 22.51% (B5) to
77.77% (Y4) with an average of 73.05%. Average percentages of
Proteobacteria in total bacterial phyla of water samples collected
from different areas followed the order of East China Sea
Area > Yellow Sea Area > South China Sea Area > Bohai Area. Per-
centages of Bacteroidetes in total bacterial phyla of water samples
ranged from 4.09% (E3) to 41.04% (B6) with a mean value of 15.45%.
Average percentage of Bacteroidetes in total bacterial phyla of
water samples collected from East China Sea Area was the lowest
while that of water samples collected from Bohai Area reached the
highest. Percentages of Cyanobacteria in total bacterial phyla of
water samples ranged from 1.15% (Y4) to 51.07% (B5). Percentages of
Actinobacteria in total bacterial phyla of water samples ranged
from0.76% (Y2) to 34.00% (Y1) with amean value of 9.30%. Maximal
percentage of Planctomycetes and Acidobacteria in total bacterial
phyla of water sample E1 reached 8.90% and 8.02%, respectively.

Bacterial communities of coastal waters showed more compli-
cated composition at genus level (Fig. 2b). Except some unclassified
or unranked genera, 3 bacteria including Vibrio, Synechococcus, and
Candidatus_Pelagibacter were the dominant genera of the bacterial
communities of coastal waters. Vibrio accounted for approximately
4.00% of total bacterial genera in coastal waters on average with a
maximal percentage of 27.43%. Percentages of Vibrio in total bac-
terial genera of water samples collected from East China Sea Area
were significantly higher than those of water samples collected
from the remaining areas. Synechococcus covered about 0.00%e



Fig. 2. Percent of community abundance in coastal waters on phylum (a) and genus (b) levels. Symbol -W refers to samples collected in winter.
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22.45% of total bacterial genera of coastal water with a mean per-
centage of 3.12% and samples collected from Bohai Area possessed
more Synechococcus than those collected from the other areas.
Candidatus_Pelagibacter averagely accounted for 2.92% of total
bacterial genera with the highest percentage of 13.65% (B5T). Per-
centages of Candidatus_Pelagibacter in total bacterial genera of
water samples collected from South China Sea Area were higher
than those of water samples collected from the other areas. Nau-
tella, Pseudomonas, Pseudoalteromonas, Marinobacterium, Plancto-
myces, and NS5 marine group also accounted for more than 1% of
total bacterial genera on average. Some genera accounted for 9%e
30% of total bacterial genera in several water samples.
Fig. 3. Pearson’s correlations between antibiotics, antibiotic resistance genes (ARGs), intI1 an
ARGs, intI1, 16S rRNA gene and water quality parameters (b). Signal ** means that correlation
0.05 level (2-tailed).
Neptuniibacter accounted for 20.10% of bacterial genera in E3 and
Algoriphagus covered 29.94% of total genera in B6. Percentage of
Rhodococcus and Malikia in total genera of Y1 reached 14.25% and
9.36%, respectively. These results showed that bacterial commu-
nities at genus level might be influenced by multiple factors.
3.3. Relationship among ARGs, intI1, 16S rRNA gene, and bacterial
community in coastal waters

Pearson correlation analysis was used to explore the possible
relationship among water quality parameters, antibiotics, ARGs,
and major bacteria in coastal waters (Fig. 3). OTC was significantly
d 16S rRNA gene (a) as well as Pearson’s correlations between bacteria (top 30 genera),
is significant at the 0.01 level (2-tailed) and * means that correlation is significant at the
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positively related to intI1 and all target ARGs at p < 0.01 and RTM
was positively related to tetG and ermF at p < 0.01 (Fig. 3a). The
remaining target antibiotics were not related to target ARGs,
illustrating that ARGs in coastal waters were influenced by
complicated factors. Interestingly, tetG was only positively related
to ermF that was only not related to qrnS (Fig. 3a). Significant
positive relationship existed bewteen different ARGs and intI1.
Salinity was significantly positively related to ermT at significance
level of p < 0.05 and TOC was positively related to tetG at p < 0.05
(Fig. 3b). The remaining water quality parameters did not show
significant relationship with 16S rRNA gene, intI1, and ARGs.

Bacteria in coastal water showed different patterns of corre-
lating with water quality parameters (Fig. 3b). Salinity was signif-
icantly positively related to 5 bacteria while it was significantly
negatively related to 4 bacteria. Relationship among silicate and
some bacteria showed the opposite pattern of that among salinity
and bacteria (Fig. 3b). Nitrate was negatively related to 3 bacteria
while nitritewas positively related to 3 bacteria. TNwas related to 5
bacteria while TOC was not related to the analyzed bacteria.
Phosphorous was positively related to 2 bacteria at p < 0.05 and
negatively related to 2 bacteria at p < 0.01 while TP was positively
related to 4 bacteria and only negatively related to Vibrio.

Potential relationship among different samples in summer and
Fig. 4. Principal component analysis (PCA) based on the absolute abundance of ARGs, intI1 a
samples, (e) & (f) winter samples. Figures (b), (d) and (f) were the enlarged figures of (a), (
winter was explored by PCA analysis (Fig. 4). Total variance of all
samples, samples collected in summer, and samples collected in
winter could be explained by two main components (Fig. 4a, c, and
e). Interestingly, all samples collected in summer/winter could be
devided two groups including group I (Y3T and Y3W) as well as
group II (the remaining samples), illustrating that tail water and
effluent of WWTPs were significantly different with the regular
samples. However, B5T did not show significant difference with
other regular coastal water samples (Fig. 4b, d, and f), which might
be caused by its similar concentrations of antibiotics and water
parameters with those of other samples.

Relationship among ARGs, intI1, 16S rRNA gene, and bacterial
community were evaluated by network analysis (Fig. 5). Rhodo-
bacter was the most active bacterium to be positively related to 12
bacteria and negatively related to 16 bacteria such as Meso-
flavibacter, Rhodobium, Photobacterium (Fig. 5). Tenacibaculum was
negatively related to 7 bacteria and positively related to 15 bacteria
such as Pseudofulvibacter, Formosa, and Rhodobium. Positive or
negative relationship simultaneously existed among the different
bacteria of the coastal waters, showing that the complicated factors
might have effects on the microbial community of the coastal wa-
ters in China. Most of ARGs did not show close relationship with
bacteria in the water samples. MWH-UniP1 aquatic group and
nd 16S rRNA gene in different water samples. (a) & (b) total samples, (c) & (d) summer
c) and (e), respectively.



Fig. 5. Co-occurrence network analysis between bacteria (top 65 genera), ARGs and intI1. Positive correlations were presented by red connections and negative correlations were
presented by blue connections (Spearman’s correlation coefficient |r| > 0.6, p < 0.05).
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Malikia were positively related to intiI1 that was an important in-
dicator for transfer of ARGs. However, the potential multi-drug
bacteria were not detected based on the network analysis, indi-
cating the relatively low horizontal gene transfer (HGT) of these
detected ARGs among different bacteria in coastal water.
Fig. 6. Absolute abundances of ARGs, 16S rRNA gene, and intI1 in coastal waters from
China and other regions in the world (a) as well as relative abundances of ARGs and
intI1 in coastal waters from China and other regions in the world (b). PRE is Pearl River
Estuary; LB is Laizhou Bay; NYS is Noth Yellow Sea; FB is Frobisher Bay; DSH is Duluth-
Superior Harbor. Symbols -W and -S refer to samples collected in winter and summer,
respectively.
4. Discussion

Abundances of 16S rRNA gene, intI1, and ARGs in different
coastal waters were compared (Fig. 6). B5T, Y3T, and Y3Wwere not
included in Fig. 6 since they were tail water samples or effluent of
WWTP. In general, the absolute abundances of 16S rRNA gene in
coastal waters along coastline of China in this studywere consistent
with those in water of the Laizhou Bay (Li et al., 2018), but lower
than 16S rRNA gene abundance in water of Duluth-Superior Harbor
(LaPara et al., 2011) and water in two coastal areas (Geoje and
Wando) of Korea (Germond and Kim, 2015). The absolute abun-
dances of intI1 in coastal waters of this study were consistent with
those in water of Duluth-Superior Harbor (LaPara et al., 2011).
Absolute abundance of total target ARGs in B3/B8, Y5/Y2, E3/E3, and
S3/S7 was the maximal abundance of ARGs in coastal water sam-
ples collected in summer/winter from Bohai Area, Yellow Sea Area,
East China Sea area, and South China Sea Area, respectively. The
abundance of ARGs in water from Pear River Estuary (Chen et al.,
2013) was lower than that of B8 in winter, but higher than that of
the remaining water samples (Fig. 6a). Interestingly, the absolute
abundances of ARGs in coastal water of China (this study) were
much lower than those in water of Geoje. Moreover, the absolute
abundances of ARGs in water of Wando were comparable with
those in coastal waters of this study.

Relative abundance of total target ARGs in B3/B8, Y6/Y2, E2/E3,
and S3/S2 was the maximal relative abundance of ARGs in coastal
water samples collected in summer/winter from Bohai Area, Yellow
Sea Area, East China Sea area, and South China Sea Area,
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respectively. Relative abundance of intI1 in water of Bohai area
previously reported (Niu et al., 2016) was higher than that in water
of Bohai Area in summer of this study, but much lower than that in
winter (Fig. 6b). Relative abundance of intI1 in coastal water of
North Yellow Sea (Na et al., 2014) along coastline of China was
higher than that in Y2 in winter, but much lower than that of Y6 in
summer (Fig. 6b). Relative abundances of intI1 in coastal water of
Frobisher Bay (Neudorf et al., 2017) and Duluth-Superior Harbor
(LaPara et al., 2011) were lower than those in this study, illustrating
higher horizontal transfer risks of ARGs in coastal waters along
coastline of China. Relative abundances of ARGs in Bohai Area
previously reported (Niu et al., 2016; Zhang et al., 2018) were lower
than those in the same area of this study. Relative abundances of
ARGs in Noth Yellow Sea previously reported (Na et al., 2014) were
lower than those in the similar area of this study. Relative abun-
dances of ARGs in waters of Frobisher Bay, Duluth-Superior Harbor,
Geoje, Wando, and the Uwa Sea (Germond and Kim, 2015; LaPara
et al., 2011; Neudorf et al., 2017; Suzuki et al., 2019) were also
much lower than those in this study (Fig. 6b).

Absolute abundance of 16S rRNA gene in aquaculture tail water
(B5T and Y3T) in both summer and winter was consistent with that
in water of mariculture farm previous reported (Wang et al., 2019)
while absolute abundance of 16S rRNA gene in the effluent of
WWTP in summer was significantly lower than that in water of
mariculture farm. Absolute abundance of intI1 in B5T was signifi-
cantly lower than that in water of mariculture farm while absolute
abundance of intI1 in Y3Twas higher than that in fish pondwater of
mariculture farm (Wang et al., 2019). Absolute abundance of ARGs
in B5T, Y3T, and Y3W was lower than that in the recycled water of
the mariculture farm (Wang et al., 2019) while relative abundance
of ARGs in B5T, Y3T, and Y3W was 1-6 orders of magnitude higher
than that in aquaculture area of Japan (Suzuki et al., 2019) or
effluent of coastal aquaculture of Korea (Jang et al., 2018). Relatively
high abundances of ARGs in aquaculture tail water and effluent of
WWTPs illustrated that tail water and WWTP effluents should be
important sources of ARGs in coastal waters.

5. Conclusions

This study provided comprehensive information on distribution
of ARGs in coastal waters of China at a continental scale. The ab-
solute abundances of 16S rRNA gene, intI1, and target ARGs in
coastal waters along the 18000 km coastline of China showed
drastic spatio-temporal variation at a continental scale. The average
total absolute abundance of ARGs in coastal waters reached the
highest in Bohai Area during winter and in East China Sea Area
during summer. Quinolone resistance genes were the dominant
ARGs in coastal water. Bacterial communities of different water
samples showed significant difference both at phylum and genus
levels. Significant positive relationship existed between different
ARGs and intI1. Most of ARGs did not show close relationship with
bacteria in the coastal water samples based on network analysis.
The abundances of target ARGs in coastal waters of China were
comparable with those in the other regions of China and other
countries. These findings indicate that ARGs pollution has become a
crucial stress affecting the sustainable development of coastal re-
gions. It is urgent to take effective and efficient measures to control
ARGs pollution in coastal regions.
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