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Antibiotic resistance represents a global health crisis for humans, animals, and

the environment. However, few studies address the abundance and distribution

of the environmental bacterial antibiotic resistance associated with farmed fish

during the early breeding stages and their relationship with aquaculture

environment. In this study, culture-dependent methods and gene chip

technology were respectively used to identify and detect cultivable

heterotrophic antibiotic resistant bacteria (ARB) and antibiotic resistance genes

(ARGs) of water samples from 20 sea bass-rearing ponds in spring in Zhuhai,

China. Meanwhile, the relationships among ARGs, ARB, and water nutrients were

elucidated. The results showed that bacterial resistance to erythromycin and

sulfamethoxazole with trimethoprim was generally high (mean 48.15% and

18.07%, respectively), whereas resistance to rifampicin, florfenicol,

ciprofloxacin, and enrofloxacin was generally low (mean 5.46%, 2.16%, 1.43%,

and 0.16%, respectively). Acinetobacter sp. (42.31%) and Pseudomonas sp.

(25.74%) were the dominant ARB, and most cultivable ARB were opportunistic

pathogens. The abundance of sul family genes was higher than that of other

tested ARGs. ARGs and ARB were mainly affected by NO3– and PO43–, with

PO43– generally positively correlated, whereas NO3–was negatively correlated,

with ARGs and ARB. Thus, recommendations for the control of antibiotic

resistance risk can be made by understanding the resistance profile of the

aquaculture environment.
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1 Introduction

Antibiotics are widely used to prevent and treat bacterial

infections. In China, the total production of antibiotics has kept

increasing and was up to 223,000 tons in 2020, of which half was

used for animal farming and the other half for human medical care

(https://www.chinabgao.com/k/kangshengsu/66064.html).

Antibiotic-resistant microorganisms can emerge after the long-term

use of antibiotics. These antibiotics can enter aquatic systems, such

as rivers and lakes, causing selective pressure on bacteria and

leading to the enrichment of antibiotic-resistant bacteria (ARB)

and the evolution of antibiotic-resistance genes (ARGs) (Muniesa

et al., 2013; Hu et al., 2018; Su et al., 2018; Xiang et al., 2018; Su et al.,

2019). By 2020, the antibiotic resistance in aquacultural systems in

China had exceeded 50% (https : / /m.yicai .com/news/

101235766.html). The aquaculture environment is ideal for

acquiring and disseminating ARB and ARGs. Given the economic

importance of the aquaculture industry, research interest in this

area has increased (Taylor et al., 2011; Marti et al., 2014).

High-density farming, overfeeding, climate change, and human

activity all lead to disease outbreaks (Mao et al., 2020), and there has

been an increasing trend in the occurrence of bacterial antibiotic

resistance in the aquacultural industry. Wu et al. (2019) found that

the abundance of ARGs during the fishing period was significantly

higher than that during the rearing period in aquaculture cages in

both Guangdong and Hainan. Yuan et al. (2019) reported an

increasing abundance of ARGs with increased rearing density and

pond age in aquacultural ponds in Hangzhou Bay. Therefore,

investigating antibiotic resistance profiles in breeding ponds

during the early breeding stage can guide the proper use of

antibiotics during the breeding season, thus avoiding the overuse

of antibiotics and accumulation of antibiotic resistance. It has also

been reported that bacteria in the breeding ponds, such as

Acinetobacter sp. and Aeromonas sp., usually contain a large

number of ARGs and are often the main pathogenic bacteria

during the breeding process, causing surface bleeding, rotten tails,

and visceral damage to fish (Ye et al., 2021). The highest levels of

antibiotic resistance in these pathogens were found against

penicillin, macrolides, sulfonamides, and tetracyclines (Gai et al.,

2016). Therefore, identifying ARB is conducive to the antibiotic

control of specific bacterial pathogens.

Sea bass had an output of nearly 200,000 tons in 2021 (Liu et al.,

2022), providing a large amount of high-quality protein for

humans. The Doumen District of Zhuhai City is the main

breeding area for sea bass in China, and its output accounts for

about 70% of production in Guangdong Province and 50% of

Chinese sea bass production, mainly using pond aquaculture. Our

team found that Edwardsiella sp., an important pathogen of sea bass

in Zhuhai, is resistant to erythromycin (ERY), rifampicin (RIF), and

sulfamethoxazole+trimethoprim (S×T), etc. (Mao et al., 2020).

Moreover, the multidrug resistance index of the tested 16

antibiotics reaches 0.423 (Mao et al., 2020). These results suggest

that serious antibiotic resistance happens in the sea bass farms; thus,

there is an urgent need for intensive study of its overall antibiotic

resistance in order to guide the use of antibiotics during breeding.

In this study, 20 sea bass culture ponds in Doumen District were
Frontiers in Marine Science 02
randomly selected to investigate the content of ARB with resistance

to ERY, RIF, florfenicol (FFC), enrofloxacin (ENR), ciprofloxacin

(CIP), and S×T and the presence of 76 ARGs, including eight

mobile genetic elements (MGEs), during the spring breeding

season. In addition, the isolated resistant bacteria were identified

by the 16S rRNA sequence, and the inorganic nutrients from the

water (NH4
+, NO3

–, NO2
–, and PO4

3–) were analyzed. Finally, the

relationship between the ARB, ARGs, and environmental factors

was elucidated. The results of this study will be helpful for guiding

the use of antibiotics during sea bass aquaculture, especially in

Zhuhai, China, and could provide a theoretical basis for antibiotic

resistance control via water quality regulation.
2 Materials and methods

2.1 Sample sites and sample collection

A total of 20 sea bass breeding ponds (Figure 1) were randomly

selected along the sea bass culture area of Doumen District, Zhuhai

City, Guangdong Province, China, to collect pond water. These

ponds measured 3000-9000 m2 and contained cultured fish with the

weight of 50-100 g and density of 20-40 fish/m2. All the samples

were collected on 10th March, 2021. The water sampler of a 3 L

capacity plexiglass container and sterilized polypropylene sampling

bottles were rinsed three times with pond water before sampling.

Subsequently, for each pond, the waters were collected from the

middle of the four sides of the pond at 3 m from the shore and 0.5 m

to 1 m below the water surface. For each side, 250 mL of water was

collected, and the water from the four sides was mixed into one

sample. Finally, 1 L of water was sampled in a pond and then

poured into a sample bottle. All the samples were taken to the

laboratory immediately for subsequent analysis.
2.2 Sample preparation

For the sample from each pond, 500 mL of water was mixed

with 1.25 mL of 20% Tween-80 and shaken vigorously for 10 min

before ARB screen. Approximately 200 mL of water was filtered

through a 0.22-mm mixed cellulose ester membrane filter (PALL,

New York, NY, USA) for DNA extraction. The membrane filters

were immediately placed into 2 mL sterile polyethylene tubes

containing ethanol at 4°C until DNA extraction. In addition, 50

mL of water was filtered through a 47-mm diameter GF/F glass

microfiber filter (Whatman, UK) and stored at –20°C before

nutrient analysis (NO2
–, NO3

–, NH4
+, and PO4

3–) with the

Cleverchem Anna Random Access Analyser (DeChem-

Tech, Germany).
2.3 Screening for ARB

Six antibiotics—ERY, RIF, FFC, ENR, CIP, and S×T—which are

classed as macrol ides , r i famycins , chloramphenicols ,

fluoroquinolones, and sulfonamides, respectively, were selected to
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screen for ARB. According to the guidance on drug use in

aquaculture published by the Ministry of Agriculture and Rural

Aff a i r s o f the People ’ s Repub l i c o f China in 2020

(www.yyj.moa.gov.cn/gzdt/202010/t20201012_6354054.htm), in

2021—the year before our sampling year—FFC, ENR, and S×T

were to be approved for use in aquaculture, whereas ERY, RIF, and

CIP were not. The concentrations of antibiotics used (16 ug/mL

ERY; 8 ug/mL RIF; 64 ug/mL FFC; 8 ug/mL ENR; 8 ug/mL CIP; and

152/8 ug/mL S×T) were twice the minimum inhibitory

concentrations (MICs) recommended by the CLSI guidelines

(Clinical and Laboratory Standards Institute, 2016), since the

ARB in this study were screened on plates rather than in

liquid media.

In detail, 20 mL of the shaken water (treated by Tween-80) was

diluted tenfold and 100-fold with normal saline. Then, 100 mL of

each dilution was directly plated and screened on nutrient agar

plates, each containing an antibiotic at the concentrations detailed

above. Three plates were prepared for each dilution, and nutrient

agar plates without antibiotics were used as a control to count the

total number of culturable bacteria. Colony-forming units (CFU)

per mL (CFU/mL) were calculated after incubation for 24 h at 28°C.
2.4 Identification of ARB

The isolates that grew on the nutrient agar plates containing

antibiotics were identified as ARB. Six scattered ponds were selected
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along the geographical distribution map (Figure 1) to identify the

ARB by 16S rRNA sequence analysis. A total of 614 ARB strains,

with 99, 75, 120, 100, 120, and 100 ARB strains, were randomly

selected from six ponds (S4, S8, S9, S14, S18, S20) with different

antibiotics. The primers of 8F (5′AGAGTTTGATCCTGGCTCAG-
3′) and 1492R (5′-GGTTACCTTGTTACGACTT-3′) were used for

16S rRNA amplification, and standard polymerase chain reactions

(PCR) were performed as described previously (Wang et al., 2016).

PCR products were verified with 1% agarose gels and sequenced

with the next-generation sequencing platform of Beijing

Ruiboxingke Biotechnology Co., Ltd. The sequence data were

compared to the NCBI Nucleotide Sequence Database by

using BLAST.
2.5 DNA extraction and ARGs analysis

The water total DNA was extracted using a HiPure water DNA

Kit (Magen, Guangzhou, China) according to the manufacturer’s

protocol. Extraction yield and the quality of DNA were verified by

1% agarose gel electrophoresis and spectrophotometry analysis

(NanoPhotometer, IMPLEN, Germany). The DNA was stored at

−20°C before use.

The 16S rRNA was selected as the reference gene. In total, 76

target ARGs (Table S1) in several categories (including tetracycline,

sulfonamide, multidrug, MLSB, b-lactamase, and aminoglycoside)

were analyzed using the SmartChip qPCR system (WaferGen
FIGURE 1

Sampled ponds (S1–S20) in the sea bass aquaculture area in Zhuhai, China.
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Biosystems, Inc., Fremont, CA, USA) by Microanaly (An’hui) Gene

Technologies Co. First, the 16S rRNA was amplified to ensure

template quality. Those templates with cycle threshold (Ct) values

of the 16S rRNA gene (14~17) were used for the ARG analysis. Each

sample was treated using the following conditions: 10 min at 95°C

(initial denaturation), 40 cycles of denaturation at 95°C for 30 s, and

annealing at 60°C for 30 s with a volume of 100 nL (Chen et al.,

2016; Zhao et al., 2019). Each PCR was repeated three times. Three

control actions for each primer pair were set using sterile water as

the template, which does not amplify or for which the Ct value was

>31. The data were analyzed with qPCR quantitative software. The

gene copy number was determined by Ct. At least two technical

replicates were amplified with Ct <31; the average Ct was then

calculated and used to determine the ARG copy number. The ARG

copy numbers were normalized to 16S rRNA copies, and the ARG

concentration units were gene copies per 16S rRNA gene.
2.6 Data analysis

A geographical distribution map was drawn using ArcGIS 10.2

(Jz et al., 2021). The bacterial resistance rate was calculated using

Equation 1: (number of bacteria grown on plates with one antibiotic/

total number of bacteria grown without antibiotics) (1). The

proportion of ARB over six ponds (S4, S8, S9, S14, S18, S20) at the

genus level was determined using Equation 2: (the number of ARB of

a specific genus/the total number of ARB) (2). The Shannon–Weiner

Index of ARB at the genus level in different ponds or resistant to

different antibiotics was calculated using Equation 3: H = ∑(Pi)(ln Pi)

(3).Where Pi = the number of ARB of a specific genus from one pond

or resistant to one antibiotic/the total number of ARB from the same
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ARG over 20 ponds (S1-S20) was calculated using Equation 4: (the

average abundance of each ARG over the 20 ponds/the sum of the

average abundance of all the ARGs over the 20 ponds) (4). The

redundancy analysis (RDA) of nutrients, ARB abundance, and ARGs

abundance were performed and plotted using Canoco 4.5 (Wang

et al., 2020). All other images were drawn with Origin 2018 software.
3 Results

3.1 Viable bacterial counts and bacterial
resistance rates

The quantity of culturable bacteria at the different sampling

sites ranged from 1.5×103 to 6.7×104 cfu/mL. The average bacterial

resistance rates of the six tested antibiotics over the 20 ponds were

48.15% (ERY), 18.07% (S×T), 5.46% (RIF), FFC (2.16%), 1.43%

(CIP), and 0.16% (ENR), respectively (Figure 2).

The resistance rate to ERY was highest especially in S18

(79.2%), S10 (79.2%), S12 (75.7%), S5 (74.1%), and S14 (68.8%).

The resistance rate to S×T was the second highest, especially in S16

(43.9%), S13 (33.3%), S20 (32.6%), S9 (29.5%), and S14 (26.5%).

However, the resistance rates to the other four antibiotics were

relatively low in most of the other sampling sites (Figure 2).
3.2 Distribution and diversity of ARB

In total, 614 strains were randomly isolated from the water

samples of the six ponds (S4, S8, S9, S14, S18, and S20). The
FIGURE 2

Bacterial resistance rates to rifampin (RIF), florfenicol (FFC), sulfamethoxazole+trimethoprim (S×T), ciprofloxacin (CIP), enrofloxacin (ENR), and
erythromycin (ERY) in different sea bass ponds. The bacterial resistance rates were defined as the number of bacteria grown on plates with one
antibiotic/total number of bacteria grown without antibiotics.
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Shannon–Weiner Index is often used to represent the diversity of

species in the environment. The diversity of the ARB was shown in

Table 1. The indices of resistance to ERY (5.127) and S×T (4.851)

were relatively high, especially in S9, suggesting that there is a

higher diversity of bacteria resistant to these two antibiotics

compared with the other antibiotics. The Shannon–Weiner Index

was the highest in S9 (3.030), especially in bacteria resistant to ERY

and S×T. Thus, S9 had the highest bacterial diversity among the

six ponds.

Based on the identification of 16S rRNA, 19 genera of ARB were

determined, with Acinetobacter sp. (42.34%), Pseudomonas sp.

(25.73%), Shewanella sp. (11.73%), Aeromonas sp. (6.51%),

Citrobacter sp., (3.09%), Comamonas sp. (2.77%), Rheinheimera

sp. (1.95%), and Brevundimonas sp. (1.79%) accounting for more

than 1%, with a sum content of 95.93% (Figure 3). In addition, their

level of antibiotic resistance was relatively high, especially that of

Acinetobacter sp., Pseudomonas sp., Shewanella sp., and Aeromonas

sp., with varying degrees of resistance to at least four of the six tested
Frontiers in Marine Science 05
antibiotics (Figure 4). For example, Acinetobacter sp. showed strong

resistance to RIF, ERY, FFC, and S×T, whereas Pseudomonas sp.

was highly resistant to RIF, CIP, FFC, and ENR. Shewanella sp.

showed resistance to RIF, CIP, FFC, ERY, and S×T and was

particularly resistant to RIF. Aeromonas sp. showed resistance to

all the antibiotics except ENR and ERY.

For each pond, the ARB resistant to RIF, ERY, FFC, S×T, and

ENR were generally Acinetobacter sp. and/or Pseudomonas sp.

(Figure 4). However, except for Acinetobacter sp. and/or

Pseudomonas sp., Aeromonas sp. accounted for 65% of ARB

resistant to RIF in S8, Citrobacter sp. accounted for 45% of ARB

resistant to RIF in S9, and Comamonas sp. accounted for 75% of

ARB resistant to RIF in S20; no S×T-resistant bacteria were found in

S8; the ARB resistant to FFC in S8 were Shewanella sp. (60%) and

Aeromonas sp. (40%). The ARB resistant to CIP were mainly

Shewanella sp. in S4 (90%) and S8 (100%), Pseudomonas sp. in S9

(80%) and S14 (85%), Rheinheimera sp. (50%) and Pseudomonas sp.

(30%) in S20, and Brevundimonas sp. (45%) in S20. Pseudomonas

sp. was the only bacteria resistant to ENR and was isolated in S9

and S18.
3.3 Occurrence and abundance of ARGs

In total, 40 of the 76 tested ARGs were detected by SmartChip

qPCR, with a concentration range of 0–0.72 copies per 16S rRNA

(Figure 5A). According to the average abundance over the 20 ponds,

tnpA-04 was the most abundant ARG, followed by sul1, sul2, ereA,

tnpA-05, dfrA1, qacEdelta1-02, intI-1(clinic), mphA-02, tetG-01,

ermF, and qacEdelta1-01, with the relative abundance ranges of

0–0.72, 0–0.38, 0–0.18, 0–0.27, 0–0.31, 0–0.26, 0–0.18, 0–0.09, 0–

0.06, 0–0.02, 0–0.05, and 0–0.04 copies per 16S rRNA gene,

respectively (Figure 5A). The relative ratios (the average

abundance of each ARG over the 20 ponds/the sum of the

average abundance of all the ARGs over the 20 ponds) of these

ARGs were 25.81%, 17.85%, 11.64%, 11.43%, 6.42%, 6.30% 5.52%,

3.17%, 3.09%, 2.63%, 2.60%, and 1.76%, respectively, with a sum

ratio of 98.23% (Figure 5B). In addition, no aminoglycoside family

ARGs were detected, and only blaCMY of the b-lactamase family

was detected. Overall, the sul family genes (sul1, sul2, and drfA1)
FIGURE 3

Proportion of different ARB over sea bass farming area of S4, S8, S9,
S14, S18, and S20. Values show means and 1 standard error of mean
(mean ± SEM, n = 6).
TABLE 1 Shannon–Weiner Index of ARB to different antibiotics in sea bass culture ponds.

Antibiotic Pond Total

S4 S8 S9 S14 S18 S20

RIF 1.025 0.647 0.949 1.488 1.277 0.800 2.399

CIP 0.438 0 0.613 0.518 1.142 1.539 1.320

ERY 0 0 1.205 0.518 0 0.518 5.127

FFC 0.325 0.673 0.746 0.562 0.693 0 3.509

S×T 0.611 – 1.614 0.422 1.739 0.588 4.851

ENR – – 0 – 0 – 3.444

Total 1.587 1.576 3.030 1.851 2.140 2.1371
frontie
– indicates that ARB were not isolated from this pond.
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had the highest ratio (35.79%), followed by the transposase family

genes (tnpA-04 and tnpA-05; 32.22%), MLSB (ereA, mphA-02, and

ermF; 17.12%), multidrug family genes (qacEdelta1-01 and
Frontiers in Marine Science 06
qacEdelta1-02 ; 7.29%), and tet families genes (tetG-01 ;

2.63%) (Figure 5B).
3.4 Relationships among ARGs, ARB, and
water nutrients

RDA analysis was conducted among the top eight ARB genera

(Acinetobacter sp., Pseudomonas sp., Shewanella sp., Aeromonas sp.,

Citrobacter sp., Comamonas sp., Rheinheimera sp., and

Brevundimonas sp.) with an average proportion exceeding 1%

and a total content exceeding 95%, the top 12 ARGs [tnpA-04,

sul1, sul2, ereA, tnpA-05, dfrA1, qacEdelta1-02, intI-1(clinic),mphA-

02, tetG-01, ermF, and qacEdelta1-01] with an average ratio

exceeding 1%, and the total ratio exceeding 95%, and water

nutrients (NO3
–, NO2

–, PO4
3–, and NH4

+) (Table S2). RDA1 and

RDA2 determined 39.2% and 13.2% of the total variation,

respectively, with a total variation of 52.4% (Figure 6).

The ARB and ARGs were mainly affected by PO4
3– and NO3

–.

PO4
3– was generally positive correlated with most ARGs (total

relative ratio of 65.86%), except ereA, sul1, and mphA-02 (total

relative ratio of 32.37%). In addition, PO4
3– was positively

correlated with Pseudomonas sp. and Rheinheimera sp. (total

proportion of 27.69%). Moreover, NO3
– was generally negatively

correlated with ARGs (including sul1, drfA1, tnpA-04, tnpA-05, and

tetG-01 with a total relative ratio of 59.00%) and ARB (including

Acinetobacter sp., Citrobacter sp., Comamonas sp., Brevundimonas

sp., Pseudomonas sp., and Rheinheimera sp. with a total proportion

of 77.69%). However, NO3
– was positively correlated with the ARGs

of qacEdelta1-01, qacEdelta1-02, sul2, and mphA-02 with a total

relative ratio of 22.02% and with the Shewanella sp. and Aeromonas

sp. ARB with a total proportion of 18.24% (Figure 6). Sul1 was

significantly positively correlated with Comamonas sp. and

Brevundimonas sp. DfrA1, tnpA-05, tnpA-04, tetG-01, and ermF
A

B

FIGURE 5

Relative abundance of top 12 ARGs in different sea bass ponds (A)
and the relative ratio of the top 12 ARGs over the 20 ponds (S1–
S20). Values show means and 1 standard error of mean (mean ±
SEM, n = 20) (B).
FIGURE 4

ARB resist to different antibiotics from different sea bass ponds (CIP, ciprofloxacin; ERY, erythromycin; FFC, florfenicol; RIF, rifampicin; S×T,
sulfamethoxazole × trimethoprim; ENR, enrofloxacin).
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were positively associated with Pseudomonas sp. and Rheinheimera

sp. MphA-02 was positively associated with Aeromonas sp. and

Shewanella sp. (Figure 6).
4 Discussion

During the breeding process, antibiotic resistance continues to

increase as breeding progresses (Wu et al., 2019; Yuan et al., 2019).

Here, our census of antibiotic resistance profiles (ARB and ARGs)

in breeding ponds during the early stage of breeding will help to

guide the use of antibiotics during the breeding process, improving

the efficiency of disease prevention and control, reducing the

probability of antibiotic abuse, and finally attenuating

antibacterial resistance.
4.1 Distribution of ARB in sea bass ponds
in spring

In total, 614 ARB strains were isolated and identified; they were

most resistant to ERY (48.15%) and moderately resistant to S×T

(18.07%) and RIF (5.46%), while they were less sensitive to FFC

(2.16%), CIP (1.3%), and ENR (0.15%). Given that the use of ERY,

RIF, and CIP has been prohibited in China since 2020, our results

indicate the significant effect of the forbidden use of RIF and CIP.

Although there was still 48.15% resistance to ERY, this was

significantly lower than that reported in a previous study (>90%)

(Mao et al., 2020).

Among the ARB, Acinetobacter sp. accounted for nearly half of

species (42.34%), followed by Pseudomonas sp., Shewanella sp.,

Aeromonas sp., Citrobacter sp., Comamonas sp., Rheinheimera sp.,

and Brevundimonas sp., with a relative abundance of more than 1%.

Most of them, including Acinetobacter sp., Pseudomonas sp.,
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Shewanel la sp . , Aeromonas sp . , Citrobacter sp . , and

Brevundimonas sp., are conditional pathogens (Zong, 2011;

Zhang et al., 2014; Khalil et al., 2021). The Aeromonas sp.,

Pseudomonas sp., and Citrobacter sp. have also been found in

Nile tilapia and grey mullet fish farms in Egypt, fish farms in East

Malaysia, and other fish ponds in China with similar abundance

(Xiong et al., 2015; Lihan et al., 2020; Sherif et al., 2021). However,

here the Acinetobacter sp. (42.34%) was greatly higher than that in

other farms (Lihan et al., 2020). Furthermore, other genera,

especially the conditional pathogens of Citrobacter sp. and

Brevundimonas sp., are rare found in other aquaculture farms.

Such pathogens can cause aquaculture diseases under suitable

conditions. For example, a highly virulent strain of Aeromonas sp.

causes motile Aeromonas septicemia (MAS) in Chinese sucker fish

(Li et al., 2021). Huang et al. (2020) reported Acinetobacter

venetianus as a potential bacterial pathogen of red leg disease in

whiteleg shrimp, while Pseudomonas anguilliseptica is reported to

have caused disease outbreaks in four cultured seabream (Sparus

aurata) farms in different localities in Egypt in 2016 (Fadel et al.,

2018). These results highlight the importance of monitoring ARB in

the early stage of sea bass culture ponds to guide the use

of antibiotics.

In previous studies, Hoa et al. (2011) isolated sulfamethoxazole-

resistant strains from Vietnamese fish ponds and found

Acinetobacter sp. to be the most abundant sulfamethoxazole-

resistant bacteria (35%). Gao et al. (2012) found that

Acinetobacter sp. showed resistance to sulfamethoxazole and

tetracycline in aquaculture establishments in Tianjin, China. In

addition, Wu et al. (2019) found Alteromonas sp. (32.72%), Vibrio

sp. (24.77%), and Acinetobacter sp. (11.62%) to be the major ARB in

marine fish cage-culture areas in Hainan, China, with most of the

ARB being opportunistic pathogens. Zago et al. (2020) reported

Shewanella algae in Italian aquaculture farms to be reservoirs of

ARGs, while Devarajan et al. (2017) found that >50% of multidrug

resistant bacteria reported in India are Pseudomonas sp. Their

results suggest that Acinetobacter sp., Shewanella sp., and

Pseudomonas sp. are common ARB in aquaculture environments

and that sulfonamide-resistant bacteria are widely distributed,

which is consistent with the results of our study.
4.2 Distribution of ARGs in sea bass

In total, 40 of the 76 tested ARGs were detected by chip-qPCR

with a concentration range of 0–0.72 copies per 16s rRNA. TnpA-04

was the most abundant ARG, followed by sul1, sul2, ereA, tnpA-05,

dfrA1, qacEdelta1-02, intI-1(clinic), mphA-02, tetG-01, ermF, and

qacEdelta1-01, belonging to the transposase, sul, MLSB, multidrug,

and tet gene families. These types of ARGs are common in the

environment and have been frequently reported in previous studies

(Cheng et al., 2013; Su et al., 2014; Zhang et al., 2017). Most of the

ARGs have been found in the sea bass ponds in Zhuhai, from May

to December in 2018 (Deng et al., 2022). However, the abundance

here (0-0.72 copies per 16S rRNA) is higher than that in 2018 (0-

0.038 copies per 16S rRNA), suggesting the use of antibiotics

increases the accumulation and spread of drug resistance. In
FIGURE 6

Redundancy analysis of ARGs, ARB, and water nutrients.
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addition, the abundance of ARGs, especially the frequently detected

sul1 and sul2, is at a level similar to that in the freshwater

aquaculture ponds in China (Wang et al., 2021). However, qnrA,

qnrB, qnrS, tetA-01, tetC-01, and tetH, which were detected in the

freshwater aquaculture ponds in China with the median abundance

of 10−3 to 10−1 copies per 16S rRNA (Wang et al., 2021), have not

been found here. These results indicate that aquaculture models,

environmental factors, and biotic factors could be affecting ARGs

(Wang et al., 2021), as the sea bass ponds are brackish ponds.

Therefore, various usages of antibiotics and feed, environmental

conditions, management methods, and water nutrition of the sea

bass ponds probably contribute to different microbial communities

and ARGs succession (Wang et al., 2021).

The ARG content in our sample ponds suggests that mainly

sulfonamide antibiotics are used to treat aquaculture diseases during

sea bass farming, which is consistent with the ARB results. In

addition, the high detection rate of the mobile genetic elements of

tnpA-04, tnpA-05, and intI-1 (clinic) showed that a large number of

ARGs have been transferred horizontally by transposase and

integrase. For example, sul1, sul2, and dfrA1 are located on class 1

integrons (Girija et al., 2019; Chaturvedi et al., 2020) and encode

antibiotic-resistant variants of dihydropteroate synthase in gram-

negative bacteria (Skold, 2000). Sul1, sul2, and sul3 were found to be

ubiquitous in estuaries in China and elsewhere, such as Mexico and

South Africa (Rodas-Suarez et al., 2006; Suzuki et al., 2015).

Moreover, the high detection rate of ereA and ermF being

responsible for ERY resistance is consistent with the results of the

high distribution of ERY (48.15%) ARB, thus indicating that the

prohibition of ERY needs to be continued. Here, only the tetG gene of

the 18 tested tetracycline genes were detected, which is significantly

lower than in other studies (Shen et al., 2019), suggesting the

significant effects of the ban of tetracyclines such as oxytetracycline

in aquaculture since 2012 and the “Drug Reduction in Aquaculture”

initiative since 2020 in China (http://www.yyj.moa.gov.cn/gzdt/

202004/t20200401_6340570.htm). In addition, low detection and

nearly no detection of ARGs belonging to (fluoro)quinolone and

beta-lactamase indicated the great effect of the forbidden use of

corresponding antibiotics, such as CIP and penicillin (Shen et al.,

2019) (www.yyj.moa.gov.cn/gzdt/202010/t20201012_6354054.htm).

Together with our results, the abundance of sul appears to be

relatively high in multiple aquaculture environments. However, the

prohibition of antibiotics has played significant role in controlling the

spread of drug resistance.
4.3 Relationships among ARGs, ARB, and
water nutrients

The main environmental factors affecting the content of the ARB

and ARGs were found to be PO4
3– and NO3

–. Generally, PO4
3– was

positively correlated with most ARGs and ARB, whereas NO3
–

showed the opposite condition, which is consistent with previous

studies (Liu et al., 2015; Deng et al., 2022). Aquaculture activities can

lead to nutrient accumulation in water (Farmaki et al., 2014), which is

conducive to the growth of ARB, leading eventually to the

accumulation of ARGs in the environment. For example, Whooley
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et al. (1983) found that the phosphate limitation decreased the growth

rate of P. aeruginosa. In addition, Shewanella sp., Aeromonas sp.,

Pseudomonas sp., and Acinetobacter sp. can induce heterotrophic

nitrification and aerobic denitrification; thus, they have important

roles in nitrogen cycling in the environment (Zhang et al., 2011; Yao

et al., 2013; Chen et al., 2014; Guo et al., 2014; Chen andWang, 2015).

Wang et al. (2020) found that NO3
– had a negative relationship with

Proteobacteria (Shewanella sp., Aeromonas sp., Pseudomonas sp., and

Acinetobacter sp.). This is partly inconsistent with our results, in which

NO3
– showed a strong positive relationship with Shewanella sp. and

Aeromonas sp. while showing a weak negative positive relationship

with Pseudomonas sp. and Acinetobacter sp. The difference with other

findings probably comes from the taxa’s response to NO3
– under

different environmental conditions, as these bacteria probably show

differences in the denitrification capabilities and the resulting

products. For example, the Aeromonas sp. strain HN-02 obtained

0.90 mg L−1 h−1 of ammonia removal rate even at 5°C, and the rate

reached up to 4.19 at its optimal growth temperature 30°C (Chen et al.,

2014). Moreover, it showed great performance of ammonia removal

below 20 g L−1 of salinity (Chen et al., 2014). In addition, a

Pseudomonas sp. YZN-001 can utilize not only nitrate and nitrite

but also ammonium, and it has been shown to possess the capability of

fully removing as much as 275.08 mg L−1 NO3
−–N and 171.40 mg L−1

NO2
−–N under aerobic conditions (Zhang et al., 2011).
4.4 Conclusion and aquaculture
management implications

In the current study, tnpA-04, sul1, sul2, ereA, tnpA-05, dfrA1,

qacEdelta1-02, intI-1(clinic),mphA-02, tetG-01, ermF, and qacEdelta-01

were prevalent ARGs in sea bass aquaculture water. In addition,

numerous S×T-resistant bacteria were isolated and identified,

reflecting the frequent usage of sulfonamide in sea bass disease

control. The decreased ERY-resistant and low RIF- and CIP-resistant

ARB suggest the effectiveness of the ban of such antibiotics. The eight

most abundant ARB were Acinetobacter sp., Pseudomonas sp.,

Shewanella sp., Aeromonas sp., Citrobacter sp., Comamonas sp.,

Rheinheimera sp., and Brevundimonas sp., which could be the

reservoirs of ARGs. Given that pathogenic bacteria show strong

resistance to erythromycin and sulfonamide even during the early

stage of sea bass culture, these antibiotics are not recommended for use

during sea bass breeding. Given the low rate of bacterial resistance,

quinolones, such as ciprofloxacin and enrofloxacin, could be considered

for disease control during sea bass culture. RDA analysis showed that

the main environmental factors affecting the content of the ARB and

ARGs were PO4
3– and NO3

–. Therefore, the abundance of some ARBs

and ARGs can probably be predicted by measuring PO4
3– and NO3

–,

which would help efforts to reduce the levels of environmental ARGs

and, thus, the occurrence of aquacultural diseases.

We recommend that future research should focus on the following

three factors: (1) a systematic investigation of the amounts of residual

antibiotics, which would confirm our hypothesis about the use of

banned antibiotics for treating sea bass diseases and better guide the

scientific and rational use of approved antibiotics; (2) given that this

study focused on sea bass farming in a single area, resistance in different
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areas and species should be further investigated, and recommendations

for antibiotic resistance risk in culture ponds could be made by

understanding the resistance profile in the culture environment; and

(3) an indoor simulating test should be conducted to confirm the effect

of PO4
3– and NO3

– on ARB and ARG proliferation and to confirm the

regulatory parameters, such as the concentration of PO4
3– and NO3

–.

Such information could be used to establish reasonable ecological

regulation strategies to help reduce the accumulation of ARGs and

ARB in aquaculture environments.
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