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The increasing abundance of antibiotic resistance genes (ARGs), which are
regarded as new pollutants, has raised public health concern. The use of
antibiotics in aquaculture has promoted the evolution and spread of ARGs.
The occurrence and abundance of ARGs in aquaculture has attracted extensive
attention. However, the distribution and transmission of ARGs in aquaculture
require further study. This study analyzed water and sediment from intensive
culture of hybrid snakehead fish farm in Zhongshan, South China. Twenty-two
types of ARGs were detected in all environmental samples. The relative
abundance of sulfonamide resistance genes (sull and sul?) was the highest,
ranging from 3.37x107% to 8.53x10° copies/16S rRNA gene. High occurrence of
quinolones, phenicols, tetracycline resistance genes, and class 1 integrase gene
(intl1) was also observed in pond water samples. This implies that pond water is
one of the main reservoirs and origins of ARGs in the aquatic environment.
Proteobacteria was the most abundant phylum in all the environmental
samples, and its relative abundance ranged from 24.05% to 41.84%. Network
and canonical correspondence analyses showed that a high abundance of
ARGs (intl, sull, sul2, gacEA1, aac6, and ogxA) was positively correlated with
Proteobacteria, Cyanobacteria, and Bacteroidetes, and the abundance of
Proteobacteria, Actinobacteria, and Patescibacteria was positively correlated
with environmental factors (sulfide, nitrite nitrogen, pH, free chlorine, and
ammonia nitrogen). These findings demonstrate the prevalence and
persistence of ARGs in intensive fish farming in southern China. This suggests
that ARG levels and microbiological community composition in aquaculture
should be conventionally determined to assess potential risks to public health.
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Introduction

The hybrid snakehead fish (Channa maculate @ x C. argus
@) is an important commercial fish with high market value in
Chinese aquaculture. The production of hybrid snakehead fish
has increasingly developed towards intensive and high-density
aquaculture in China with the continual improvement of
aquaculture technology (Liu et al., 2017). In the past ten years,
rough culture has changed to a modern refined aquaculture
mode by increasing the stocking density and feeding compounds
or providing complete feed to sustain the rapid growth of this
industry. However, negative effects related to nutrient discharge
may cause eutrophication, deterioration of water quality, and
other potential environmental risks (Liu et al., 2014). High-stock
density aquaculture involves the rearing of fish in congested and
stressful environments. These fishes are more susceptible to
bacterial infections, resulting in significant production losses.
Antibiotics have been widely used to reduce disease burden in
China since the 1980s because of their low cost, convenience of
use, and remarkable curative effects. Antibiotics are extensively
used as therapeutic drugs for humans, livestock, aquaculture,
and as feed additives in farming (Su et al., 2018a). Several studies
have reported that improper use of antibiotics in aquaculture
exerts selection pressure on the natural bacterial population and
enhances their ability to produce antibiotic-resistant bacteria or
antibiotic resistance genes (ARGs) in aquatic environments
(Hossain et al., 2022).

ARGs are defined as a new type of environmental pollutants
because of their persistence and easy diffusivity. This has become
the biggest challenge to human health in the 21% century
(Berendonk et al., 2015). Antibiotic resistance genes are key
factors in the development of bacterial drug resistance. They are
enriched in medical wastewater, riverbed sludge, pig farm soil,
and drinking water treatment systems. They can be horizontally
transferred through mobile genetic elements (MGEs) (Gao et al.,
2012; Li et al., 2015; Zhou et al., 2017; Hu et al., 2018; Su et al.,
2018b). Moreover, foodborne pathogens that carry ARGs pose a
potential threat to human health when they enter the food chain
(Zhao et al., 2018). The aquatic ecosystem is an enrichment pool
for many types of ARGs, and the pollution of the system by
exogenous antibiotics is an important factor that results in the
enrichment and diffusion of ARGs (Allen et al., 2010). Several
studies have also reported the high presence of antibiotics in the
environment, including sulfonamides, tetracyclines, quinolones,
and the most frequently detected antibiotic resistance genes
along with their respective antibiotic classes are sulfonamides
(sull and sul2), tetracyclines (tetA, tetB, tetK, and tetM), and
quinolones (gnrA, qnrB, and gnrS) (Zhou et al, 2017; Hu
et al., 2018).

Aquaculture is considered to be a “genetic hotspot” for the
transmission of resistance genes. Several ARGs have been
detected in aquaculture environments and farming organisms
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in China, India, Finland, Nigeria, and Chile (Su et al., 2017).
Antibiotic-resistant genes are widely distributed in aquaculture
environments and in aquatic animals (aquatic products). It has
been speculated that the use of antibiotics in aquaculture may
promote the enrichment and migration of ARGs in the
environment and animals. Nutrients have been suggested to
directly or indirectly promote ARGs dissemination (Ning et al.,
2022). Environmental factors such as total phosphorus and total
nitrogen affect the abundance and diversity of ARGs in shrimp
and fishponds (Su et al., 2017). Furthermore, bacterial
communities in different aquaculture modes affect the
distribution and abundance of ARGs (Huang et al, 2017;
Wang et al., 2022). These findings indicated that antibiotic use
and environmental factors affect the occurrence and distribution
of ARGs.

Hybrid snakehead fish farming is a typical example of
intensive aquaculture, which may result in a series of negative
effects including the production of large amounts of antibiotic-
resistant bacteria and ARGs pollution. This study evaluated the
risk of ARGs in intensive aquaculture by quantitatively
analyzing 22 typical ARGs in the breeding environment of
hybrid snakehead fish using real-time quantitative PCR (RT-
qPCR). In addition, the correlation between bacterial
communities at different culture stages, ARG abundance, and
environmental factors was elucidated, and co-occurrence
patterns between ARGs and bacterial taxa were identified. This
study provides information on antibiotic resistance in intensive
aquaculture and advances the development of a healthy, green,
and sustainable freshwater aquaculture industry.

Materials and methods
Sample collection

The hybrid snakehead fish farm (22.602° N, 113.503° E)
selected for this study is located in Zhongshan, Guangdong
Province, China. This farm has over 70 mud ponds with a total
feeding area of 50 ha. Each pond has an area of approximately
0.4-0.6 ha with a depth of approximately 1.8-2.5 m. Three
ponds at the sampling sites (ponds A, B, and C) were selected for
this study. The seasons in Guangdong Province allowed three
different fish harvests. The first crop of hybrid fish involved
stocking fingerlings before May and harvesting in November of
the same year with a rearing period of no more than six months.
The stocking density of the fingerlings was 10 thousand per ha
(1,500 fish/kg), and the harvest size of the adult fish was usually
500-750 g. Different antibiotics, including florfenicol,
doxycycline, sulfonamides, and enrofloxacin, have been used
as therapeutic and prophylactic agents against bacterial
infections because of their high stock density. Oral
administration is usually mixed with feed; the usage limits for
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sulfonamides, florfenicol, doxycycline, and enrofloxacin are 100-
200 mg/kg BW, 10-15 mg/kg BW, 20-50 mg/kg BW, and 2500
mg/kg feed, respectively (Liu et al., 2017).

Sediment and water samples were collected in June
(fingerlings, X), September (rearing, Y), and November
(harvesting, Z) 2020. The rearing and harvesting periods
corresponded to rapid growth and upcoming sales,
respectively. Five hundred milliliters of water samples (500
mL) were collected from the four corners of each pond (10-15
cm below the surface) using a stainless-steel sampler. Samples
from each pond were then completely mixed and transferred to
sterile polyethylene bottles to avoid differences in heterogeneity
caused by single sampling. Sediment samples (500 g with four
replicates of each sample) were collected from 0-10 cm depth
using a grab sampler and then mixed thoroughly in sterile
polyethylene bottles. All samples were stored in a portable
refrigerator and transported to the laboratory for pre-
treatment within 24 h.

Total DNA extraction

Each sample was subsequently divided into two equal parts,
which were used for the quantitative PCR analysis and high-
throughput sequencing of the bacterial community. Water
samples (0.5-1 L) were filtered through a 0.22-um micro-pore
membrane (Pall, Michigan, USA) using vacuum filtration for
DNA extraction. The membranes were aseptically stored at -80°
C for DNA extraction using the PowerSoil DNA isolation kit
(Qiagen Biotech, Germany) according to the manufacturer’s
instructions. The sediment samples were lyophilized, ground,
and sieved through an 80-mesh screen. Approximately 0.25 g of
each sediment sample was used for DNA extraction using the
PowerSoil DNA isolation kit (Qiagen Biotech, Germany)
according to the manufacturer’s protocol. The DNA
concentration and purity were monitored using 1% agarose
gels and an ultramicro ultraviolet spectrophotometer (Gene
Company Limited, China).

Gene identification and quantification

The 21 most common target ARGs in the water and
sediment samples were quantified using quantitative PCR.
These included three sulfonamide resistance genes (sull, sul2,
and sul3), four tetracycline resistance genes (tetA, tetB, tetM,
and tetW), six quinolone resistance genes (qnrA, gnrB, qnrC,
qnrS, ogxA, and aac(6)-Ib-cr), three B-lactams (blacrx.m»
blagiry, and blargy), three phenicol resistance genes (fexA,
floR, and cmlA), two macrolide resistance genes (mefA and
ermB), together with a class 1 integron integrase gene (intll), a
quaternary ammonium compound resistance gene (qacEAI),
and 16S rRNA gene. Table S1 lists the annealing temperatures,
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specific primers, and expected amplicon sizes of target genes.
Calibration standard curves for positive controls and
quantification were constructed using plasmid DNA (cloned
ARGs) extracted from Escherichia coli DH50,, as previously
described (Li et al., 2015). All qPCR assays were performed on a
QuantStudio 6 Flex Real-Time Fluorescence PCR instrument
(Applied Biosystems, USA) equipped with real-time PCR-based
gene expression profiling. Quantitative PCR was performed
using TB Green® Premix Ex TaqTM (Takara), according to the
manufacturer’s instructions. Each reaction was performed in
triplicate. The standard curve for each qPCR assay consisted of
a 10-fold dilution series from 0.5x10° copies-mL™ to 0.5x10°
copiess-mL’'. The amplification efficiencies ranged from
78.918% to 104.98%, and the R? values were between 0.982
and 1.000 for all the standard curves. The abundance of ARGs
was determined as the copy number per milliliter of the water
sample or the copy number per gram of the sediment sample
(dry weight). Relative copy number of the resistance gene
(relative abundance gene) = copy number of resistance gene/
copy number of the 16S rRNA gene.

Analysis of environmental factors

Dissolved oxygen (DO), water temperature (WT), pH,
ammonia nitrogen (NH;-N), nitrite nitrogen (NO,-N), sulfide
(SOy), phosphate (PO,), free chlorine (Cl), copper (Cu),
chromium (Cr), total iron (Fe), total alkalinity (TOA), and
total hardness (TOH) of the water samples were determined
using a water quality detector (Octadem W-II, USA).

Bacterial community analysis

High-throughput sequencing of the bacterial community
was performed using an Illumina HiseqTM 2500/4000 by
Gene Denovo Biotechnology Co., Ltd. (Guangzhou, China) to
further analyze the microbial community composition of the
environmental samples. Specific primers (341F, CCTACGGGN
GGCWGCAG; 806R, GGACTACHVGGGTATCTAAT) were
used to amplify the V3 - V4 regions of 16S rRNA gene. PCR
products (466 bp) were recorded to construct a library of
amplicons, and amplicon sequencing was performed on an
OmicSmart platform (Illumina, USA). The original sequencing
data contained a large amount of low-quality data or data
without biological significance (such as chimeras) owing to
PCR and sequencing errors. Therefore, strict quality control
was performed in multiple data processing processes, including
read utilization, tag splicing, and operational statistical unit
(OTU) clustering, to ensure the statistical reliability and
biological effectiveness of subsequent analyses. The sequences
date reported in this study was archived in Sequence Read
Archive (SRA) with the accession number PRINA907527.
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Statistical analysis

The copy numbers calculated by qPCR were defined as
absolute gene abundance. A heatmap showing the natural
logarithm-transformed values of normalized ARG copies was
constructed using GraphPad Prism 7 (San Diego, CA, USA).
Bacterial community data, including taxonomic composition,
community comparison, and diversity indices (Shannon,
Simpson, Chaol, and ACE), were obtained using Omicsmart
(http://www.omicsmart.com). Principal coordinate analysis
(PCoA) was used to compare and visualize the differences in
the abundance of ARGs and microbial communities based on a
Jaccard distance matrix. Visualizing the network topology in
Gephi (0.9.2) using the Frucherman-Reingold algorithm.
Canonical correspondence analysis (CCA) was performed
using the R language vegan package to compare the bacterial
communities and environmental variables. Statistical analyses
were performed using SPSS (version 25.0; IBM Corp., Armonk,
NY, USA). The evaluations were based on a significance level of
5%. Statistical significance was set at P < 0.05.

Results

Prevalence of ARGs in a hybrid
snakehead fish farm

The abundance of twenty-two resistance genes, intlI and 16S
rRNA gene, was investigated to analyze the distribution of ARGs
in hybrid snakehead fish farms. A significantly higher abundance

10.3389/fmars.2022.1088176

of ARGs (sulfonamides, quinolones, and phenicols) was detected
in water samples than in sediment samples (Figure 1). The
absolute abundances of sulfonamides, quinolones, and phenolics
in the water samples were 1.61x10°-2.34x10°, 2.90x10°-
4.64x10” and 1.48x10°-2.97x10” copies-mL"", respectively. The
absolute abundances of sulfonamides, quinolones, and phenols
in the sediment samples were 2.26x10%-7.77x10%, 1.20x10°-
1.38x107 and 2.93x10>-1.71x10” copies-g”’, respectively. The
most abundant antibiotic resistance genes were sulfonamide
resistance genes (sull and sul2) in the snakehead fish farm,
with a total abundance of 7.36x10°-2.34x10° copies-mL’
(copies-g™!) in all samples. Quinolones, tetracycline, and
phenicol resistance genes were also abundant on the aquatic
farm, with a total abundance of 1.20x10°-4.64x10” copies-mL’1
(copies~g'1), 5.83x10°-5.00x10° copies-mL'1 (copies-g'l), and
1.48x10°-2.97x10” copies-mL™" (copies-g™'), respectively. B-
lactam resistance genes (blacrxy and blagyy) showed the
lowest absolute abundance compared with the other types of
ARGs. The total absolute abundance of P-lactam resistance
genes was 1.78x107 to 1.76x10> copies-mL™" (copies-g™")
(Table S2). The absolute abundance of gacEAI ranged from
2.51x10" to 6.60 x10> copiesmL™" (copies-g™). The abundance
of ARGs did not differ significantly during the fingerling,
rearing, and harvesting stages (Figure 1). Pearson’s test
showed that there was a prominent correlation between intl1
and eight ARGs: sull, sul2, aac6, qnrA, tetM, ermB, blacrx m»
and qacEAI (r > 0.5, P < 0.05).

The copy numbers of ARGs were normalized to the
corresponding copy numbers of 16S rRNA gene to calculate
the relative abundance of ARGs (Figure 2). The relative
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FIGURE 1

Distribution of different classes of ARGs in the water and sediment samples. X, Y, and Z indicate the fingerling, rearing, and harvesting stages,
respectively, and S and W indicate the pond water and sediment samples, respectively. a,b and c¢ indicate different significance at P < 0.05
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FIGURE 2

Heat map of the relative abundance of ARGs in each sample. X, Y,
and Z indicate the fingerling, rearing, and harvesting stages,
respectively; S and W indicate pond water and sediment samples,
respectively; and A, B, and C indicate three different ponds.

abundance of sulfonamide resistance gene sul2 from the water
sample was the highest (8.53 x10° + 2.73x10™" copies/16S rRNA
genes), followed by sull from the water sample (2.38x10° +
2.27x10° copies/16S rRNA genes). The following ARGs had
lower relative copies/16S rRNA genes: tetW (6.07x10*~1.40x10"
*), tetB (5.65x10°-3.12x10™"), ermB (3.80x107-2.01x10),
blargy (5.67x10°-1.08x107), blactxa (8.10x10°8-1.98x107),
and blagiry (8.99x1071'-1.32x107). The lowest concentration of
ARGs was for blacrx.m (copies/16S rRNA genes). The relative
abundance of each resistance gene is shown in Table S3.

Environmental factors in pond
water samples

Overall, the pH value and concentrations of ammonia
nitrogen, phosphate, and total alkalinity were significantly
different among the three culture stages, whereas the
concentrations of dissolved oxygen, nitrite nitrogen, sulfide,
free chlorine, copper, chromium, total iron, total hardness, and
water temperature were not significantly different (Figure 3).
Most of these parameters were within the acceptable ranges
except for ammonia nitrogen, which ranged from 0.036 to 5.65
mg-L™" (acceptable ranges <4.0 mg-L™") (Liu Q et al., 2014). The
pH was maintained between 6.27 and 7.51, which was slightly
lower during the harvesting stage. The temperature was
maintained between 28°C and 31°C. The concentration of
nitrite nitrogen ranged from 0.176 to 0.55 mg-L™'. High
concentration of dissolved oxygen was determined from the
surface water (10.49-17.83 mg-L'l), while low concentrations of
sulfide, phosphate, free chlorine, copper and total iron were
detected during fingerlings to the harvesting stage. The details of
the environmental factors are listed in Table S4.
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Bacterial community in water samples
and sediment samples

Eighteen libraries of bacterial 16S rRNA genes from pond
environmental samples were sequenced using the Illumina high-
throughput sequencing platform to explore the shift in bacterial
communities during snakehead fish culture. After assembly and
filtration, the samples had an average of 116,921.93 + 132 and
116,907.93 + 137 clean tags in the sediment and water samples,
respectively. The o-diversity indices of the microbial
communities in the sediment and water of the fish culture
ponds are shown in Figure 4 and Table S5. The Shannon,
Simpson, Chaol, and ACE indices considered both the species
richness and relative abundance distribution. Greater population
richness and more diverse bacterial communities were observed
in the sediment samples than in the water samples from the
snakehead fish farm (Figure 4). Population richness was
abundant in the sediment samples during the fingerling and
harvesting stages, but was slightly lower during the rearing stage.

Proteobacteria and Cyanobacteria were the most abundant
phyla in water sample and sediment samples, with relative
abundances ranging from 38.77% to 44.92% (Figure 5). The
second most abundant phylum in water samples was
Cyanobacteria, followed by Planctomycetes, Bacteroidetes,
Chloroflexi, Actinobacteria, and Verrucomicrobia. The second-
most dominant phylum in the sediment samples was Chloroflexi,
followed by Actinobacteria, Planctomycetes, Acidobacteria,
Verrucomicrobia, Bacteroidetes, and Gemmatimonadetes.
Although the bacterial community structures were different
between the environmental samples in the three ponds, the
most abundant phyla (Cyanobacteria, Proteobacteria,
Bacteroidetes, Actinobacteria, and Chloroflexi) were similar in
the environmental samples, with total relative abundances of
49.22% and 85.12% (Table S6).

Bacteria from water or sediment samples of fingerling,
rearing, and harvesting stages clustered together in the
principal coordinate analysis plot based on the Jaccard
similarity index (OTUs presence and absence). However, the
presence and abundance of bacterial communities differed
between the water and sediment samples at the family level
(Figure 6 and Table S7). In addition, the different colored nodes
in Figure 6 represent samples from different breeding stages,
implying that the microbial community structure greatly
changed at different breeding stages.

Correlations among bacterial
community, ARGs, and
environmental factors

Network analysis and CCA were performed to further
explore the relationship between the bacterial community in
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Concentrations of NHz-N, PO4, Cu, TOA, NO,-N, DO, TOH, SO,4, Fe, Cl, and Cr and values of water temperature and pH in the water samples.

* P<0.05; ** P<0.01;, ***, P<0.001.

the sediment and water samples, environmental factors, and
ARG abundance in hybrid snakehead fish farms (Figures 7A, B).
Network analysis showed that the co-occurrence patterns
between the bacterial community and ARGs consisted of 41
nodes and 96 edges (Figure 7A). The modularity index was
0.448, suggesting that the network had a modular structure.
Proteobacteria, Cyanobacteria, Bacteroidetes, Actinobacteria,
and Verrucomicrobia were strongly correlated with ten ARG
subtypes (intl1, sul2, sull, aac6, cmlA, ermB, tetA, qacEAIL, gqnrA,
and gnrS) (Figure 7A). This suggested that the spread of ARGs in
aquaculture is significantly affected by the proliferation of
environmental microorganisms.

The correlation between the target environmental factors
and bacteria at the phylum level in fishpond water samples was
determined using CCA (Figure 7B). At the phylum level, CCA1
and CCA2 explained 66.69% and 13.18% of total variance,
respectively. Proteobacteria, Actinobacteria, Patescibacteria,
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Fusobacteria, Rokubacteria, Chloroflexi, and Planctomycetes
were positively correlated with sulfide, nitrite nitrogen, pH,
free chlorine, and ammonia nitrogen. In addition, copper and
dissolved oxygen levels were positively correlated with
Firmicutes, Cyanobacteria, Tenericutes, Verrucomicrobia,
Fusobacteria, and Chloroflexi.

Discussion

Diversity and abundance of ARGs in the
hybrid snakehead fish farm

Twenty-one target ARGs and two integron-related genes
(intI1 and qacEAI) were detected in environmental samples
from the hybrid snakehead fish culture system at the three
breeding stages. Consistent with previous studies, these results
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indicated the persistence of ARGs in aquaculture environments.
(Shen et al., 2020; Suyamud et al., 2021). The high abundance of
sulfonamide, tetracycline, quinolone, and phenicol resistance
genes suggests that these bacteria may confer resistance to the
most commonly used antibiotics in hybrid snakehead fish
culture systems. Sulfonamide resistance genes (sull and sul2)
were detected in high absolute abundance, followed by floR,

aac6, and tetA. Coincidentally, sulfonamide and tetracycline
resistance genes frequently occur in river environments and
are accompanied by the presence of integrons (Kumar et al,
2020; Dong et al., 2022). Similarly, the ARG subtypes mentioned
above have the highest abundance in sediment and water
samples from shrimp and fishponds (Huang et al., 2017;
Cheng et al., 2021). For instance, the abundance of the
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FIGURE 5

Relative abundance of the top 10 phyla in the water and sediment samples. X, Y, and Z indicate the fingerling, rearing, and harvesting stages,
respectively, and S and W indicate the pond water and sediment samples, respectively.
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Principal coordinate analysis (PCoA) of Jaccard dissimilarity in
water and sediment samples. X, Y, and Z indicate the fingerling,
rearing, and harvesting stages, respectively, and S and W indicate
the pond water and sediment samples, respectively.

tetracycline resistance gene tetA(10°~10° copies-mL™') was the
highest in sediment and water samples from freshwater fish
farms (Huang et al., 2017). Concentrations of the sulfonamide
resistance gene sull and tetracycline resistance gene tetW were
the highest in 15 sediment samples collected from five Chinese
provinces (Cheng et al, 2021). In addition, the quinolone
resistance gene gnrB is abundant in six freshwater ponds
(Wang et al,, 2022). Integrons play an important role in the
emergence and horizontal transfer of ARGs among bacteria and
are the main transmissible vectors commonly found in different
environments (Wang et al., 2019). The relatively high abundance
of intl1 in the hybrid snakehead fish farm suggests potentially
high mobility of ARGs. We also found a significant correlation
between intIl and eight resistance genes (r > 0.5, P < 0.05). The
abundances of ARGs and intll measured in this study were
comparable to those reported in other natural water bodies and
aquaculture environments (Wang et al., 2019).

Several studies have confirmed the prevalence of ARGs in
hospitals, pharmaceutical manufacturers, livestock farms,
wastewater treatment plants, and rivers (Gao et al., 2012; Li et al,,
2015; Zhou et al,, 2017; Hu et al., 2018; Su et al., 2018a). Overuse of
various antibacterial agents in humans and veterinarians,
agriculture, and aquaculture has led to the emergence of
antibiotic-resistant pathogens (Pham et al, 2018; Li et al, 2022).
Water from nearby rivers brings polluting compounds from
agricultural and domestic wastewater into aquaculture systems. In
contrast, untreated aquaculture wastewater is pumped into rivers.
High-density aquaculture involves rearing hybrid snakehead fishes
in congested and stressful environments. The pond water is hardly
exchanged, which allows antibiotics to impose selective pressure on
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bacteria. Our study demonstrated high ARGs and intll copy
numbers in pond water samples. This implies that one of the
main reservoirs and sources of ARG in the surrounding aquatic
environment is the pond water.

The abundance of ARGs varies temporally during different
seasons and breeding stages in aquaculture (Zhang et al., 2021; Zhou
et al, 2022). A higher mean abundance of ARGs in aquaculture
sediments was observed in autumn and winter, whereas the mean
abundance of ARGs decreased significantly in spring and summer
(Xu et al,, 2022). A comparison of the different breeding stages of
grass carp ponds showed that the relative abundance of sul2 in the
harvesting and rearing culture stages was significantly higher than
that in the larval culture stage, whereas the abundances of ¢fr and
tetQ were significantly higher in the larval culture stage (Zhou et al,,
2022). This study found that the abundance of ARGs did not differ
significantly during the fingerling, rearing, or harvesting stages.
Notably, the differential abundance of different ARG subtypes
belonging to the same class of resistance genes may be irregularly
expressed in aquaculture according to different culture systems,
geographical locations, or drug usage.

Correlations between ARGs and
microbial community structure

The relationship between ARGs and microbial communities was
comprehensively explored by analyzing 22 resistance genes, intIl,
and identifying bacteria at the phylum level, based on previous
studies (Su et al., 2018b; Han et al., 2022). Despite the presence of
various ARGs in aquaculture environments, microorganisms are
considered the main vectors and determinants of ARG distribution
and transmission (Wang et al, 2019). Antibiotic resistance genes
mainly exist in bacterial genomes and may be transmitted through
mobile genetic elements, including plasmids, integrons, transposons,
and insertion sequences (Suyamud et al., 2021). Proteobacteria is the
predominant phylum in Litopenaeus vannamei pond water, followed
by Bacteroides (Zheng et al., 2016). Proteobacteria is also the most
abundant phylum in water and sediment samples from different
natural environments, followed by Actinobacteria, Bacteroidetes,
Chloroflexi, and Cyanobacteria (Fang et al, 2019). This study
found that Proteobacteria and Cyanobacteria were the two
predominant phyla in water samples from snakehead fish
aquaculture, which is similar to the dominant bacterial phyla
found in previous studies on fish ponds (Su et al, 2017; Klase
etal, 2019). The present results indicate that the microbiota structure
at the family or genus level significantly changed at different breeding
stages despite the similar abundance of the predominant bacterial
phyla. There are differences in breeding patterns and seasonal
changes in the bacterial composition of different ponds (Xu et al,,
2020). We also found that the presence and abundance of bacterial
communities differed between water and sediment samples at the
family level. These results may be attributed to differences in
aquaculture patterns and regional differences.
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Correlations among the bacterial community, ARGs, and environmental factors. (A) Network analysis of ARGs and bacterial communities at the
phylum level in the pond water. The linkage between the nodes indicates a correlation between the two factors, and the size of the node is
proportional to the number of connections. At the same time, the thickness of the line was proportional to the correlation between the factors.
(B) Canonical correspondence analysis of the environmental factors and bacterial communities at the phylum level.

Network analysis was performed to further analyze the
co-occurrence of ARGs and dominant bacteria at the phylum
level in the pond water and sediment samples. Proteobacteria,
Cyanobacteria, Bacteroidetes, Actinobacteria, and Verrucomicrobia
were strongly correlated with ten ARG subtypes (sull, sul2, aacé,
cmlA, ermB, tetA, qacE, qnrA, and gnrS) and intI1. This implies that
these predominant bacteria may be responsible for the increased
abundance of ARGs in the snakehead fish farms. Some Firmicutes
bacterial taxa are major potential hosts of ARGs, which strongly co-
occur with sull, gnrS, tetM, and intll genes (Cheng et al., 2021).
Meanwhile, the sulfonamide resistance gene sull and tetracycline
resistance genes (fetW and tetG) are mainly associated with
Actinomyces, Proteobacteria, and Actinomycetes. Among these,
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Proteobacteria have a high potential for hosting the sulfonamide
resistance gene (Shen et al, 2020). These results indicate that
changes in bacterial composition may lead to significant and
strong correlation differences between ARG and predicted carrier
bacteria in different environments.

Relationship between environmental
factors and the bacterial community

The distribution of ARG and their potential carrier

microorganisms is greatly affected by environmental factors such
as nutrients and pollutants in water (Zhao et al., 2021; Ning et al.,
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2022). Changes in environmental factors, such as organic matter
level, total nitrogen, temperature, and heavy metals, promote the
transfer of bacterial communities and reproduction of ARG in
aquatic environments (Xu et al., 2022). The present study found a
significant correlation between the environmental factors of water
and the bacterial communities in ponds. Proteobacteria,
Actinobacteria, and Patescibacteria were positively correlated
with sulfide, nitrite nitrogen, pH, free chlorine, and ammonia
nitrogen concentrations. Ammonia nitrogen, nitrite nitrogen, and
pH are important parameters for fish culture. Most fish species do
well within a pH range of 6.5-9.5. Chronic pH levels below 6.5 may
reduce fish reproduction and are associated with fish die-offs. The
nitrate levels in pond water are also a major concern in fish culture.
Exceedingly high nitrate-nitrogen and ammonia concentrations
are health hazards. Most of these parameters, except for ammonia
nitrogen, were within the acceptable range for snakehead fish
cultures. This may be attributed to the high-density culture of fish
and excessive feed in the pond. Long rearing times induce the
accumulation of feeding residues that affect the levels of
nitrogenous compounds (Chen et al, 2018), and prolonged
exposure to nitrogenous compounds may result in
immunological responses within fishponds. At the same time,
heavy metal pollution causes the deterioration of water quality,
which affects the ecological stability of flora in the water
environment (Ai et al, 2022). Other pollutants with significant
antibacterial activity can select antibiotic resistance genes, such as
heavy metals (He et al., 2017), pesticides (Anjum and Krakat,
2016), and disinfectants (Chaturvedi et al, 2021). In addition,
antibiotic resistance can be triggered and catalyzed by metal-driven
co-selection, an indirect selection process with physiological and
genetic consequences (Ai et al,, 2022). In contrast, this study only
detected low metal concentrations in pond water and their levels
were not significantly correlated with the bacterial community.
However, multiple factors in snakehead fish cultures with high
stock densities pose a high potential risk of increasing antibiotic
resistance in aquaculture. Controlling bacterial diseases in fish
cultures has become more difficult because of the emergence of
ARGs, especially those caused by multidrug-resistant bacteria.

Conclusion

This study showed an increased occurrence of sulfonamides,
tetracyclines, quinolones, and phenicol resistance genes in pond
water and sediments of the hybrid snakehead fish farm. Some
bacterial taxa from the phyla Proteobacteria, Cyanobacteria,
Bacteroidetes, Actinobacteria, and Verrucomicrobia may be
major potential hosts of ARGs in this aquatic farm. In addition,
the congested and stressful environment of snakehead fish
cultures may cause pollution problems with negative effects on
the propagation of resistant bacteria that drive the occurrence of
ARGs. More attention should be paid to the better feeding and
management of fish cultures. Moreover, the elimination of ARGs
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in wastewater from aquaculture environments should be
considered to reduce the pollutants discharged into the natural
environment. The levels of antibiotic resistance genes and
microbial community composition in aquaculture should be
tested regularly to assess potential risks to public health.
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