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Abstract: Antibiotic resistance genes (ARGs) are abundant in diverse ecosystems and the resistome
may constitute a health threat for humans and animals. It is necessary to uncover ARGs and the
accumulation mechanisms from different environmental sources. Various habitats, such as soil, sea-
water and fish intestines, could overflow a considerable amount of ARGs and the horizontal transfer
of ARGs may occur in these environments. Thus, we assessed the composition and abundance of
ARGs in seawater, soil and intestinal tracts of Cynoglossus semilaevis collected from different sites in
Bohai Bay (China), including a natural area and three fish farms, through a high-throughput qPCR
array. In total, 243 ARGs were uncovered, governing the resistance to aminoglycoside, multidrug,
beta-lactamase, macrolide lincosamide streptomycin B (MLSB), chloramphenicol, sulfonamide, tetra-
cycline, vancomycin and other antibiotics. The action mechanisms of these ARGs were mainly
antibiotic deactivation, efflux pump and cellular protection. Importantly, similar ARGs were detected
in different samples but show dissimilar enrichment levels. ARGs were highly enriched in the fish
farms compared to the natural sea area, with more genes detected, while some ARGs were detected
only in the natural sea area samples, such as bacA-02, tetL-01 and ampC-06. Regarding sample types,
water samples from all locations shared more ARGs in common and held the highest average level of
ARGs detected than in the soil and fish samples. Mobile genetic elements (MGEs) were also detected
in three sample types, in the same trend as ARGs. This is the first study comparing the resistome of
different samples of seawater, soil and intestines of C. semilaevis. This study contributes to a better
understanding of ARG dissemination in water sources and could facilitate the effective control of
ARG contamination in the aquatic environment.

Keywords: antibiotic resistance genes; seawater; soil; fish intestines; horizontal transfer

1. Introduction

Antibiotic resistance genes (ARGs) are genes governing the expression of enzymes
involved in the degradation or in the chemical modification and subsequent inactivation
of antibiotics [1]. The emergence of bacterial strains resistant to many antibiotics could be
called into questions when using these antibiotics to fight against infectious diseases [2,3].
In the face of this public health problem, it is necessary to define the elements responsible
for the emergence of these multiresistant bacteria.

It has now been established that the environment represents a reservoir of resistant
bacteria or ARGs that could be transmissible to humans and animals [4]. The occurrence of
ARGs in hospital settings, fish farms, organic waste products, wastewater treatment plants
and soils/sediments has also been investigated [5–11]. Many organic waste products are
used as fertilizer on agricultural soils [12] and treated wastewater or river water into which
they are discharged can be used to irrigate crops [13]. Certain agricultural practices can,
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therefore, potentially lead to the environmental dissemination of ARGs and the contami-
nation of animals, crops, soils and water resources [14,15]. For example, previous studies
have reported that pond water in fish farms and shrimp farms contained ciprofloxacin,
penicillin G, rifampicin and vancomycin-related ARGs [16]. The persistence of ARGs in the
soils of fish farms has been strongly compared to the surrounding sediments [6].

Aquatic ecosystems constitute a big reservoir of ARGs. It was previously reported
that aquaculture systems have a significant impact on the accumulation and spread of
antibiotic-resistant bacteria (ARB) and ARGs in freshwater and sediment [16,17]. Fish may
ingest ARB from the aquatic environment for their unique living environments, so the fish
intestine would be an optimal niche for conjugal ARG transfer. In previous studies, it was
reported that the guts of aquatic animals such as zebrafish contained a high abundance
and diversity of bacteria, which indicated them as significant potential recipients of ARGs
through horizontal gene transfer (HGT) and was beneficial to the spread of ARGs in
water environments [18,19]. Moreover, the unique living environments are able to cause
aquatic animals to ingest ARB in water easily [19]. There were some data regarding
the abundance and the transfer of ARGs among water, sediment (soil) and organisms in
aquatic systems [20,21], but the research topic needs an in-depth study. Here, we discuss
the abundance of ARGs in aquaculture environments as well as fish ecosystems and the
occurrence of the transfer of ARGs among these micro-systems.

The Chinese tongue sole (Cynoglossus semilaevis) is a marine fish species widely spread
in the Bohai Sea and cultured in the area; however, not enough attention has been paid to
the distributions of ARGs related to this fish till now. Based on the above, this study intends
to investigate the different classes of ARGs present in the intestinal tract of C. semilaevis,
culture water and soils in the same area. We also aimed to investigate the exchange and
transfer mechanisms of ARGs between these ecosystems. This work hopes to provide a
better understanding of the abundance and dissemination of ARGs in aquatic ecosystems.

2. Materials and Methods
2.1. Study Sites and Sample Collection

The sampling sites selected for this study are located in Bohai Bay, which is situated in
the west of the Bohai Sea, in northeast China (Figure 1). The four sampling sites were as
follows: P0 (117.935◦ E, 39.0415◦ N), P1 (117.626544◦ E, 38.852927◦ N), P2 (117.912634◦ E,
39.304451◦ N) and P3 (117.964958◦ E, 39.264878◦ N). There were three types of samples,
including intestinal tracts of C. semilaevis (A), sea water (B) and soil (C), collected from
the natural sea area or fish farms. Fish samples A0–A3 (C. semilaevis) were intestinal
tracts collected using sterile plastic bags, followed by separation with sterile forceps and
homogenization in a sterile mortar with liquid nitrogen. A volume of 5 L of water samples
so-called B0–B3 were collected from 30 cm below the surface with a stainless steel sampler,
and then transferred to sterile polyethylene bottles. For the extraction of DNA, 200 mL of
each sample B was filtered with vacuum filtration apparatus with a sterile membrane filter
(0.22 µm pore diameter), which was aseptically stored at −80 ◦C. About 100 g of dry soil
samples C0–C3 was collected from a depth of 0–10 cm with the help of a grab sampler and
gently mixed using sterile polyethylene bottles. For the fish farm area, soil at the drain
outlet was sampled. Soil samples were then freeze-dried, ground with a mortar and sieved
through a 100-mesh screen. All samples were collected in three replicates, rapidly stored in
a portable ice box, which were then transported to the laboratory and the pretreatment was
performed within 1 day (Table 1).
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39.264878) in the west of the Bohai Sea, in northeast China. 
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was extracted from samples A, B and C using the DNeasy PowerWater Kit (QIAGEN Sci-
ences, Germantown, MD, USA), the DNeasy PowerSoil Kit (QIAGEN Sciences, German-
town, MD, USA) and the QIAamp DNA Stool Mini Kit (QIAGEN Sciences, Germantown, 
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Detection of ARGs was performed using the Wafergen Smartchip ultra-high-
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controlling the total DNA concentration of bacteria in different sampling media identi-
cally. In this experiment, 296 pairs of primers were set up, including 285 pairs of primers 
for ARGs, 9 pairs of primers for MGEs, 1 pair of primers for the clinical class 1 integron-
integrase gene and 1 pair of 16s rRNA internal reference primers to normalize the abun-
dance of ARGs in different sample types [22]. The PCR mixture was introduced into a 
microwell chip using a nanoscale multi-sample spotter (MSND) 296 (assays) × 16 (sam-
ples) mode, followed by qPCR on the cycler. One no-template control (NTC) with three 

Figure 1. Map of the sampling location and sampling sites: The four sampling sites were P0
(117.935◦ E, 39.0415◦ N), P1 (117.626544◦ E, 38.852927◦ N), P2 (117.912634◦ E, 39.304451◦ N) and P3
(117.964958◦ E, 39.264878◦ N) in the west of the Bohai Sea, in northeast China.

Table 1. Samples from different sites.

Site Type
Sample

Intestinal Tracts of Fish Sea Water Soil

P0 Natural sea area A0 B0 C0
P1 Fish farm A1 B1 C1
P2 Fish farm A2 B2 C2
P3 Fish farm A3 B3 C3

2.2. DNA Extraction and Purification

According to the manufacturer’s instructions and previous studies [4,22], total DNA
was extracted from samples A, B and C using the DNeasy PowerWater Kit (QIAGEN
Sciences, Germantown, MD, USA), the DNeasy PowerSoil Kit (QIAGEN Sciences, German-
town, MD, USA) and the QIAamp DNA Stool Mini Kit (QIAGEN Sciences, Germantown,
MD, USA), respectively. A Nanodrop 1000™ spectrophotometer (Thermo Scientific, Wilm-
ington, DE, USA) was used to analyze the DNA quality and concentration.

2.3. High-Throughput Quantitative PCR

Detection of ARGs was performed using the Wafergen Smartchip ultra-high-throughput
fluorescent quantitative PCR system according to the method of Zhou [4], by controlling
the total DNA concentration of bacteria in different sampling media identically. In this
experiment, 296 pairs of primers were set up, including 285 pairs of primers for ARGs,
9 pairs of primers for MGEs, 1 pair of primers for the clinical class 1 integron-integrase gene
and 1 pair of 16s rRNA internal reference primers to normalize the abundance of ARGs in
different sample types [22]. The PCR mixture was introduced into a microwell chip using
a nanoscale multi-sample spotter (MSND) 296 (assays) × 16 (samples) mode, followed
by qPCR on the cycler. One no-template control (NTC) with three repetitions was set for
each assay in each chip for each sample. The reaction system included 1 × LightCycler®

480 SYBR Green I Master, 500 nM of each primer and 2 ng/µL DNA template. The total
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reaction volume was 100 nL. PCR reaction conditions were as follows: predenaturation
at 95 ◦C, 10 min, 40 cycles of 95 ◦C for 30 s; 60 ◦C for 30 s; dissolution curves. The qPCR
results were analyzed through the qPCR software of the instrument. CT = 31 was set as
the detection domain, and two or more of the three replicates were detected, with the
deviation < 20%. All 16s rRNA internal reference genes of all samples with concentration
≥10 ng/µL in this project were detected, and NTC was not amplified, which proved
that the experimental results were credible. The absolute copy number of each gene was
calculated indirectly based on the relative copy number. The formula used for calculation
was as follows: absolute copy number of target gene = 16 s rRNA gene absolute copy
numbe × 2−∆CT, which means the absolute abundance of each gene was recorded as the
product of the relative copy number and the 16S rRNA’s absolute copy number, where in
∆CT = CT (gene)-CT (16 s). It is worth noting that CT (gene) and CT (16 s) were from the
same sample.

2.4. Statistical Analysis

Distribution of ARG type in each sample was visualized via Circos graphs, which
were carried out by Circos software (http://circos.ca/; accessed on 17 October 2021) online,
while Heatmap graphs were produced using RStudio with pheatmap package. The 2−∆CT

abundance table was used to calculate the Pearson Correlation Coefficient and the Bray–
Curtis distance. Adonis and Anosim analyses were then conducted using the Bray–Curtis
distance matrix. Ordinary least square (OLS) graphs were drawn based on the 2−∆CT

abundance table. The correlation analysis among ARGs and MEGs was performed using
the Hmisc package in R. One-way ANOVA test in SPSS version 26.0 was used to analyze
the statistical differences of quantity of ARGs between fish farms and the adjacent natural
sea area.

3. Results
3.1. Distribution, Classification and Abundance of ARGs in Different Environments Associated
with C. semilaevis Farming Industry

The results of the high-throughput PCR indicated that a variety of ARGs could be
found in different kinds of samples (Figure S1 in Supplementary Materials). The 243 de-
tected ARGs included genes of eight distinct and predominant classes, conferring resistance
to antibiotics such as aminoglycosides, multidrug, beta-lactamases, macrolide lincosamide
streptomycin B (MLSB), chloramphenicol, sulfonamide, tetracycline and vancomycin, with
a few of them related to other antibiotics (Figure S1 in Supplementary Materials). The pro-
portion of the eight classes in each sample depended on both the sample type and location.

In C. semilaevis samples, ARGs were mostly abundant in A2 (P2), followed by A1 (P1)
and A3 (P3). The lowest number of ARGs was found in A0 (P0). The copy number of
almost all of the ARGs was higher in the A2 sample too (Figure S1A in Supplementary
Materials). In A2, ARGs related to aminoglycosides (26 genes), beta-lactamases (26 genes),
MLSB (23 genes), multidrug (20 genes) and tetracycline (14 genes) were the most abundant,
among which the aph3ia (aminoglycoside), tetk (Tetracycline), ermK (MLSB) and bl3_cpha
(beta-lactamase) genes were the ARGs with the highest copy numbers (Figure S1A in
Supplementary Materials). ARGs responsible for resistance to chloramphenicol could not
be detected in A1–A3, while ARGs related to aminoglycosides and tetracycline resistance
were absent in A0. In general, in type A samples, the abundant ARGs were multidrug,
MLSB, beta-lactamases, aminoglycoside and tetracycline-related ones.

In sea water samples, tetracycline, aminoglycosides and multidrug-related ARGs
were the most abundant in B1 (P1), while tetracycline, aminoglycosides and MLSB in B2
(P2) (Figure S1B in Supplementary Materials). In B3, ARGs involved in the resistance to
beta-lactamase, multidrug and tetracycline were the most abundant (Figure S1B in Supple-
mentary Materials). The number of ARGs was lower in B0 (natural seawater collected from
P0) compared to the culture water samples (Figure S1B in Supplementary Materials), among
which multidrug, tetracycline and aminoglycosides-related ARGs were dominant. In type

http://circos.ca/
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B samples, tetracycline, aminoglycoside, multidrug, beta-lactamases and MLSB-related
ones were the main ARGs.

ARGs were detected in the soil samples C0-C3, among which multidrug, beta-lactamases,
aminoglycoside, MLSB and tetracycline-related ARGs were in the majority (Figure S1C in
Supplementary Materials). These ARGs were abundant in C1 (P1) and C2 (P2) compared
to other soil samples (Figure S1 in Supplementary Materials).

3.2. Differential Distribution of ARGs between Fish Farms and the Adjacent Natural Sea Area

Based on the statistical analysis with the one-way ANOVA test in SPSS version 26.0,
the comparison between samples from the fish farms (P1, P2 and P3) and the natural sea
area (P0) indicated that ARGs were highly enriched in the fish farms, with more genes
detected (Figure S1, Table S1 in Supplementary Materials). In addition, ARGs with a high
abundance were recorded in P2. Some ARGs were detected only in the samples from the
natural sea area, such as bacA-02, tetL-01 and ampC-06. Water samples from four locations
shared more ARGs in common.

3.3. Mechanisms of ARGs in Different Type of Samples

The mechanisms of ARGs detected in all type of samples were antibiotic deactivation,
cellular protection and efflux pump, with little other or unknown mechanisms (Figure S1
in Supplementary Materials). These ARG mechanisms were predominant in the A2 sample,
but they were found in lesser extent in the other fish samples. In soil samples, antibiotic
deactivation and efflux pump were the most representative mechanisms, especially in C1
and C2.

3.4. Transfer Potential of ARG Types between Fish, Soil and Water Samples

A comparative analysis was performed between samples from the gut of C. semilaevis
(A0-A3), water (B0-B3) and soil (C0-C3) to evaluate the possibility of HGT between the
different biomes. The correlation of ARGs detected from different samples showed a good
cluster in the sample type (Figure 2), and samples from fish (A) were distinguished from
water (B) and soil (C) (Adonis: p-value = 0.017; Anosim: p-value = 0.011). The results
(Table S1 in Supplementary Materials) indicated that the average level of ARGs detected
in fish samples was lower compared to the soil samples and the numbers of ARGs in soil
samples were lower compared to the water samples. Relatively pristine environments (A0
and B0) revealed fewer ARGs than other fish farm (Table S1 in Supplementary Materials).
Clustered A1 and A2 separated from A0; B1, 2 and 3 separated from B0 (Figure 2). The
Venn diagram showing the distribution of ARGs among fish (A), water (B) and soil (C)
samples was depicted (Figure 3). A total of 366 ARGs, all classes combined, was screened
from the water samples, while 340 ARGs were screened from the soil samples and only
221 ARGs were obtained from the fish samples. Some individual ARGs followed this
trend. For example, 62 ARGs encoding for resistances to aminoglycosides were found in
water samples, while only 46 and 30 ARGs were recorded for the soil and fish samples,
respectively. In addition, 10 ARGs encoding for resistance to chloramphenicol were ob-
tained from water samples, while 6 and 1 from the soil and fish samples, respectively. The
same trend was observed for ARGs encoding for tetracycline, as well as mobile genetic
elements (MGEs). CIntI-1 (class1), IS613, Tp614, intI-1 (clinic), tnpA01, tnpA02, tnpA03,
tnpA04, tnpA05 and tnpA07 were detected, and cIntI-1 (class1), intI-1 (clinic) tnpA04 and
tnpA07 were the most common MGEs among the three sample types. Nevertheless, some
disparities were observed. ARGs encoding for β-lactam, multidrug and sulfonamide were
more abundant in soil samples than the water and fish samples, in this order. Additionally,
the MLSB-associated ARGs were uniformly distributed in the water (32), soil (42) and fish
(42) samples.
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(C0–C3) to evaluate the possibility of HGT between the different biomes.

MGEs were in direct proportion with ARGs, and the integrase genes and transposases
were in the same trend (Figure S2 in Supplementary Materials). The Spearman correlation
analysis among ARGs indicated a significant correlation among all the ARGs across the
studied samples (Figure S3 in Supplementary Materials). The correlation coefficient R was
> 0.7, and the p-value was < 0.05. The integrase gene intI-1 (clinic) was significantly and
positively correlated with ARGs related to multidrug, MLSB and tetracycline resistance.,
while the other integrase gene cIntI-1 (class1) was significantly and positively correlated
with ARGs related to aminoglycosides and tnpA07. Transposases exhibited more correla-
tions with ARGs. IS613 was significantly and positively correlated with vancomycin ARGs,
while Tp614 with MLSB, beta-lactamase, aminoglycoside, multidrug and other ARGs were
not. TnpA01 was significantly and positively correlated with MLSB, while tnpA02 mainly
with tetracycline and beta-lactamase, tnpA03 with MLSB, multidrug, vancomycin and
aminoglycosides and tnpA07 were significantly and positively correlated with aminoglyco-
side ARGs. TnpA04 and tnpA05 interacted more tightly with ARGs related to tetracycline
and beta-lactamase.
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and 13 of them shared between fish samples and soil samples.

4. Discussion

Studies have shown that approximately 30% to 90% of used antibiotics promote the
production and spread of ARGs [23], but the abundance and dissemination of ARGs in the
environment and their mechanisms are far from being completely elucidated. The present
study aimed to explore the distribution of ARGs in aquatic microecosystems. Eight classes
of ARGs, namely, aminoglycoside, multidrug, beta-lactamase, MLSB, chloramphenicol,
sulfonamide, tetracycline and vancomycin ARGs, which are all common antibiotics, were
those predominantly abundant in the aquatic environment. The abundance of these ARGs
differed according to the microsystem and sampling site, mostly abundant in the soils,
indicating an accumulation in the sediments. Regardless of the type of samples, the
mechanisms adopted by the ARGs were the same and were represented by antibiotic
deactivation, cellular protection and efflux pump. These results were the first look into the
distribution and spread of ARGs related to the C. semilaevis breeding industry.

The results of the high-throughput analysis of the resistome revealed that a high level
of ARGs could be found in the soil, water and intestinal tract of C. semilaevis. These results
signposted that fish farms constitute a great reservoir of ARGs, conforming with previous re-
search demonstrating that fish-rearing ponds, lakes, bays [24–26] and shrimp ponds [16,17]
were all enriched in ARGs. In addition, the bacterial community structures also differed,
which might affect the composition of ARGs [27–29]. The aminoglycoside-related ARGs
were more abundant in the water samples, and this was corroborated by previous findings
indicating that aminoglycoside ARGs are abundant and persistent in wastewater plants [9]
and drinking waters [30]. The presence of aminoglycoside ARGs in the fish intestinal tract
and soil samples was also supported by studies conveying the persistence of aminogly-
coside ARGs in the gut of fish and zoo animals [31] and plenty of studies reporting the
presence of aminoglycoside ARGs in the soils of diverse types [6,12,13,26,32]. Our findings
also indicated that β-lactam ARGs were enriched in soil and water samples, but were found
in a lesser extent in the fish intestinal tract. This observation is supported by previous
works in the Tibetan environment, sewage sludge field application soils, agricultural soils
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and parks [9,30,33–37]. The abundance of chloramphenicol ARGs was relatively low in our
samples, but its occurrence was in line with previous works which indicated the presence
of chloramphenicol ARGs in feedlots, Baltic sea fish farm soils, water effluents and pristine
remote Antarctic soils [6,8,32,38]. MLSB-related ARGs were uniformly distributed in the
fish intestinal tract, water and soil samples. Studies reporting MLSB ARGs in fish intestinal
tract are limited, but these ARGs have been reported in water effluents and soils treated
with sewage sludge [8,26]. A particular enrichment of multidrug ARGs was recorded in the
soil samples, followed by water and fish intestinal tract samples. These ARGs have been
also reported in soil and water samples by other researchers [6,16,26,30,36,39]. Similarly,
sulfonamide, tetracycline and vancomycin-resistant ARGs were all found in the three types
of samples, especially tetracycline, which corroborated previous findings [6,8,30,40,41].
Our study revealed a diversity of ARGs with different degrees of abundance in water, the
intestinal tract of C. semilaevis and soil in the aquatic settings and adjacent natural sea areas.

Disparities were found in ARGs detected from the same type of samples collected
from diverse geographical locations. The level of ARGs was lower in the samples from
natural sources. In daily production, antibiotics are usually applied through the splashing
of the factory culture ponds in the fish farm, mainly florfenicol, quinolones (oxoquine),
streptomycin, neomycin (neomycin sulfate and tetracycline), doxycycline hydrochloride,
sulfonamide antibiotics (sulfadiazine and sulfamethoxazole) and enrofloxacin, related to
the ARGs detected here. A frequent outside release of the culture water may decrease
the concentration of antibiotics and ARB in it, which could explain the decreased level of
ARGs in the water samples. The discharge of effluent water in the soil may also explain
the increased accumulation of ARGs in soil samples. Indeed, previous studies indicated
that the effluent water could be released into the natural world, infiltrating into the ground
or being dumped into the sea, which leads to the accumulation of antibiotic-resistant
bacteria in the soil; thus, causing the enrichment of soil in ARGs, which is equivalent to
ARG transfer and enrichment from water to soil [29]. From the geographical map of our
sampling, the three fish farms were all near the sea and the water for fish farming came
from the sea, a large part of which would flow back in. Therefore, the transfer of ARGs
may occur from the coastal fish farm to the sea (including natural seawater, sea mud and
marine organisms such as fish species). Accordingly, inflow water was also proved to be
a major source of trout farming contamination with salmonella and multidrug-resistant
bacteria [27]. Thus, a cycle accumulation pattern seems to exist.

MGEs involved in the mobility of ARGs are an important factor [33,36,42,43] and were
detected in all three types of samples, such as intI-1 (clinic) tnpA04 and tnpA07. Wild
fish in a peri-urban river might be recipients and communicators of ARGs in the water
environment and ARGs might transfer between fish and water using bacteria as a spreading
medium, with nine ARGs and one MGE continuously shared in both sample types [44].
Notably, a differentially ecological niche of the host resulted in the various resistomes of the
lower vertebrate, among which the resistomes of seawater fish shared more similarities and
were characterized by a high abundance, distinct from other observed habitats, and ARGs
in seawater fish were colocalized with mobile elements with a high frequency, suggesting
that they were likely spread through HGT [45]. On the whole, these data revealed the
significant diversity and heterogeneity of ARGs in lower vertebrates, indicating that these
wild species potentially play an essential role in the global spread of ARGs [44,45].

The HGT of ARGs among environmental bacteria in different taxa is proved to be
an important pathway that disseminates resistance and, subsequently, acquires resistance
through human pathogens and commensals. Since transposition-related genes and inte-
grases were found in the studied samples, HGT might occur between bacteria by transposi-
tion or integration in the aquatic environment. This threes in corroboration with previous
reports, confirming that ARGs are introduced by DNA transposition into plasmid and
subsequent drug selection in the aquaculture sites [46]. Further studies should be carried
out to verify these HGT mechanisms.



Water 2022, 14, 938 9 of 11

In this study, mechanisms driven by ARGs were mainly antibiotic deactivation, cellular
protection and efflux pump. Efflux pump is the major mechanism of multidrug resistance
in bacteria and acts by interfering with the synthesis of nucleic acid or the inhibition of
protein synthesis [6,13,17,47]. Antibiotic deactivation has also been reported in previous
studies on urban park soils with reclaimed water irrigation [2,13]. Cellular protection has
been proved as a mechanism driven by ARGs screened from farmed fish feces [6], which
corroborated our results. Antibiotic deactivation was the most abundant ARG mechanism
in the fish intestinal extract, water and soil samples, which indicated that the deactivation
of antibiotics may be the main mechanism adopted by resistant bacteria in the aquatic
environment. The three mechanisms were also reported by Muziasari [6]. Thus, finding
ways to counteract this mechanism could be the key to overcome antibiotic resistance,
especially for animals left in these environments.

This study investigated the distributions, diversity, abundance and potential transfer
mechanism of ARGs in C. semilaevis-related samples; however, these results still need to be
verified by a larger-scale sample test. This work also outlined the crisis of ARG transmission
from fish farms to adjacent sea areas.

5. Conclusions

Our study indicated that there were abundant ARGs in the aquatic ecosystem and that
there was a transfer of these ARGs into the water, which, subsequently, led to the serious
enrichment of aquatic sediments in ARGs. This study allowed not only the knowledge of
ARGs in the C. semilaevis-related niche, but also the understanding of ARG dissemination
in aquatic ecosystems. Therefore, the investigation and in-depth study of the distribution
and spread of ARGs could allow us to control the spread of ARGs in the environment and
minimize the risk to animal and human health.
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