
Scientific Research Bulletin                                                        2026,3(2):26-34 

https://www.wonford.com/ 26 

Comprehensive Analysis of the Impacts and Potential Risks of 

Disinfectant Use on the Transfer of Antibiotic Resistance Genes in 

Aquaculture 

Ziliang Zhong* 

Wuhan Institute of Technology, Wuhan 430205, China 

*Corresponding email: 1963381063@qq.com 

Abstract 

The overuse of antibiotics in intensive aquaculture has led to the continuous enrichment and dissemination of antibiotic 

resistance genes (ARGs) in aquatic environments, posing risks to public health. In recent years, the extensive 

application of disinfectants - including chlorine-based compounds, hydrogen peroxide, guanidines, and metal-based 

nanomaterials - and their subsequent environmental residues have raised concern. However, their impact on ARG 

propagation remains poorly understood. This review systematically examines the effects of typical disinfectants on 

horizontal gene transfer (HGT) of ARGs, changes in ARG abundance, and microbial community structure in 

aquaculture settings. Key findings indicate that environmentally relevant concentrations of disinfectants significantly 

enhance conjugative transfer frequency (by 1.30- to 10.00-fold) through oxidative stress, SOS response, and increased 

membrane permeability. Disinfectant exposure elevates the abundance of tetracycline, sulfonamide, and β‑lactam 

ARGs, accompanied by enrichment of mobile genetic elements, thus enhancing ARG mobility. Moreover, disinfectants 

reduce microbial diversity and selectively enrich potential pathogenic host bacteria (e.g., Mycobacterium spp., 

Pseudomonas aeruginosa), exacerbating the risk of resistance transfer to high-risk pathogens. Collectively, disinfectant 

residues act synergistically with antibiotic selection pressure to drive a positive feedback loop of “selection‑dispersion”, 

turning aquaculture systems into reservoirs of multidrug resistance. Incorporation of disinfectants into environmental 

risk assessment frameworks and development of green alternatives that do not induce horizontal gene transfer are 

urgently needed. 
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Introduction 

Since the discovery of antibiotics, their potent 

antimicrobial properties have established them as a 

cornerstone of human infection control. Concurrently, 

the extensive utilization of antibiotics has led to 

pervasive residual contamination in the environment. 

The widespread application of antibiotics in veterinary 

medicine, clinical practice, and agriculture has exerted 

selective pressure on bacteria, driving the emergence of 

antibiotic resistance genes (ARGs) through mutation, 

thereby conferring drug resistance. Antibiotic-resistant 

bacteria (ARBs) and ARGs are frequently detected in 

aquatic, terrestrial, and even atmospheric environments, 

posing latent threats to public health. The advent of 

ARGs has exacerbated the challenges associated with 

managing bacterial diseases, particularly those driven by 

the proliferation of multidrug-resistant pathogens. 

Owing to the mobility and ubiquity of aquatic 

ecosystems, ARG contamination in water environments 

is particularly pronounced. These genes can disseminate 

across diverse systems (e.g., oceans, groundwater, and 

municipal water supplies) via hydrological cycles, 

fostering the proliferation of drug-resistant bacteria. For 

human populations, the rampant emergence and 

dissemination of resistant bacteria, especially pathogenic 

strains, represent a grave menace to public health, 

precipitating critical healthcare concerns. Pathogens 

harboring ARGs, such as Listeria, Aeromonas, and 

Clostridium species, are zoonotic agents capable of 

inducing foodborne infections. 

With the rapid expansion of the global aquaculture 
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industry, coupled with increasing stocking densities and 

the pervasive use of antibiotics, the accumulation of 

ARBs and ARGs in aquaculture water bodies has become 

an escalating concern. ARGs not only undergo stable 

vertical transmission within bacterial populations but 

also disseminate horizontally across distinct bacterial 

taxa via horizontal gene transfer (HGT), perpetuating the 

spread of resistance determinants within environmental 

microbial communities. This process facilitates the entry 

of ARGs into natural ecosystems and potentially the 

human food chain through aquatic cycling, posing an 

insidious threat to public health. Therefore, in-depth 

investigations into the transmission mechanisms and 

influencing factors governing ARGs in aquaculture 

environments are pivotal for elucidating the 

dissemination dynamics of environmental resistance 

genes and formulating targeted pollution mitigation 

strategies. 

Distribution and risks of ARGs in aquaculture 

Against the backdrop of the continuous development of 

the global aquaculture industry, global aquaculture 

production exhibited an overall upward trend from 2008 

to 2020. By 2022, global aquaculture production had 

reached 130.9 million tons [1]. Data released by the Food 

and Agriculture Organization (FAO) indicates that 

among the top-ranked countries in global aquaculture 

production in 2024, China ranked first, and together with 

the other 9 major producing countries, accounted for 

89.8% of global aquaculture production. 

With the substantial growth in demand for aquatic 

products, intensive aquaculture models have become the 

primary approach in modern aquaculture. To prevent and 

treat various fish diseases, large quantities of antibiotics 

are commonly used in aquaculture. The excessive use of 

antibiotics in aquaculture has led to antibiotic residue 

pollution in aquaculture water bodies and accelerated the 

development of antibiotic resistance in farmed fish and 

the aquaculture environment [2]. 

Meanwhile, residual antibiotics gradually accumulate in 

water and sediments, exerting persistent antibiotic 

selection pressure on local bacterial communities. 

Bacteria acquire ARGs through random chromosomal 

mutations, develop drug resistance, and transmit ARGs 

to bacteria in the environment, thereby increasing the 

levels of antibiotic resistance in aquaculture production 

environments and their surroundings [3]. Studies have 

shown that the proliferation of ARB containing ARGs in 

the environment will increase the migration, 

transformation, and dissemination of ARGs among 

environmental microorganisms, ultimately leading to the 

environment becoming a natural reservoir for various 

ARGs [4]. 

In aquaculture practice, a wide range of antibiotics are 

used, covering multiple drug categories, such as β-

lactams, chloramphenicols, macrolides, and tetracyclines, 

totaling more than twenty types, while the main 

antibiotic resistance genes detected in aquaculture water 

are tetracycline, macrolide, quinolone, and sulfonamide 

resistance genes [5-7]. A recent study using metagenomic 

sequencing and other omics methods found the 

widespread presence of tetracycline, sulfonamide, and 

macrolide-lincosamide-streptogramin resistance genes 

in aquaculture wastewater [8]. 

Particularly in China, multi-species intensive pond 

aquaculture is one of the important aquaculture methods 

to increase aquatic product yield and economic benefits. 

This aquaculture model carries the risk of generating and 

transmitting ARGs [9]. In recent years, ARGs have been 

detected in aquaculture environments across various 

regions, as shown in Table 1 [10-13]. 

Table 1. Detection of antibiotic resistance genes in aquaculture. 

Location Antibiotic resistance genes References 

Estuarine Aquaculture Area of Hangzhou Bay sul1, sul2, tetA, tetB, tetC, tetM, qnrS, floR [10] 

Recirculating Mariculture System in Yantai tetB, tetG, tetX, sul1, sul2, qnrA, qnrB, qnrS, ermF [11] 

Pond Aquaculture Around Honghu Lake, 

Hubei Province 

qnrB, tetX, sul1, tetB, sul2, floR, cat1, tetG, qnrS, cmlA, 

ermF, qnrA, ermT 
[12] 

Mariculture System in Qionghai, Hainan 

Province 
sul1, sul2, tetB, tetC, tetG, cmlA, ereA, floR [13] 

 

In the environment, ARGs exhibit persistence, mobility, 

and transmissibility. Notably, the spread of ARGs from 

non-pathogenic bacteria to pathogens may pose greater 

ecotoxicological effects and environmental health risks 
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than antibiotics themselves [14]. The environmental 

dissemination of ARGs is jointly influenced by natural 

factors and human activities. Anthropogenic activity 

areas such as aquaculture, wastewater treatment, and 

livestock and poultry farming, as well as natural 

environments such as water sources, plants, and animals, 

may all participate in their transmission process, thereby 

posing potential risks to ecosystems and human and 

animal health [15]. Furthermore, studies have found that 

a large number of fish pathogens carrying ARGs (such as 

Listeria, Aeromonas, and Clostridium) are zoonotic 

pathogens that may cause foodborne infections [16]. It is 

estimated that by 2050, the increase in antibiotic 

resistance is projected to cause 10 million deaths 

annually and result in global costs of up to US$100 

trillion [17]. 

Transmission mechanisms of ARGs 

Bacteria acquire antibiotic resistance through two 

primary mechanisms: spontaneous gene mutations that 

generate ARGs, and horizontal gene transfer (HGT) that 

enables the acquisition of ARGs from external sources. 

The former is primarily propagated to progeny via 

vertical gene transfer (VGT), whereas the latter 

possesses greater potential for rapid ARG dissemination, 

facilitating transfer between distinct bacterial strains and 

even across different species [18]. Drug-resistant 

bacteria can acquire exogenous ARGs through HGT, 

evolving into multidrug-resistant strains with resistance 

to multiple antibiotics. HGT refers to the transfer of 

genetic material between conspecific or heterologous 

organisms, encompassing conjugation, transformation, 

and transduction. 

(1) Conjugation involves the direct contact between 

donor and recipient bacteria, followed by the transfer of 

mobile genetic elements (typically plasmids or 

transposons) from the donor to the recipient via a 

conjugation bridge. Plasmids carrying ARGs can be 

transmitted to other strains, even to bacterial populations 

belonging to different genera [19]. 

(2) Natural transformation occurs when bacteria directly 

uptake free deoxyribonucleic acid (DNA) from the 

environment and acquire corresponding genetic traits. 

For transformation to occur, the cell membrane must 

undergo changes in permeability, i.e., the membrane 

must enter a receptive state [20]. 

(3) Transduction involves the transfer of DNA from 

donor cells to recipient cells via phage infection, 

resulting in genetic alterations in the recipient cells. The 

recipient bacteria acquire the donor DNA fragment 

carried by the phage vector and obtains the 

corresponding genetic traits [21]. 

Application of disinfectants in aquaculture 

Disinfectants play a crucial role in aquaculture by 

eliminating pathogenic microorganisms in the 

environment, interrupting disease transmission pathways, 

and in some cases, removing organic waste and 

mitigating malodors [22]. Common disinfectant 

categories include nanoscale heavy metals, quaternary 

ammonium compounds, peroxides, guanidines, organic 

halogens, and alcohols. These agents exert potent 

antimicrobial and bactericidal effects through 

mechanisms such as enhancing bacterial membrane 

permeability, interfering with enzymatic systems, and 

inducing protein coagulation and denaturation [23]. 

Ozone (O3), a strong oxidant with broad-spectrum 

antimicrobial activity, has been widely utilized in water 

treatment to reduce microbial loads, oxidize organic 

compounds, and control odors. In Pacific white shrimp 

culture systems, ozone application has been shown to 

achieve stable ammonia removal rates ranging from 5-50 

mg/h [24]. Hydrogen peroxide (H2O2) is commonly 

employed as a biocide in recirculating aquaculture 

systems (RAS) to control microbial pathogen 

populations, prevent fish diseases, and remove organic 

carbon and odor-causing compounds. Studies have 

demonstrated that H₂O₂ treatment at a concentration of 

0.15 µL/L effectively reduces dissolved organic carbon 

(DOC) and odor compounds, primarily geosmin and 2-

methylisoborneol, in recirculating water systems [25]. 

Additionally, H2O2 has been utilized to enhance 

dissolved oxygen (DO) levels, maintain water quality, 

improve production performance, and eliminate 

pathogenic bacteria through accelerated nutrient 

decomposition [26]. 

Nanoscale heavy metal disinfectants are widely utilized 

in aquaculture due to their broad-spectrum activity, but 

their persistent nature leads to environmental 

accumulation and potential ecological risks. 

Nanomaterials have found extensive applications in 

aquaculture due to their unique physicochemical 

properties, including high surface area, excellent drug 

loading capacity, and adsorption capabilities [27]. These 
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applications span multiple domains, including feed 

nutrition enhancement, disease management, water 

quality regulation, and environmental remediation, with 

promising results demonstrated in empirical studies. 

Nanoparticles exhibit significant potential in inhibiting 

microbial growth, offering novel strategies for fish 

disease management. For instance, silver nanoparticles 

(Ag NPs) have been shown to significantly reduce the 

viability of fish pathogens such as Aeromonas 

hydrophila [28]. Furthermore, numerous studies have 

documented the efficacy of nanoparticles (e.g., silver, 

copper, and zinc), titanium dioxide, graphene, and carbon 

nanotubes in controlling microbial infections in 

aquaculture systems [29]. Combinations of graphene 

oxide nanoparticles (GO NPs) and CuO NPs (GO-CuO-

NPs) at a concentration of 3 mg/mL exhibit potent 

activity against Escherichia coli and Salmonella 

typhimurium [30]. Biologically derived selenium 

nanoparticles (Se NPs) at a concentration of 75 μg/mL 

demonstrate strong antibiofilm activity against 

Aeromonas hydrophila and Vibrio harveyi [31]. 

In addition to antimicrobial applications, nanomaterials 

are increasingly being utilized to enhance feed nutrition 

and promote aquatic organism growth. Research has 

demonstrated the efficacy of Se NPs in red sea bream 

diets, with supplementation levels of 1-2 mg Se NPs per 

kilogram of feed shown to improve fish growth rates and 

survival rates [32]. Another study reported significant 

improvements in growth performance and modulation of 

beneficial gut microbiota in zebrafish fed diets 

supplemented with Se NPs [33]. Iron oxide nanoparticles 

have also been shown to promote fish growth and 

enhance immune function, offering dual benefits for 

health management and environmental remediation [34]. 

Effects of disinfectants on the HGT of ARGs 

Disinfectants, particularly commonly used types such as 

chlorine-based compounds, alcohols, quaternary 

ammonium salts, and H2O2, have been widely employed 

in hospitals, the food industry, and public health settings. 

However, most non-biodegradable disinfectants are 

discharged into wastewater treatment plants and 

receiving water bodies, leading to environmental 

accumulation of these chemicals [35]. Studies have 

demonstrated that chloramine and free chlorine can 

enhance the natural transformation efficiency of ARGs in 

Acinetobacter baylyi ADP1 (A. Baylyi ADP1) bacteria 

through oxidative stress pathways mediated by reactive 

oxygen species (ROS), with increases of over 10.00-fold 

compared to control groups [36]. 

Guanidine-based disinfectants are extensively utilized 

due to their broad-spectrum antimicrobial efficacy and 

safety. Research has shown that exposure to 0.1-1.0 mg/L 

polyhexamethylene biguanide hydrochloride and 

polyhexamethylene guanidine hydrochloride increases 

the conjugative transfer frequency of the RP4-7 plasmid 

from Escherichia coliDH5α to Escherichia coliEC600 by 

1.3-2.50-fold and 1.10-3.90-fold, respectively. These 

disinfectants also induce reactive oxygen species 

production, trigger the SOS response, enhance 

membrane permeability, upregulate global regulatory 

genes and DNA transfer/replication processes, and 

promote energy metabolism. Additionally, treatment 

with chloramine, free chlorine, and H2O2 at 

concentrations of 0.1-1.0, 0.1-1.0, and 0.2-3.0 mg/L, 

respectively, has been found to increase the conjugative 

transfer frequency of the pCM184-Cm plasmid from 

Escherichia coli S17-1 to Escherichia coli K-12 by 1.9-

7.50-fold, 3.40-6.40-fold, and 1.40-5.40-fold, 

respectively. Intergeneric conjugative transfer to 

Salmonella typhimurium has also been enhanced by 

1.40-2.30-fold [37]. 

The widespread application of nanomaterials in 

aquaculture, industry, agriculture, and other fields has led 

to significant residual contamination in the environment. 

Amid the challenge of widespread antibiotic resistance, 

nanomaterials are rapidly gaining attention due to their 

unique antimicrobial properties, such as those exhibited 

by CuO NPs, ZnO NPs, Ag NPs, and TiO2 NPs [38]. 

Nanomaterials can inhibit bacterial growth and 

reproduction by disrupting cell membrane structures, 

blocking metabolic processes, and directly damaging 

bacterial DNA, among other mechanisms. However, they 

can also induce adaptive changes in bacteria or facilitate 

the acquisition of antibiotic resistance through HGT 

pathways [39]. Studies have reported that metal 

nanomaterials such as CuO NPs and Ag NPs can promote 

the HGT of ARGs [40,41]. Exposure to 5 μmol/L CuO 

NPs increases the interspecies conjugative transfer 

frequency of the RP4 plasmid by 2.00-fold, and 

extending the treatment duration from 8 to 24 hours 

further enhances this transfer frequency by 4.00-fold. 

This effect may be attributed to the global SOS response 
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induced by DNA damage and the increased cell 

membrane permeability caused by CuO NPs. In 

conclusion, as environmental residues of disinfectants 

increase, greater attention should be paid to the risk of 

resistance gene dissemination. 

Effects of disinfectants on ARGs in the environment 

The extensive use of disinfectants has led to their 

widespread persistence in the environment, which has 

been shown to exert direct impacts on environmental 

ARGs. Multiple disinfectants have been demonstrated to 

influence ARG dissemination [42]. Notably, no 

significant changes were observed following 21 days of 

exposure to 10.0 and 100.0 mg/L ZnO NPs, whereas the 

abundances of sul1, sul2, and aadA1 in landfill leachate 

increased dramatically within 7 days under 500.0 mg/L 

ZnO NP stress [43]. Additionally, the abundance of 

ARGs in tap water increased by 6.4 to 109.20-fold after 

chlorination treatment, with six transposase-encoding 

genes detected. Studies have found that the abundance of 

tetracycline resistance genes in activated sludge exposed 

to 10 μg/L polystyrene (PS) NPs was 1.09 times higher 

than in the control group, and PS NPs were shown to 

significantly increase the relative abundance of 

sulfonamide resistance genes (sul1) by 2.28-3.25-fold in 

sludge [44,45]. Low-dose chlorine has been found to 

significantly increase the abundance and transcriptional 

activity of ARGs, particularly promoting the enrichment 

of β-lactam, multidrug, and tetracycline resistance genes, 

while activating ARG-carrying hosts and enhancing 

plasmid-mediated HGT [46]. Various types of 

disinfectants have been investigated in studies, with 

many reported to alter the abundance of ARGs in the 

environment, most commonly promoting their 

enrichment and posing significant health threats. 

Effects of disinfectants on environmental microbial 

communities 

Microbial communities are closely associated with 

ARGs, as bacteria within these communities can harbor 

ARGs, indicating that the diversity and structure of 

microbial communities directly influence the 

dissemination of ARGs. Selective pressures resulting 

from residual disinfectants in the environment can 

impact environmental microbial communities. Studies 

have demonstrated that treatment with Al2O3 NPs, CuO 

NPs, and ZnO NPs reduces bacterial community 

diversity and affects the abundance of mobile genetic 

elements (MGEs), thereby altering host bacterial 

populations and influencing ARG dissemination [47]. 

Additionally, recent research has shown that treatment 

with non-spherical polyethylene nanoparticles (PE NPs) 

further simultaneously increases the abundance and 

diversity of ARGs in rhizosphere soil, with a shift in the 

primary bacterial hosts of ARGs toward higher-risk 

potential pathogenic taxa, particularly Pseudomonas 

aeruginosa [48]. Disinfectants also alter environmental 

microbial community structure; studies have found that 

chlorine and chloramine treatment reduce microbial 

community diversity and restructure microbial 

communities, enriching certain bacterial taxa such as 

Mycobacterium and Sphingomonas, and increasing the 

proportion of primary host bacteria for ARGs and MGEs, 

thereby enhancing ARG abundance [49]. The combined 

use of nanomaterials and disinfectants also modifies 

microbial community structure. A study showed that the 

composite disinfectant HPS, consisting of H₂O₂ and Ag 

NPs, influences the intestinal microbial community of 

shrimp and the microbial community in rearing water. 

HPS use reduces Vibrio populations and total bacterial 

counts in rearing water, with Vibrio and Pseudomonas 

aeruginosa becoming the dominant bacterial groups in 

water samples [50]. In conclusion, disinfectants may 

alter the structure of environmental microbial 

communities, thereby changing the host bacteria of 

ARGs and influencing ARG dissemination. Furthermore, 

the acquisition of antibiotic resistance by more 

pathogenic bacteria poses significant human health risks. 

Conclusion 

In summary, this study systematically reveals the 

overlooked role of disinfectant residues in facilitating the 

dissemination of ARGs within aquaculture environments. 

The key findings are threefold. First, disinfectants, 

including chloramine, free chlorine, hydrogen peroxide, 

guanidine-based compounds, and metal-based 

nanoparticles, at environmentally relevant concentra-

tions significantly enhance HGT of ARGs via 

mechanisms involving oxidative stress, SOS response, 

and increased membrane permeability. Second, sublethal 

disinfectant exposure consistently elevates the absolute 

or relative abundance of diverse ARGs (e.g., tetracycline, 

sulfonamide, and β-lactam resistance genes) and MGEs, 

indicating that disinfectants not only co-select for 
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resistance but also promote ARG mobility. Third, 

disinfectant-induced shifts in microbial community 

structure - marked by reduced diversity and enrichment 

of specific taxa (e.g., Mycobacterium, Pseudomonas 

aeruginosa) - redirect ARG hosts toward potentially 

pathogenic bacteria, thereby amplifying public health 

risks. 

Collectively, these findings challenge the conventional 

view that disinfectants solely mitigate microbial 

contamination. Instead, disinfectant residues, especially 

from intensive aquaculture practices, may create a 

“selection-dispersion” feedback loop when combined 

with antibiotic pressure, turning aquaculture systems into 

reservoirs of multidrug resistance. Given the potential 

entry of such resistance into natural ecosystems and the 

human food chain, we advocate for integrating 

disinfectant residues into environmental risk assessment 

frameworks for antimicrobial resistance (AMR). Future 

efforts should prioritize developing degradable, low-

residue disinfectants that do not induce HGT, alongside 

establishing surveillance systems that jointly monitor 

antibiotics, disinfectants, ARGs, and microbial 

community dynamics in aquaculture. 
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