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• Pollution of ARGs in sediments from the
Bohai Sea areas was ﬁrstly investigated.
• ARGs abundances varied over 3 orders
of magnitude in different sediments.
• ARGs were more abundant in the
Laizhou Bay and eastern of central sea
basin.
• Abundance of sulfonamides resistance
genes ranged from 5.7 × 104 to
1.8 × 107 copies/g.
• Potential host bacteria of ARGs were
Lysobacter,
Thiobacillus,
and
Deﬂuviimonas.
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a b s t r a c t
Extensive and improper overuse of antibiotics resulted in the prevalence of antibiotic resistance genes (ARGs). As
the typical semi-enclosed continental shelf sea, the Bohai Sea has been considered as one of the most polluted
marine areas in China. However, no comprehensive investigation on the spatial distribution of ARGs in sediments
from the Bohai Sea has been reported. A large-scale sampling was performed in the Bohai Sea areas. The abundances of ARGs (6 classes, 29 ARG subtypes), class 1 integron-integrase gene (intI1), hmt-DNA and 16S rRNA
gene were evaluated. IntI1 was detected with higher abundances in coastal areas ranging from 2.8 × 105 to
2.5 × 108 copies/g. The total ARGs abundances varied over 3 orders of magnitude in different sampling sites
with the maximum at 4.9 × 108 copies/g. Sulfonamides resistance genes were ubiquitous and abundant with
the abundances ranging from 5.7 × 104 to 1.8 × 107 copies/g, and quinolones resistance genes varied greatly in
different samples. The contour map demonstrated that ARGs were more abundant in the Laizhou Bay, the
south of Bohai Bay and the eastern of central sea basin. Most of the target ARG subtypes were detected with
100% detection frequencies. The genes of sul1, sul2 and tetX were detected with both higher absolute and relative
abundance, while the abundance of β-lactams ARG subtypes was lower. Principal component analysis (PCA) and
redundancy analysis (RDA) indicated that no signiﬁcant differences in the ARGs abundance existed in different
samples, and the sediment qualities played important roles in the distribution of ARGs. Bacterial communities
were investigated and 768 strong and signiﬁcant connections between ARGs and bacteria were identiﬁed. The
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possible hosts of ARGs were revealed by network analysis with higher relative abundance in coastal areas than
the sea.
© 2020 Elsevier B.V. All rights reserved.

1. Introduction

2. Materials and methods

Antibiotics have been widely used as medicines for the cure of
human and livestock diseases, and the growth promoters in animal husbandry. However, extensive and improper use of antibiotics has led to
the prevalence of antibiotic resistance (Zhang et al., 2015). A lot of investigations focused on the occurrence, propagation and dissemination
of antibiotic resistance genes (ARGs) in wastewater and sludge in
wastewater treatment plants (Lu et al., 2020a, 2020b; Yin et al., 2019),
livestock breeding (Jia et al., 2017), aquacultural systems (Wang et al.,
2018) and landﬁll (Zhao et al., 2018), or water and sediments in rivers
(Dang et al., 2017), estuaries (Zhu et al., 2017) and public parks
(Wang et al., 2014), etc. All of these targets, especially the rivers and
mariculture, contributed signiﬁcantly to ARGs pollution in coastal
areas (Zhang et al., 2018). ARGs conferring resistance to tetracyclines,
sulfonamides, quinolones, macrolides, aminoglycosides and β-lactams
were detected with high abundance of in water and sediments (Dang
et al., 2017; Jia et al., 2018). It has been conﬁrmed that ARGs were prevalent and abundant in both seawater and marine sediments in coastal
areas of Bohai Bay, and coastal environment was likely the source of
ARGs pollution in the ocean (Zhang et al., 2018). It is imperative to obtain more information on the distribution of ARGs in coastal areas and
ocean. However, only a few research works have been published on
the prevalence of ARGs in seas by real-time PCR (qPCR) quantiﬁcation
(Chen et al., 2019; Lu et al., 2019) and metagenomics (Yang et al.,
2019a; Yang et al., 2019b).
As a typical semi-enclosed continental shelf sea and one of the
most densely populated and industrialized zones in China (Song
and Duan, 2019), the Bohai Sea areas have been affected greatly
by the discharge with large amounts of pollutants, in which landbased pollutions accounted for 80% (Duan et al., 2010). Large discharge from N40 rivers and 99 land-based sewage outfalls ﬂowed
into the Bohai Sea (Song and Duan, 2019). Although antibiotic
resistance was a natural phenomenon (D'Costa et al., 2011), the
spread of ARGs has been inﬂuenced by intensive anthropogenic
activities to some extent. The investigations on the distribution of
ARGs in aquatic environment in the Bohai Sea indicated that ARGs
were prevalent and abundant with the maximum abundance up
to 6.23 × 10 3 copies/mL, and it has been conﬁrmed that ARGs
were inclined to be accumulated in sediments (Lu et al., 2019).
Therefore, it is indispensable to investigate the abundances and
distribution of ARGs in sediments in the Bohai Sea, to provide
supporting data for further analysis and the initial information for
the formulation of effective strategies to control the pollution of
antibiotic resistance.
To the best of our knowledge, no comprehensive investigations have
been reported regarding the spatial distribution of ARGs in surface sediments in the Bohai Sea. Therefore, a large-scale sampling for sediments
was performed in the Bohai Sea and surrounding coastal areas. The abundances of target 29 ARG subtypes, involving in 6 classes of ARGs (sulfonamides, tetracyclines, macrolides, quinolones, aminoglycosides and βlactams), were quantiﬁed by qPCR. Meanwhile, class 1 integronintegrase gene (intI1), hmt-DNA and 16S rRNA gene were evaluated.
The inﬂuence of environmental factors on the distribution of ARGs was
investigated, and the co-occurrence patterns between ARGs and bacterial
communities were determined to reveal the potential host bacteria of
ARGs. This research aimed at providing a comprehensive investigation
into the prevalence and distribution of ARGs in the Bohai Sea, the typical
semi-enclosed sea.

2.1. Sampling sites and samples collection
The Bohai Sea is a typical semi-enclosed continental shelf sea in
China, surrounded by the coastline of nearly 3800 km. It extends for
350 km from west to east and 450 km from north to south with the
area of 77,000 km2. There are several typical bays in the Bohai Sea:
Bohai Bay (west, about 15,900 km2), Liaodong Bay (north, about
10,000 km2) and Laizhou Bay (south, about 6000 km2). Bohai Bay is
surrounded by the Bohai Economic Ring, which is one of the most important economic centers in China. Liaodong Bay is located in the
north of the Bohai Sea, receiving discharges from lots of rivers. Laizhou
Bay is the largest semi-closed bay of the Bohai Sea and the important
“Shandong Peninsula Blue Economic Zone”, with more than ten rivers
ﬂowing into the bay. A large-scale sampling was performed in the
Bohai Sea and the coastal zone along the coastline (Fig. 1). A total of
28 sediment samples were collected in the Bohai Sea, including sampling sites located in the Liaodong Bay (BS01 - BS07), Bohai Bay (BS08
- BS14), Laizhou Bay (BS15 - BS19), Bohai Strait (BS20 - BS22) and the
Central Bohai Sea (BS23-BS28). Moreover, 22 samples were collected
in intertidal zone in coastal areas (CZS01 - CZS11 & CZW01 - CZW 11)
and 3 samples were collected in rivers (CZS06R - CZS08R). The coastal
sampling sites included estuaries, tourist areas, maricultural zone and
ports, which considered as important functional areas in coastal zone.
Sediments in the Bohai Sea were collected during voyage by the research vessel “CHUANGXIN YI” from August 18 to August 25 in 2018,
and sediments in the coastal zone were collected in summer (September 11 to September 19, 2018) and winter (November 4 to December
17, 2017). Sampling sites located in coastal zone were about 2–3 m to
the sea, and river sediment samples were collected in rivers which
were 3–8 km to the estuaries. Surface sediments in the sea were collected using stainless steel box samplers, and sediments in coastal
zone were collected by sterile disposable syringe in triplicate. Next, all
the samples were stored at cooler containers and transported to laboratory for further analysis immediately.
2.2. Physicochemical analysis
The basic characteristics of sediment samples were measured regularly. The sediment water content was determined by w = ml / ms, in
which ml represents the weight of liquid water, and ms represents the
drying sediment weight. The grain sizes of lyophilized sediments were
measured by the laser particle analyzer (Mastersizer 2000F, Marlvern,
UK). The sediment samples were freeze-dried and sieved (200 mesh)
for the measurement of total carbon (TC) and total nitrogen (TN) using
the elemental analyzer (Vario MACRO cube, Elmentar, Germany). In addition, water samples, collected from aquatic environment surrounding the
sediments sampling sites, were ﬁltered through 0.45 μm glass ﬁber membrane ﬁlters (Merck Millipore Ltd., Ireland) for the measurement of am−
−
monia (NH+
4 -N), nitrate (NO3 -N), nitrite (NO2 -N), reactive phosphate
2−
(PO3−
4 -P) and reactive silicate (SiO3 -Si) using the continuous ﬂow analyzer (Auto Analyzer III, Seal, Germany).
2.3. DNA extraction and quantiﬁcation of target genes
The total DNA extraction for lyophilized sediment samples (0.5 g)
were conducted by TIANamp Soil DNA Kit (TIANGEN, Beijing, China) according to the instructions. The concentration and purity of extracted
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Fig. 1. Sampling sites. BS, sediments collected from the Bohai Sea by the ship of research vessel “CHUANGXIN YI”; CZ, sediments collected from the coastal zone in summer (CZS) and
winter (CZW).

DNA were determined by NanoDrop Lite (Thermo Scientiﬁc, Wilmington, USA) and 1% agarose gel electrophoresis.
Quantiﬁcation of target ARGs, intI1, hmt and 16S rRNA gene in sediment samples were performed by real-time (qPCR) system (Bio-Rad
CFX384 Touch, CA, USA). Six classes of ARGs were quantiﬁed in this research, including sulfonamides (sul1 and sul2), tetracyclines (tetB, tetG
and tetX), macrolides (ermF and ermT), quinolones (qnrA, qnrB and
qnrS), aminoglycosides (aac(6')I1, aac(6')-Ib, aacC3, aadA-01, aadA-02,
aadA2-02, aadA2-03, aadA5, strA and strB), and β-lactams (blaOXA1,
blaOXA2, blaOXA10, blaOXA30, blaTEM, blaGES, blaCMY, ampC and
cphA) (Table S1). These ARGs involved in ﬁve different resistance mechanisms: antibiotic efﬂux, antibiotic inactivation, antibiotic target replacement, antibiotic target alteration and antibiotic target protection.
The qPCR reaction was performed with 10.0 μL mixture (5.0 μL
SYBR® Premix Ex Taq™ II, 0.4 μL forward primer, 0.4 μL reverse primer,
1.0 μL DNA template and 3.2 μL ddH2O) in triplicate. The qPCR ampliﬁed
reactions were performed using Bio-Rad CFX384 system with the program as previous study (Lu et al., 2020a, 2020b): 30 s at 95 °C (denaturation), 40 cycles for 5 s at 95 °C (denaturation), 30 s at annealing
temperature and 40 s at 72 °C (extension). The melting curve was performed with temperature in the range of 60 °C to 95 °C, and the melting
curve was considered as speciﬁc ampliﬁcation when it was detected
with a single peak. All the target genes were ampliﬁed with two-steps
method, while qnrA was ampliﬁed by three-steps protocols. Quantiﬁcation of target genes were conducted based on the calibration standard
curves of plasmids DNA with the abundance ranging from 100 to 107
copies/μL (ten-fold dilution serial). The plasmids DNA standards were
constructed by pMD19-T vector by the methods of TA cloning following
instructions of pMD®19-T Vector (TaKaRa) (Lu et al., 2019). When the
R2 value was higher than 0.99 and the ampliﬁcation efﬁciencies ranged
from 90% to 110%, the ampliﬁcation was considered to be effective. The
unit of ARGs in lyophilized sediments was represented by “copies/g”.

Additionally, the relative abundance of target genes was calculated by
the equation:
Relative abundance
¼ Copy number of target gene=Copy number of 16S rRNA gene

2.4. High-throughput sequencing
The puriﬁed DNA was sent to Majorbio (Shanghai, China) for highthroughput sequencing (Illumina, San Diego, USA) according to the
standard procedures in Majorbio. The hypervariable regions (V4-V5)
of bacterial 16S rRNA genes were ampliﬁed by PCR system (GeneAmp
9700, ABI, USA) with the forward primer 515F (5′-GTGCCAGCMGCCG
CGG-3′) and the reverse primer 907R (5′-CCGTCAATTCMTTTRAGTTT3′). Raw data of PE300 pair-end sequencing were merged, qualityﬁltered and OTU (operational taxonomic units) clustered using Flash
(version 1.2.11), Qiime (version 1.9.1) and Uparse (version 7.1). The
16S rRNA gene sequences were classiﬁed and annotated by RDP classiﬁer (version 2.11) according to the Silva database, and the statistics of
OTUs was carried out by Usearch (version 7.0). Additionally, raw reads
were deposited into the NCBI (National Center for Biotechnology Information) database (Accession Number: SRP233433).
2.5. Statistical analysis
Calculations and plotting were performed using Microsoft Ofﬁce
Excel 2016 and Origin 2017 (Origin Lab Corporation, USA). Correlation
analysis was conducted by SPSS Statistics (version 19, IBM, USA). Contour map was accomplished by Surfer (version 11, Golden Software,
USA). Principal component analysis (PCA) was accomplished by Paleontological Statistics (PAST, version 3.25) and redundancy analysis (RDA)
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was conducted by Canoco 5 (Šmilauer and Lepš, 2014). Circos analysis
was performed by Circos-0.67-7 and network analysis was visualized
by Cytoscape 3.7.1.
3. Results and discussion
3.1. Abundances of 16S rRNA gene, intI1 and total ARGs
In the typical semi-enclosed continental shelf sea, the marine environment might be poorly ﬂushed, the space was relatively closed and
the seawater movement was relatively weaker compared to open
seas. Furthermore, the Bohai Sea area was one of the most highly industrialized and urbanized zones in China. Because of the unique characteristics and the densely populated geographical location, the Bohai Sea
area has been affected by large amounts of pollutants. Therefore, it
could be speculated that the contaminant might be trapped in the sea
(Song and Duan, 2019). According to previous investigations, the abundance of ARGs in the Bohai Sea was higher than that in the East Sea
(Chen et al., 2019) and the Yellow Sea (Lu et al., 2019) in China. Therefore, the Bohai Sea was set as the objective in this research to investigate
the spatial distribution of 16S rRNA gene, intI1 and ARGs. The study
areas in the sea included the Liaodong Bay, the Bohai Bay, the Laizhou
Bay, the Bohai Strait and the central sea basin, and the coastal study
areas involved in the typical estuaries (CZ01, CZ03, CZ05, CZ06, CZ07
and CZ08), tourist areas (CZ02, CZ04 and CZ09), maricultural areas
(CZ10 and CZ11) and ports (CZ05). These functional zones have been
considered as the potential reservoirs of ARGs in coastal areas (Lu
et al., 2019).
The 16S rRNA gene was well studied and used as biomarkers for normalizing quantitative data for bacteria (Pei et al., 2006). As shown in

Fig. 2, the absolute abundance of 16S rRNA gene was in the range of
5.45 × 106 copies/g (BS08) to 1.67 × 108 copies/g (BS17) in the sea,
and it varied from 5.66 × 106 copies/g (CZ01) to 3.01 × 108 copies/g
(CZ11) in coastal zone. The abundance of 16S rRNA gene quantiﬁed
the bacterial cells, indicating the varying bacterial abundance at different sites, especially in the coastal zone. It was worthy to note that the
bacterial 16S rRNA gene was more abundant in BS15-BS19 than that
in other areas, which further demonstrated that the microbial concentration was signiﬁcantly higher in the Laizhou Bay (p b 0.05).
Integrons played important roles in the horizontal transfer of ARGs
by bacteria (Yuan et al., 2019). The levels of intI1 from the sediments
was determined to reveal the transfer ability of ARGs. The result showed
that intI1 was detected with higher abundance (2.83 × 105 to 2.51 × 108
copies/g) in coastal areas, while that detected in the sea was relatively
lower (9.96 × 103 to 5.79 × 107 copies/g). For further analysis, the
intI1 abundances were higher than 106 copies/g in B11-B13 in the
Bohai Bay. Meanwhile, it was detected with relatively higher abundance
in B17-B19 in the Laizhou Bay (5.43 × 105 to 7.85 × 105 copies/g). Instead, the abundance of intI1 in the Liaodong Bay varied greatly,
which were generally lower than 4.35 × 105 copies/g. In general, the
levels of intI1 demonstrated the tendency of the Bohai Bay N Laizhou
Bay N Liaodong Bay (p b 0.05). Additionally, it remained stable in the
Bohai Strait and the central sea basin with relatively lower abundance
(5.05 × 104 to 1.64 × 105 copies/g). Interestingly, the abundance of
intI1 ascended one order of magnitude in rivers than that detected in
corresponding estuaries and surrounding sea areas, which was consistent with the ARGs distribution in aquatic environment in the Bohai
Sea areas (Lu et al., 2019). For example, intI1 was detected with the tendency of CZS07R (2.29 × 107 copies/g) N CZS07 (1.53 × 106 copies/
g) N BS18 (5.43 × 105 copies/g) and CZS08R (2.51 × 107 copies/

Fig. 2. Absolute abundance of 16S rRNA gene, intI1 and the total absolute abundance of target antibiotic resistance genes (ARGs).
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g) N CZS08 (1.50 × 106 copies/g) N BS17 (7.85 × 105 copies/g). There
existed a distinct gradient from the rivers to the estuaries, and to the
sea, indicating the inﬂuence of land-based pollution on the sea, as the
intI1 gene was marker of selective pressures imposed by anthropogenic
pollution (Gillings et al., 2015).
The abundance and spatial distribution of total target 29 ARG subtypes in the Bohai Sea areas was exhibited in Fig. 2. These target ARGs
were detected with higher detection frequencies and abundances in
marine environment (Chen et al., 2019). In the sea, the total ARGs abundance varied over 3 orders of magnitude between different sites, which
was at the maximum in BS11 (4.94 × 108 copies/g) and the minimum in
BS08 (1.27 × 105 copies/g). Among most of the sediment samples, the
ARGs were detected with the absolute abundance in the range of 106
to 107 copies/g. In coastal areas, the total absolute abundance of target
ARGs topped at CZS07 (4.44 × 107 copies/g), which was the estuary of
Xiaoqing River. In contrast, the ARGs in tourist areas was detected
with relatively lower absolute abundance, such as CZS04, CZS05 and
CZS09. More interestingly, ARGs detected in the Xiaoqing River and
Jiehe River were more abundant than those in their estuaries
(CZS07R N CZS07 and CZS08R N CZS08), while the ARGs abundance in
the Yellow River estuary was higher than that in the Yellow River
(CZS06R b CZS06). Riverine ecosystems were the receiving environments of the discharge from anthropogenic activities, which were the
important sources of ARG contamination. As reported, the richness
and abundance of ARGs were signiﬁcant high in the downstream area
of Houxi River as a result of the high population density in Jimei district
(Peng et al., 2019). Correspondingly, the higher abundance of ARGs in
the Yellow River estuary might be related to the intensive humanity activities in the Yellow River Delta. To the contrary, the relatively lower
ARGs abundance in the estuaries of Xiaoqing River and Jiehe River
might be attributed to the highly dynamic nature and the dilution of
seawater in estuarine ecosystems.
3.2. Spatial distribution of different classes of ARGs
As the wide use of antibiotics of sulfonamides, tetracyclines,
macrolides, quinolones, aminoglycosides and β-lactams, the corresponding ARGs have been detected in various environments. The spatial
distribution of these classes of ARGs in the semi-enclosed sea was demonstrated in Fig. 3. The absolute abundance averages of sulfonamides
and quinolones resistance genes were at the level of 106 copies/g,
while abundances of qnr ﬂuctuated greatly in different samples. Tetracyclines resistance genes were detected with the absolute abundances
at the average of 105 copies/g, and the abundance averages of
macrolides, aminoglycosides and β-lactams resistance genes kept at
the level of 104 copies/g.
The class of sulfonamides resistance genes was the most prevalent
and abundant class of ARGs, with the absolute abundance ranging
from 5.65 × 104 copies/g (BS08) to 1.84 × 107 copies/g (BS18) in the
sea and coastal zone. As shown in the contour map, the sul genes were
more abundant in the Laizhou Bay and the mouth of Bohai Bay. Similarly, tetracyclines resistance genes also hold high absolute abundances
in the range of 6.47 × 104 copies/g (BS08) to 2.09 × 107 copies/g (BS02),
which exhibited higher abundances in the Bohai Bay, the mouth of Liaodong Bay and the central sea basin. Quinolones resistance genes varied
considerably from 1.98 × 102 copies/g in BS10 to 4.92 × 108 copies/g in
BS11, with relatively higher abundance in the Laizhou Bay and parts of
the Bohai Bay and Liaodong Bay. Moreover, macrolides, aminoglycosides and β-lactams resistance genes, detected with greatly varied absolute abundances, demonstrated relatively higher abundances in the
Laizhou Bay and the south of Bohai Bay. The higher abundance of
macrolides, aminoglycosides and β-lactams resistance genes in the
eastern of central sea basin was worthy to be noted. Taken into all the
target ARGs, it exhibited relatively higher levels of ARGs pollutions in
the Laizhou Bay, the Bohai Strait, and parts of the Bohai Bay and the
Liaodong Bay, which have been conﬁrmed as the regions inﬂuenced
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seriously by human activities. The variation in the prevalence of ARGs
might be caused by the land-based and marine-based pollutions from
complex anthropogenic impacts. Laizhou Bay was one of the important
maricultural zones in China, receiving amounts of nutrient substances
and contaminants from the Yellow River. Bohai Bay, receiving large discharge from the Haihe River and the Yellow River, was an important
breeding base of sea cucumbers with the abuse of antibiotics as the
growth promoters. In Liaodong Bay, the marine culture for scallop, abalone, prawn, and sea cucumber has been well known for a long time.
Besides, these areas received the discharge from industrial bases, pharmaceutical bases, wastewater treatment plants, etc. Moreover, the
Bohai Strait was an indispensable shipping channel in the Bohai Sea inﬂuenced by intensive anthropogenic activities (Song and Duan, 2019).
Therefore, the interaction of land-based pollutions and marine-based
pollutions, and the intensive anthropogenic activities contributed to
the different spatial distribution of ARGs.
Unlike the spatial distribution of ARGs in the water samples, which
demonstrated that the ARGs abundances detected in coastal water samples were higher than those in the water samples from the Bohai Sea (Lu
et al., 2019), there were no signiﬁcant differences in ARGs abundances
of sediments between the marine and the coastal areas (p N 0.05). The
different trends of ARGs in sediment and water samples were probably
due to the contrast between the steady state of sediments and the complex hydrodynamic conditions of water phase. Complicated environmental factors (e.g., intensive anthropogenic activities, interaction of
land-based and marine-based pollutions) contributed to the differences. It has been conﬁrmed that ARGs were inclined to be accumulated
in sediments (Lu et al., 2019), so that the inﬂuence of seawater variation
on the sediments was not signiﬁcant, further indicating that ARGs in the
sediments were abundant and enduring. Sediments were important
ARGs reservoirs, and the abnormal existence of ARGs could be used as
the indicators for anthropogenic impacts (Chen et al., 2019). Previous
researches demonstrated that the scenario in coastal environment
(e.g., Pearl River Estuary) was complex due to the various potential
sources of ARGs (Chen et al., 2013a; Lu et al., 2019). The pollution status
caused by human activities in the sea was relatively weaker than that in
coastal areas. The abundances and diversity of ARGs detected in the sediments collected from the deep ocean have been conﬁrmed to be lower
than that in coastal sediments (Chen et al., 2013b). Therefore, the equal
level of ARGs contamination in sediments from the sea and coastal areas
revealed that the surface sediments in the sea had been contaminated
by ARGs to some extent.
3.3. Absolute and relative abundances of ARG subtypes
A total 29 ARG subtypes were quantiﬁed and demonstrated in the
heat maps (Fig. 4). Most of the target ARG subtypes were detected
with the detection frequencies of 100%, except that the ARG subtypes
of qnrA, qnrS, blaOXA1, blaOXA2, blaOXA30 and blaGES were detected
with the frequencies of 86%, 93%, 93%, 93%, 86% and 72%. In general,
the ARG subtypes of sulfonamides were detected with the highest
abundances, followed by the ARG subtypes of tetracyclines. The ARG
subtypes of macrolides, quinolones and aminoglycosides differed significantly in different sediment samples with relatively lower absolute
abundance, and β-lactams resistance genes hold the lowest abundances
with great variation.
For the ARG subtypes encoding resistance to sulfonamides, both sul1
and sul2 hold high abundances in the range of 104–107 copies/g and
topped at BS18, which was located near the shore in the Laizhou Bay.
Such decrease of sul genes from near-shore to off-shore areas has
been determined in the East China Sea Bay (Chen et al., 2019). Gene
tetX was detected with higher abundances (3.26 × 104–2.09 × 107 copies/g) among tetracyclines resistance genes, in which several samples
with the abundances nearly 107 copies/g were collected from the Liaodong Bay. The tetG and tetB genes were detected with lower abundances. The different abundances of tet genes probably resulted from
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Fig. 3. Spatial distribution of different classes of antibiotic resistance genes (ARGs).

their different antibiotic resistance mechanisms. The resistance mechanism of tetX was antibiotic inactivation while the resistance mechanism
of tetB and tetG was antibiotic efﬂux (Lu et al., 2019). For microbes, the
direct inactivation could be considered as one of the most effective ways
to react to the antibiotics in highly impacted environments by ARGs
(Chen et al., 2013b). The absolute abundances of ermF and ermT,
encoding resistance to macrolides, topped at BS02 and BS04 in the Liaodong Bay, respectively. Quinolones resistance genes were detected with
great variations, especially the qnrA gene (up to 4.91 × 108 copies/g in
BS11), while the genes of qnrB and qnrS both topped at BS04. Several
samples with relatively higher abundances of qnr genes were collected
from the north of Bohai Strait, the Central Bohai Sea and the mouth of
Liaodong Bay. The absolute abundances of ARG subtypes encoding resistance to aminoglycosides and β-lactams ﬂuctuated greatly in different
samples. In terms of aminoglycosides resistance genes, strB was detected with the highest abundances, followed by aadA and strA. As for
β-lactams resistance genes, ampC (up to 4.61 × 105 copies/g) and

blaOXA10 (up to 3.82 × 105 copies/g) were more abundant than other
ARG subtypes. Similarly, the absolute abundances of ARG subtypes
encoding resistance to macrolides and β-lactams detected in the East
Sea were at lower levels than those encoding resistance to sulfonamides
and tetracyclines (Chen et al., 2019).
The spatial variability of different ARG subtypes might be attributed
to the different sources of ARGs from human activities on land and in
the sea. Sulfonamide and tetracycline antibiotics have been widely
used in aquacultural systems as growth promoters. Several wellknown maricultural bases were located in the Bohai Sea. Besides, the
persistence of ARGs was longer than the antibiotics themselves (Chen
et al., 2019). Therefore, the ARG subtypes of sul and tet were predominant in the Bohai Sea areas. The subtypes of sul genes have been conﬁrmed to be the most prevalent and abundant ARG subtypes due to
their high persistence in environments. The result was consistent with
the investigations on the Bohai Bay (Zhang et al., 2018), the East Sea
(Chen et al., 2019) and Pearl River Estuary (Chen et al., 2013a).
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Fig. 4. Absolute abundance of ARGs (A) and relative abundance (ARGs copies/16S rRNA gene copies) of ARGs (B).

Furthermore, the antibiotics of quinolones, aminoglycosides and βlactams have often been used in clinic, resulting in the enrichments of
ARGs resistant to antibiotics of aminoglycosides, β-lactams, quinolones,
sulfonamides, tetracyclines and macrolides (Chen et al., 2018). As a result, the discharge from maricultural systems, industrial districts, pharmaceutical bases and the wastewater treatment plants might be the
sources of ARGs.
The relative abundances of target ARG subtypes were calculated and
exhibited in Fig. 4B, in order to eliminate the inﬂuence of biomass. Sulfonamides resistance genes were quantiﬁed with the relative abundances higher than 10−3 and the maximum of sul1 at 1.99 × 10−1. In
the East China Sea Bay, the sul1 gene showed relatively lower abundance with the highest at 1.29 × 10−2 (Chen et al., 2019). Among tetracycline resistance genes, the relative abundances of tetX were generally
higher than 10−3, while tetB and tetG were detected with lower relative
abundances in the range of 10−6–10−3 and 10−5–10−1, respectively.
Moreover, the relative abundances of ARG subtypes encoding resistance
to quinolones and macrolides varied from 10−6 to 10−2 in general. The
relative abundances of aminoglycosides resistance genes signiﬁcantly
varied from 10−7 to 10−3. Furthermore, β-lactams resistance genes
were detected with the lowest relative abundances, which were

roughly ranged from 10−10 to 10−4. The variations of the relative abundances of ARG subtypes in different sediment samples was generally
consistent with those of the absolute abundances, with only a few differences were identiﬁed. As shown in Fig. S1, there were strong and signiﬁcant correlations between the absolute abundances and relative
abundances (p b 0.01). The relative abundances of ARG subtypes detected in CZS01 was secondary to that in BS11, while the absolute abundances of ARG subtypes in CZS07 was second to BS11. It was worth
noting that the relative and absolute abundances were both high in
the samples of BS11, BS20, BS28, CZS01 and CZS07, further conﬁrming
that the quantitative methods of absolute quantiﬁcation and relative
quantiﬁcation were both feasible and receivable for further researches.
It was reasonable to investigate the ARGs distribution based on the absolute abundances or relative abundances of ARGs.
As the coastal zone was more susceptible to land-based discharge
and pollution (Lu et al., 2019), the sediment samples in coastal areas
were collected in summer and winter. The abundances of target ARGs
showed different seasonal trends in different sampling sites. A total of
11 sediment samples and 29 target ARG subtypes were taken into account. It showed that 57.9% of the target ARG subtypes were more abundant in winter, while 42.1% of them were more abundant in summer.
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The result demonstrated that spatial differences overwhelmed seasonal
differences in ARGs abundance, which has been also determined in a
riverine ecosystem in Xiamen city (Peng et al., 2019). It has been conﬁrmed that different estuaries demonstrated different seasonal trends
in the ARGs abundance due to the ﬁckle seasonal nature of pollutant discharge from the rivers and the various behaviors of estuarine sediment
ARGs (Lu and Lu, 2020). Besides, previous research suggested that the
temperature didn't have signiﬁcant effects on the distribution of ARGs
in coastal areas and it demonstrated that ARGs in coastal areas along
the Bohai Sea were relatively abundant in winter (Lu et al., 2020a,
2020b). The variation of ARGs as a result of environmental ﬂuctuations
was probably induced by multiple human activities to some extent.
The investigations on ARGs in the Bohai Bay demonstrated that the
contribution of river runoff to the distribution of ARGs in coastal areas
might be higher than that of mariculture (Zhang et al., 2018). ARGs in
the sediments collected from the typical rivers and estuaries (Yellow
River, Xiaoqing River and Jiehe River) demonstrated that most of the
target ARGs were detected with higher abundances in the rivers than
that in downstream estuaries, especially in the Xiaoqing River and
Jiehe River. In addition, hmt-DNA, as a human mitochondrial marker
indexing human activities on the distribution of ARGs, was quantiﬁed
in this research. The absolute abundances of hmt generally varied from
1.0 copies/g to 2.91 × 103 copies/g, and the relative abundances differed
from 4.62 × 10−9 copies/g to 4.57 × 10−5. The abundances of hmt detected in the Bohai Sea was slightly lower than that in the Haihe River
and the Tianjin Water Park, with the absolute abundances at 105 to
106 copies/g sediment and the relative abundances at 10−8–10−2 copies/16S rRNA gene copies (Tan et al., 2018). Therefore, anthropogenic
inﬂuences were important factors on the distribution of ARGs, and the
discharge from rivers was one of the important sources of ARGs for receiving sea.

3.4. Ordination analysis for different sediment samples
The physicochemical properties of sediments and water have been
conﬁrmed to be related to the distribution of ARGs, including nitrogen,
phosphorus, organic carbon and so on (Lu et al., 2019). Therefore, the
ordination analysis was carried out to describe the inﬂuence factors on
the distribution of ARGs. PCA analysis was performed and demonstrated
in Fig. 5A & B. The variance of component 1 (PC1) accounted for 60.4%
with the signiﬁcant distinction of BS11 for the high abundance of
qnrA. The variance of PC2 accounted for 33.9%, which explained the differences in most of the sediment samples, such as CZW10, CZW11 and
BS17. Besides, the differences between the river sediment samples
(CZS07R and CZS08R) and other sediment samples from the sea and
coastal areas attributed to the variance of PC3 (5.5%). The clustering result of PCA analysis further conﬁrmed that there were no signiﬁcant differences in the ARGs distribution, except for several typical samples.
It has been conﬁrmed that environmental factors have signiﬁcant effects on the distribution of ARGs. RDA analysis between ARGs and environmental factors was conducted based on the absolute abundances of
ARGs. Many studies have been focused on the inﬂuence of organic pollutants and nutrient substances on the distribution of ARGs (Lu et al.,
2020a, 2020b). The basic qualities of sediments (water content, grain
size, TC and TN) and water (ammonia, nitrate, nitrite, phosphate and silicate) in corresponding aquatic environment were both measured and
analyzed (Fig. 5C & D). It was worthy to note that the sediment qualities
played more important roles on the distribution of ARGs, while the contribution of water qualities was weaker. The relatively stable status of
sediments and the strong convective motion of water resulted in the
phenomena. The RDA model indicated that the water content signiﬁcantly attributed to the distribution and variation of ARGs (p b 0.05).
Grain size accounted for higher explanatory variables in coastal

Fig. 5. Principal component analysis (PCA) based on the absolute abundance of ARGs (A & B), and Redundancy analysis (RDA) between ARGs and environmental qualities (C & D). BS,
sediments in the Bohai Sea; CZS, sediments in coastal areas in summer; CZW, sediments in coastal areas in winter; CZS-R, sediments in rivers.
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sediments. Besides, the concentration of TN, phosphate and ammonia
inﬂuenced the distribution of ARGs partly. Interestingly, 16S rRNA
gene was closely correlated with the grain size of sediments, and sul1,
sul2 and intI1 were positively correlated with the phosphate of water.
This study revealed that the characteristics of sediments and seawater
in corresponding aquatic environment have combined effects on the
ARGs in sediments. Meanwhile, it is effective to reduce the discharge
of conventional pollutants for controlling the ARGs risks.
3.5. High-throughput sequencing for bacterial communities
Illumina high-throughput sequencing was conducted to reveal the
microbial communities (Fig. 6). A total of 1,344,617 optimized sequences were obtained from the selected 26 sediment samples. After
subsampling to an equal depth and clustering with 97% similarity,
7060 operational taxonomic units (OTUs) were generated. The community richness estimators (Chao, Sobs and ACE) and the community
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diversity estimators (Simpson and Shannon) were showed in Fig. S2.
The result indicated that the community richness and diversity were
generally higher in the samples collected from the sea, while they ﬂuctuated greatly in coastal sediment samples. Moreover, the high coverage
(N0.98) revealed that the sequencing depth was enough to represent
the bacterial communities in sediments.
A total of 56 phyla of bacteria were detected in the sediments (Fig. 6A).
Proteobacteria, Bacteroidetes, Firmicutes, Actinobacteria, Planctomycetes,
Acidobacteria and Chloroﬂexi were the dominant phyla. Most of the sediment samples were dominated by the phyla of Proteobacteria and
Bacteroidetes. Several samples were dominated by Firmicutes, for example, BS06 of 60.9%, BS07 of 41.6%, BS17 of 43.8%, BS20 of 30.0%, CZS07 of
41.3% and CZS07R of 48.3%. Besides, Actinobacteria were detected with
higher relative abundances in CZS01 (25.3%) and CZS08R (34.5%), while
Planctomycetes were detected with higher relative abundance in BS03
(13.7%). On genus level, a total of 1143 genera were detected and the dominant genera were exhibited in Fig. 6B. In total, the genera of Gillisia,

Fig. 6. Bacterial communities on phylum level (A) and genus level (B), Principal component analysis (PCA) based on the bacterial communities on OTU level (C), and Kruskal-Wallis H test
based on bacterial communities (D). BS, sediments in the Bohai Sea; CZS, sediments in coastal areas in summer; CZS-R, sediments in rivers.
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Pseudomonas, Psychrobacter, Flavobacterium, Gramella and Exiguobacterium
were detected with higher relative abundances. However, the relative
abundances of different bacteria varied signiﬁcantly in different sediment
samples. For instance, Gillisia were detected with higher relative abundances in BS07, BS18, CZS03, CZS04, CZS05, CZS06, CZS07 and CZS08,
and Pseudomonas were detected with higher relative abundances in
BS03, BS22, CZS02, CZS09 and CZS10. The genus of Paenisporosarcina was
dominant in BS07, BS09 and BS17, the genus of Desulfobulbus was dominant in BS08, BS14 and BS25, and the genus of Planococcus was dominant
in BS06 and BS20. In particular, the dominant genera of bacteria were distinctive in different coastal and river sediment samples, those were
Lysobacter (CZS01), Flavobacterium (CZS06R), Exiguobacterium (CZS07R),
Pseudarthrobacter (CZS08R) and Maritimimonas (CZS11). The complex environment and human activities contributed to the various bacterial communities in coastal areas.
Furthermore, PCA analysis was performed based on the bacterial communities on OTU level. As shown in Fig. 6C, the sediment samples collected from coastal areas were generally separated from the samples
collected from the sea, which further conﬁrmed that the bacterial communities differed from the sea to coastal areas. Fig. 6D described the variances between sediments collected from the sea (BS), the coast (CZS)
and river (CZSR). The signiﬁcant variances were assigned to the genera
of Gillisia, Flavobacterium, Pseudarthrobacter, Exiguobacterium, Lysobacter,
Massilia, Psychrobacter, Gramella, etc., revealing the representative bacterial communities in different sediment samples.

3.6. Network analysis between ARGs and bacterial communities
The correlations between target ARGs, intI1, hmt, 16S rRNA gene and
bacterial communities on genus level (top 100) were visualized by the
co-occurrence network (Fig. 7). A total of 768 connections with strong
and signiﬁcant correlations (Spearman's correlation coefﬁcient N 0.6,
p b 0.05) were identiﬁed, which were signiﬁcantly higher than those
in water samples as previous research (Lu et al., 2019). Connections between gene & gene, gene & genus and genus & genus accounted for
6.25%, 3.26% and 90.49%, respectively.

There were close correlations between ARGs encoding resistance to
aminoglycosides, β-lactams and quinolones (especially qnrS), which
have been widely used to cure the human diseases. The qnrS was positively correlated with ten subtypes of ARGs, blaOXA30 was signiﬁcantly
correlated with seven ARG subtypes, and sul1, ermF, strA, blaTEM, blaCMY
and cphA were positively related to six ARG subtypes. Interestingly, there
was positive and signiﬁcant correlation with the gene of hmt and qnrS.
Meanwhile, the connections between different bacterial genera were
close and complex. There were more than thirty signiﬁcant connections
were identiﬁed between the genera of Haliea, Sva0081_sediment_group,
Lutimonas, Lysobacter, Caldithrix, Arenibacter and other bacterial genera.
More importantly, the intI1 exhibited strong and signiﬁcant correlations with 15 genera of bacteria, which were speculated to serve as the
potential host bacteria for the horizontal transfer of ARGs. Target genes
of intI1 and aadA2-03 were assigned to Lysobacter, Proteiniclasticum and
Deﬂuviimonas, and sul2 and aadA2-03 were assigned to the genus of
Thiobacillus. Furthermore, connections between sul1 & Carnobacterium,
tetB & Zeaxanthinibacter, qnrB & Rubripirellula, qnrB & Bythopirellula
and aadA2-03 & Rhodobacter were also determined. In particular, the
genera mentioned above were generally detected with higher abundance in coastal areas, except that the genus of Rubripirellula was detected with high relative abundance in the sea and parts of coastal
sampling sites. Interestingly, Carnobacterium was detected with higher
abundance in the Laizhou Bay, for example, BS15, B17 and B18 in the
sea, and CZ06 and CZ07 in coastal areas. Therefore, it could be speculated that the bacteria mentioned above might be the possible hosts of
ARGs, which exhibited higher risks in coastal areas, especially in the
Laizhou Bay areas. Coastal areas were hot spots of antibiotic resistance
due to the intensive anthropogenic activities along the coastline of the
Bohai Sea, the typical semi-enclosed sea.
4. Conclusions
In conclusion, a large-scale sampling was accomplished for investigating the occurrence and spatial distribution of ARGs in the typical
semi-enclosed continental shelf sea and coastal areas. The total abundances of ARGs differed greatly in different sampling sites, while ARGs

Fig. 7. Network analysis between ARGs, 16S rRNA gene, intI1, hmt and top 100 bacterial genera. Connections (yellow, positive; purple, negative) demonstrated the strong and signiﬁcant
correlations (Spearman's correlation coefﬁcient N 0.6, p b 0.05).
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were more abundant in the Laizhou Bay, the south of Bohai Bay and the
eastern of Bohai Central Sea. Sulfonamides resistance genes were ubiquitous and abundant, while β-lactams resistance genes hold lower
abundances. The basic qualities of sediments played important roles
on the distribution of ARGs by PCA and RDA analysis. Bacterial communities were identiﬁed and network analysis has been conducted, revealing the potential host bacteria of ARGs with higher relative abundances
in coastal areas. This research provide a comprehensive investigations
into the large-scale spatial distribution patterns of ARGs in sediments
in the Bohai Sea, supplying basis data for further analysis and formulation of effective strategies to control the pollution of antibiotic
resistance.
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