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ARTICLE INFO ABSTRACT

Keywords: The purpose of this research was to determine whether mariculture settings in China harbor antibiotic-resistant
Mariculture bacteria, genes, or mobile genetic elements (MGEs). In mariculture waters spanning about 5000 km of South
Pathogenome China's coastline, we examined the diversity, abundance, and co-occurrence of pathogenome, resistome, and
Metagenomics

mobilome using metagenomic and 16S rRNA studies. 207 pathogenic species were found; only 10 could be
cultured; the rest were unculturable and were more common in mariculture waters than in nearby coastal re-
gions. These results suggest that mariculture systems may facilitate the presence and potential spread of
unculturable infectious diseases. Multidrug resistance genes predominated among the 913 subtypes we found
across 21 ARG categories. The abundance of mobile genetic elements (MGEs), including plasmids, integrons,
transposons, and insertion sequences, suggests that horizontal gene transfer is relatively standard. Pathogens,
ARGs, and MGEs were strongly associated in co-occurrence network analysis, suggesting that many pathogens in
mariculture settings may be multidrug-resistant. The interplay and interconnection of these factors highlight the
potential influence of China's aquaculture practices on microbial communities and the spread of Resistance. To
protect marine and public health against the development and spread of new antibiotic-resistant diseases, this
research emphasizes the critical need for stronger antibiotic control in mariculture and improved monitoring.

Antibiotic Resistance Genes (ARGs)
Mobile Genetic Elements
Mobilome

1. Introduction and co-occurrence patterns in different aquaculture environments, this

work used high-throughput metagenomic sequencing in conjunction

The rapid global expansion of aquaculture has prompted serious
concerns about the emergence and spread of antibiotic resistance, driven
by the extensive use of antibiotics to prevent and control aquatic dis-
eases. About 57.5% of the world's aquaculture production comes from
China, the industry leader (Wang et al., 2025). The widespread use of
antibiotics in aquaculture contributes significantly to environmental
concerns surrounding antibiotic resistance. This research set out to
examine the pathogenome, antibiotic resistance genes (ARGs), and
mobile genetic elements (MGEs) in mariculture waters spanning
approximately 5000 kilometers of the South Chinese coastline to un-
derstand their distribution and interactions (Zhou et al., 2024). His
study aimed to: (1) characterize the diversity and spatial distribution of
the resistome, mobilome, and pathogenome, (2) investigate factors
contributing to unculturable pathogens, and (3) evaluate their virulence
potential. To thoroughly investigate the antibiotic resistance risk factors
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with 16S rRNA gene analysis (Zhao et al., 2019).

The ongoing existence and potential for antibiotic resistance genes to
spread across many ecosystems have garnered increased interest, as they
are seen as emergent environmental pollutants. Surface waters and
underlying sediments in mariculture habitats in China have been shown
to contain a broad diversity of ARGs and residual antibiotics (Gul et al.,
2024). Many antibiotics, including tetracyclines, aminoglycosides, sul-
fonamides, p-lactams, and even colistin, which are last-resort medica-
tions, have been widely used without proper regulation, a practice
linked to the prevalence of these resistance genes (Yan et al., 2022).
According to research conducted in several mariculture zones, all sam-
ple sites evaluated showed the presence of numerous ARGs. Specifically,
sulfonamide resistance genes (e.g., sull, sul2, sulA) and tetracycline
resistance genes (e.g., tetC, tetX) were frequently detected. In addition,
the ARG concentrations in sediment samples were consistently higher
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than in water samples, indicating that sediments used in mariculture
serve as permanent reservoirs for resistance genes. Multidrug resistance
genes pose a significant threat to public health and food safety because
they enable harmful bacteria to survive multiple antibiotic treatments
(Anderson et al., 2025).

In ARG survival and dissemination within bacterial populations,
mobile genetic elements are crucial. The ability to quickly acquire and
disseminate resistance characteristics across phylogenetically distant
microbial species is enabled by horizontal gene transfer (HGT), which is
facilitated by mobile genetic elements (MGEs) such as plasmids, trans-
posons, integrons, insertion sequences, and bacteriophages. MGEs are
particularly abundant in the mariculture environment, which is subject
to heavy human interference through practices such as intensive
farming, antibiotic inputs, and nutrient loading (Mithuna et al., 2024).
The development of antibiotic-resistant bacteria is accelerated by
increased ARG mobilization, driven by the greater prevalence of MGEs.
Consequently, it becomes much more challenging to manage and treat
bacterial illnesses in both aquaculture and human populations when
vulnerable bacteria in the mariculture environment develop Resistance
via HGT. Network analysis in the research showed that ARGs and MGEs
are highly correlated, lending credence to the hypothesis that maricul-
ture waters are prime locations for genetic adaptation and exchange.
Within this framework, MGEs serve as vectors of Resistance while
simultaneously amplifying environmental and health hazards (Ahmad
et al., 2022).

Thirdly, the pathogenome, or community of pathogenic bacteria in
the mariculture waters (containing strains that can be cultured and those
that cannot), is studied in this work (Nasir et al., 2023). Having these
genes carried by harmful species makes the pathogenicity potential of
ARGs even more worrisome. Of the 207 pathogen species found, only 10
could be cultured in a typical lab setting. Unculturable infections pre-
dominate in these habitats, yet regular monitoring fails to detect them.
The virulence genes of these pathogens can be preserved even when they
are in a viable but non-culturable (VBNC) state, allowing them to regain
pathogenicity when revived in an ideal environment or with a suitable
host. Pathogens detected include Vibrio cholerae, Acinetobacter bau-
mannii, Pseudomonas aeruginosa, and Klebsiella pneumoniae (Jin and
Jin, 2021). Among these, several species are multidrug-resistant and are
considered of high importance. As an example, cholera and gastroen-
teritis may develop during resuscitation if certain Vibrio strains cannot
be cultured. In a similar vein, A. baumannii in a VBNC state was
discovered to upregulate adhesion genes linked to virulence when
exposed to high-salinity environments. In addition to surviving, these
uncultivable pathogens may act as ARG carriers and transfer agents in
the microbiome, highlighting the underappreciated danger they pose
(Anh Khoa et al., 2020).

Our knowledge of environmental antibiotic resistance in coastal
aquaculture environments is greatly enhanced by this work, which
provides several significant contributions. We provide a comprehensive
picture of the causes of antibiotic resistance in mariculture waters in
South China by combining data from the mobilome, pathogenome, and
antibiotic resistome. Horizontal gene transfer is a key factor in the
spread of Resistance, as evidenced by the high ARG diversity, the
prevalence of multidrug resistance subtypes, and the significant asso-
ciation with MGEs. Another environmental health risk that standard
monitoring methods may miss is the presence of virulent, multidrug-
resistant, unculturable microorganisms. These results emphasize the
critical need for improved surveillance systems that incorporate mo-
lecular detection techniques capable of capturing VBNC and culturable
infections. In addition, policymakers and risk assessors working on
antibiotic usage in aquaculture may benefit from this study's findings. To
reduce the likelihood of antibiotic resistance in these ecosystems, it is
essential to implement stronger restrictions on antibiotic usage, enhance
water quality management, and encourage the use of non-antibiotic
methods of disease control. The findings of this research have impor-
tant implications for international initiatives to curb the spread of
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antibiotic-resistant bacteria and for the long-term viability and security
of aquaculture as a whole.

2. Materials and methods
2.1. Collecting samples and measuring water quality

We collected 21 surface water samples from seven representative
mariculture zones along about 5000 kilometers of coastline in South
China between April and June 2021 to study the microbial community
structure, antibiotic resistome, mobilome, and pathogenome in mari-
culture waters. These mariculture locations were chosen: Shuimentan
(SMT), Sanniangwan (SNW), Yingzi (YZ), Nanshandao (NSD), Yangjiang
(YJ), Zhuhai (ZH), and Huizhou (HZ). For comparison, two control sites,
Paotai (PT) and Dongaodao (DAD), were also included and had no
mariculture activities nearby. Guangxi (SMT, SNW, PT) and Guangdong
(YZ, NSD, YJ, ZH, HZ, DAD) were the two central coastal provinces
where the mariculture locations were located. The supplemental mate-
rials provide the exact geographic coordinates and information of the
sample location (Sampantamit et al., 2020).

We took samples from three separate ponds at each mariculture site
at random. Four different locations, each 50 cm below the water's sur-
face, were randomly chosen to collect water samples from each pond.
Each location gathered 2 liters of water in total (Cerca et al., 2024). To
ensure that the samples remained unaltered by microbes throughout
transportation, they were promptly placed in sterile containers, placed
on ice, and brought to the lab in the dark.

A multiparameter water quality analyser was used to detect critical
environmental factors such as pH, salinity, temperature, and dissolved
oxygen in real-time. The dichromate oxidation technique was used to
assess chemical oxygen demand, and ammonium molybdate colorimetry
was used for spectrophotometric analysis of total phosphorus. These
indicators of water quality were documented at each location and are
available in the supplemental data tables. Three biological replicates
were combined from each location before DNA extraction and micro-
biological analysis to ensure representativeness. Isolation of bacterial
colonies from cultures was also facilitated by this composite sampling
method (Castillo et al., 2023).

DNA was extracted from each filtered water sample using the DNeasy
PowerWater Kit (Qiagen, Hilden, Germany) according to the manufac-
turer’s protocol. The same kit was used for both metagenomic and 16S
rRNA sequencing to ensure consistency. DNA concentration and purity
were assessed with a NanoDrop 2000 spectrophotometer (Thermo
Fisher Scientific, USA) and quantified using a Qubit 3.0 fluorometer
(Invitrogen, USA).

2.2. Sequencing of the metagenome

Nextera XT DNA Library Prep Kits were used to prepare meta-
genomic DNA libraries according to the manufacturer's instructions
(Ilumina, San Diego, CA, USA). The Illumina NovaSeq 6000 platform
with a paired-end read length of 2 x 150 bp was used for sequencing,
producing approximately 1012 Gbp of raw data per sample. Raw reads
were initially evaluated with FastQC v0.11.9 for quality, and Trimmo-
matic v0.39 was used to trim them to remove low-quality bases and
adapter sequences. Host-derived reads were filtered and mapped to the
reference genome with Bowtie2 v2.5.1. The de novo assemblies were
done using MEGAHIT v1.2.9, and Prokka v1.14.6 was used to predict
open reading frames (ORFs). ARGs were identified by matching against
CARD (Comprehensive Antibiotic Resistance Database, v2023) and
SARG using BLASTp with> 90% identity and > 70% coverage. ISfinder,
INTEGRALL, and PlasmidFinder were used to annotate mobile genetic
elements (MGEs) (Fu et al., 2021; Delgado et al., 2021).
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2.3. 16S rRNA gene amplicon sequencing of bacteria that can be
cultivated

The V3-V4 region of the bacterial 16S rRNA gene was amplified
using primers 341 F (5-CCTACGGGNGGCWGCAG-3") and 805 R (5-
GACTACHVGGGTATCTAATCC-3"). Amplicons were sequenced on the
[lumina MiSeq platform with paired-end reads of 2 x 300 bp. On
average, each sample produced 50,000-70,000 raw reads. Quality
filtering was performed using QIIME2 v2023.2, which included
demultiplexing, chimera removal with DADA2, and denoising to obtain
amplicon sequence variants (ASVs). Taxonomic assignment was carried
out using the SILVA v138 database with a confidence threshold of 97%
(Li et al., 2021; Zhang et al., 2023).

2.4. Bioinformatics and annotation

Metagenomic clean reads were assembled using MEGAHIT v1.2.9,
and open reading frames (ORFs) were predicted with Prokka v1.14.6.
Annotation of antibiotic resistance genes (ARGs) was performed using
BLASTp against the CARD (Comprehensive Antibiotic Resistance Data-
base, v2023) and SARG databases (>90% identity, >70% coverage).
Mobile genetic elements (MGEs) were identified using ISfinder, INTE-
GRALL, and PlasmidFinder. Virulence factors were annotated using the
VFDB (Virulence Factors of Pathogenic Bacteria, v2023). For 16S rRNA
gene sequences, taxonomic classification was conducted with QIIME2
v2023.2 against the SILVA v138 reference database at a 97% similarity
threshold.

2.5. Analysis

The antibiotic resistome, mobilome, and pathogenome were
analyzed using a variety of visualization and statistical methods to
determine community structures and patterns of co-occurrence. Net-
works of co-occurrence were built using relative abundance data and
Pearson's correlation coefficients. The network analysis only kept sta-
tistically significant positive correlations (r > 0.5 and P < 0.01). Gephi
was used to visualize networks, enabling investigation of the intricate
interplay among ARGs, MGEs, and pathogens (Liu et al., 2022). Abun-
dance profiles of pathogenic and resistant components across various
mariculture and control locations were compared using a heatmap.
Because of this, hotspots could be more easily located, and the relative
importance of each site to the overall resister and pathogenome burden
could be better assessed. To better understand community overlap and
site-specific resistance patterns, we used Venn diagrams to show the
amount of common and unique ARG subtypes across sample sites
(Kumar et al., 2023).

Bray-Curtis dissimilarity measurements were used in principal
component analysis (PCA) to uncover larger trends in microbial
composition. When comparing pathogen community structure and
antibiotic resistance gene spectrum across different sample sites, prin-
cipal component analysis was functional (Dao et al., 2019). Ecological
statistics software was used to perform these multivariate analyses.
Taken as a whole, these methods enabled a thorough evaluation of the
dynamics of mariculture microbial communities and the factors that
promote the spread of Resistance.

3. Results and discussion

3.1. Mariculture waters as traps for pathogens, antibiotic resistance, and
mobile organisms

3.1.1. Pathogenome diversity and its potential

Metagenomic sequencing, culturable evaluations, and 16S rRNA
gene analysis were used to classify pathogen populations in mariculture
waters. Bacteria dominated all samples at the community kingdom level,
accounting for 83.8-99.2% of the total microbial communities. One
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sample had the highest bacterial percentage (99.2%) among all loca-
tions. The most prevalent microbial groups across all samples were
Proteobacteria, Bacteroidetes, and Actinobacteria, among 237 phyla
and more than 6000 species. Mariculture waters had much lower levels
of Proteobacteria than control locations, suggesting that this microbe is
more common in clean, undisturbed saltwater (Dyrset, 2025).

Metagenomic profiling revealed the presence of 207 pathogenic
species across all samples, of which bacteria constituted the dominant
fraction (77.0-82.6%) (Fig. 1a). In total, 181 pathogenic bacterial spe-
cies were detected in both mariculture and control waters, with highly
similar community compositions observed between Guangdong and
Guangxi mariculture sites and notable overlap with adjacent control
locations, indicating possible pathogen dispersal from aquaculture ac-
tivities (Fig. 1b-c). Multidrug resistance genes accounted for approxi-
mately 35% of the total ARG abundance and were significantly enriched
in aviculture waters compared with controls (Krystal-Wallis test, y*> =
14.27, p = 0.003). The most prevalent pathogens included Staphylo-
coccus aureus, Salmonella enterica, and Pseudomonas aeruginosa, which
are associated with gastrointestinal, respiratory, and skin infections
through exposure to contaminated water or seafood (Fig. 1e) (Maulu
et al.,, 2021). A significant abundance of pathogenic organisms was
observed at the control site compared with nearby mariculture sites,
suggesting environmental spillover of disease from aquaculture zones.
Pathogen communities in mariculture samples from Guangdong and
Guangxi clustered closely within the same confidence ellipse in a
non-metric multidimensional scaling (NMDS) analysis. In contrast,
control samples were positioned separately, suggesting compositional
differences from waters affected by mariculture (Tom et al., 2021). As a
result, we can say with confidence that mariculture waters, unlike the
mostly unspoiled control zones, host a diverse and abundant
pathogenome.

Overall, mariculture waters along the South China coast harbor
diverse pathogenic bacteria, including both culturable and unculturable
forms, with evidence of microbial contamination extending to adjacent
coastal waters. The presence of clinically relevant pathogens such as
Salmonella enterica, Pseudomonas aeruginosa, Staphylococcus aureus, Vib-
rio cholerae, Mycobacterium tuberculosis, and pathogenic Escherichia coli
highlights the need for strengthened management strategies and
enhanced monitoring to reduce pathogen dissemination and protect
marine ecosystem health.

Culturable bacterial abundances in mariculture waters ranged from
10° to 10° CFU mL™ , exceeding control levels by one to two orders of
magnitude. Analysis of 16S rRNA sequences identified 234 bacterial
genera across 14 phyla, with Proteobacteria and Bacteroidota predom-
inating and Vibrio and Pseudoalteromonas as the most abundant genera.
Alpha diversity indices indicated significantly higher microbial diversity
in mariculture waters, a pattern confirmed by a Kruskal-Wallis test (3> =
11.62, p = 0.003) (Chen et al., 2023a). The dominance of Proteobacteria
suggests that nutrient availability plays a vital role in shaping microbial
community structure, consistent with observations from other maricul-
ture environments. Using a curated database of human pathogens, 15
culturable pathogenic species were identified, with 9 commonly detec-
ted in mariculture waters and 3 present across all samples. Vibrio chol-
erae and Bartonella henselae were the most prevalent culturable
pathogens, while Salmonella enterica and Pseudomonas aeruginosa
showed high relative abundances in several mariculture sites, exceeding
8% in individual samples (Conroy et al., 2022). Comparison of meta-
genomic and culture-based approaches showed that only a small subset
of pathogenic species was detectable by cultivation. While two species
were detected in all samples and both methods identified 10, meta-
genomic analysis alone identified 196 pathogenic species, indicating a
predominance of unculturable pathogens. These findings suggest that
mariculture waters support dense and diverse pathogenic communities
compared with nearby control sites (Chen et al., 2023b). Although
control sites contained lower absolute levels of pathogenic bacteria, the
relative abundance of dominant species was comparable to that in
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Fig. 1. shows the distribution and levels of harmful microorganisms in the mariculture and control water samples. In (a), phylum-level percentages are shown; in (b)
and (c), pathogenic species shared across mariculture and control locations are shown using metagenomic and 16S rRNA data; in (d), culturable and metagenomic
pathogens are compared; and in (e), a heatmap of species-level abundance is shown. Sites PT and DAD serve as controls, whereas GD and GX stand for Guangdong

and Guangxi, respectively.
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mariculture waters, suggesting possible pathogen spread into adjacent
coastal ecosystems. This dissemination may result from
aquaculture-related inputs such as untreated effluents, direct water
discharge, and contaminated feed, which together can facilitate the
continuous circulation of pathogenic bacteria in marine environments
(Sathish et al., 2023). The predominance of pathogens detected exclu-
sively by metagenomic sequencing indicates that many bacteria in
mariculture waters exist in unculturable yet potentially virulent states,
posing hidden risks to food safety and environmental health. Environ-
mental stressors such as salinity, pH, and solar exposure may induce
viable but non-culturable (VBNC) conditions in pathogens, including
Staphylococcus aureus, Salmonella enterica, and Vibrio cholerae. In this
study, salinity ranged from < 5%o to ~38%o, and more than 94% of
detected pathogens were not recoverable by cultivation. Notably,
Pseudomonas aeruginosa and V. cholerae were consistently detected
across all samples, with V. cholerae showing high culturability despite
low metagenomic abundance, suggesting its potential as an indicator
organism in mariculture environments (Sierra-Correa et al., 2024).
Analysis of environmental conditions showed that specific pathogens,
such as Salmonella enterica, were associated with low-salinity waters and
were absent from high-salinity sites, likely due to stress-induced tran-
sitions to unculturable states. For example, S. enterica was abundant at
sites with salinity below 5%o but undetected at sites with salinity above
22%o, supporting a negative relationship between salinity and pathogen
culturability. Among unculturable pathogens, Staphylococcus aureus was
the most prevalent, underscoring its potential as a foodborne pathogen.
Together, metagenomic, culture-based, and 16S rRNA analyses
demonstrate that mariculture waters along the South China coast harbor
diverse pathogens with varying culturability, which may readily
disperse from aquaculture zones into adjacent coastal ecosystems
(Jayathilaka et al., 2023). The widespread presence of unculturable yet
potentially infectious pathogens poses a significant challenge for envi-
ronmental monitoring and food safety, underscoring the need for
improved molecular detection approaches and stricter regulatory over-
sight in aquaculture systems.

3.1.2. A community of microbes with a wide range of antibiotic resistance

Analyzing the antibiotic resistome profiles in mariculture waters
allowed researchers to assess the impact of mariculture on the coastal
marine environment. Fig. 2 summarizes the antibiotic resistance gene
(ARG) diversity, abundance, and mechanisms across all water samples.
Nine hundred and thirteen ARG subtypes were identified, representing
twenty-one different resistance groups. These groups mostly matched
the antibiotic classes most commonly used in humans, such as peptides,
tetracyclines, macrolides, and streptogramins (MLS). In every sample,
multidrug resistance genes accounted for about 35% of the overall ARG
abundance, making them the most abundant ARGs (Fig. 2a). Resistance
to tetracyclines and MLS ensued. It is worth noting that the control lo-
cations had far lower ARG subtype abundance and richness than mari-
culture waters. The resistome hotspot potential was highlighted by the
SNW sample, which had the most extraordinary richness of ARG sub-
types. On the other hand, the control samples showed lower overall
abundance and fewer ARG species, indicating that those locations were
under less antibiotic pressure (Sivadas et al., 2021).

Fig. 2b shows that, among the MLS genes, macB was the most
prevalent, followed by oleC. This was based on further study of resis-
tance types. Fig. 2c shows that a greater variety of ARG subtypes was
associated with multidrug Resistance than with other categories. In
contrast, the number of multidrug resistance genes was essentially
constant across all samples. The high abundance of genes such as msbA
and evgS across almost all samples indicates that these genes are
commonly found in mariculture settings.

Although the number and variety of tetracycline resistance genes
were decreased in the control waters, they were nonetheless extensively
dispersed (Fig. 2d). Notably, compared to mariculture locations, the
levels of tetracycline-related ARG were lowest in the ZH sample. These

Regional Studies in Marine Science 97 (2026) 104885

results indicate that ARG accumulation is driven by continual antibiotic
input from aquaculture, particularly multidrug-resistant and MLS ARGs.
Overuse of antibiotics promotes the persistence and spread of ARGs, as
shown by the much greater ARG enrichment in mariculture waters
compared to controls. This raises concerns about the spread of ARGs into
surrounding ecosystems, which might endanger human and environ-
mental health.

Antibiotic efflux accounted for around half to sixty percent of the
overall resistance activity, making it the most prominent resistance
mechanism seen in all mariculture water samples. Afterwards, strategies
like target protection, target replacement, and target change emerged. A
total of 40 ARGs were identified; among them, multidrug resistance
genes confer Resistance to 17 different classes of antibiotics, including
nitroimidazoles, fluoroquinolones, MLS, and others. The results indicate
that mariculture waters tend to acquire a variety of genes that make it
harder to treat diseases caused by bacteria resistant to many drugs. This
poses a serious concern (Ren et al., 2024).

In this sample, we identified a large number of genes conferring
Resistance to multiple antibiotics, including macB, oleC, and optrA. For
instance, the rpoB2 gene may change its target or substitute itself to
function. Another member of the ABC superfamily that is associated
with multidrug Resistance is msbA, a transporter protein homolog.
Bacteria can quickly become resistant to antibiotics thanks to these
transporter proteins, which serve as their primary defence. Efflux pumps
should be closely monitored since they play a significant role in bacterial
Resistance, whether the bacteria are Gram-negative or Gram-positive.

Antibiotic resistance genes (ARGs) originating in mariculture regions
may have migrated to neighbouring coastal ecosystems, as the control
sites PT and DAD showed ARG profiles comparable to those in mari-
culture waters. Fig. 3 shows that redundancy analysis (RDA) confirmed
this trend, indicating that ARGs such as evgS and macB were prevalent
in both the DAD and YZ samples. The majority of ARGs were found near
samples YZ and NSD, which also exhibited robust relationships with
environmental variables. The RDA revealed a positive association be-
tween salinity and pH and significant ARGs, including evgS, msbA, and
macB, and a negative association with total phosphorus. The first RDA
axis accounted for 21.9% of the overall variance, whereas the second
axis explained 14.2%. The data suggest that higher salt levels in mari-
culture waters increase ARG concentrations, possibly through increased
bacterial stress responses, elevated ARG gene expression, or horizontal
gene transfer.

On the other hand, ARG persistence or expression may be diminished
by elevated phosphorus levels. The concentration and variety of ARGs
linked to glycopeptides, peptides, aminocoumarins, mupirocin, and
p-lactams were notably higher in mariculture waters than in control
locations. Mariculture sites in Guangdong and Guangxi, including SNW,
YZ, NSD, and YJ, require close monitoring due to elevated ARG levels. It
is worth noting that the levels of ARGs in mariculture samples from the
nearby sites, ZH and HZ, were lower than those in the control site DAD.
This might mean that ARGs are being carried or deposited in the near-
shore seawaters by runoff or tides (Wan et al., 2024).

There are serious environmental concerns due to the abundance and
variety of ARGs resistant to many drugs in mariculture waters and
nearby coastal areas. Among them are hazards to marine life, contami-
nation of seafood, and potential exposure of human-associated microbes
to ARGs in the environment or through food. To slow the spread of
aquaculture-related resistance into other ecosystems, preventive mea-
sures and regulatory constraints are crucial.

In general, ARGs resistant to many drugs have been found in mari-
culture waters throughout the 5000 km coastline of southern China.
Furthermore, a wide variety of complex ARGs appears to have been
introduced into adjacent coastal waters through the discharge of un-
treated mariculture effluents. Proliferation of bacteria resistant to anti-
biotics is heightened in these conditions because the antibiotic resistome
and pathogenome overlap spatially.
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Fig. 2. Macrolide, multidrug, and tetracycline ARG relative abundances and top resistance subtypes across samples. Each resistance class's colour gradient represents
the relative abundance of an ARG subtype.
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Fig. 3. Analysis of environmental variables' redundancy concerning the top 10 ARGs. TP stands for total phosphorus, AS for control sites, DO for dissolved oxygen,

COD for chemical oxygen demand, T for temperature, and SAL for salinity.

3.1.3. Ample mobility making it easier to move ARGs from one mariculture
water system to another

To determine the possibility of antibiotic resistance gene (ARG)
horizontal gene transfer (HGT), BLAST was used to compare meta-
genomic data from all water samples with databases of integrons,
transposons, insertion sequences, and plasmids. Strict criteria, such as
an e-value < 10™® and an identity> 90%, were imposed to ensure ac-
curate identification. In all samples, the most diverse mobile genetic
elements (MGEs) found were plasmids and insertion sequences (Fig. 4a).
The following genetic elements were found: 7983 plasmids, 1801
insertion sequences, 72 transposons, and 8 integrons. These four MGE
groups were subsequently investigated for gene type distribution and
relative abundance (Fig. 4b). Plasmids were the most species-rich
category; however, different plasmid types were not particularly abun-
dant. Notably, compared to mariculture samples from Guangdong, the
control sample DAD had a wider range of plasmid species (Balakrishnan
Nair et al., 2024). On the other hand, SNW from Guangxi showed the
most incredible total variety of plasmids among mariculture waters.

Many plasmids were shown to have originated from bacteria, as
determined by taxonomic analysis (Fig. 4c), including Ralstonia sol-
anacearum and Rhizobium leguminosarum. Notably, human infections
such as Vibrio, Klebsiella pneumoniae, and Salmonella enterica were
also linked to several plasmids. The PT sample contained a high con-
centration of plasmids derived from Vibrio, with 93.5% of them in a
circular form. This indicates that the PT sample has a high potential for
gene transfer and mobility. The rate of genetic exchange among mi-
crobial communities is often inversely proportional to the quantity of
MGEs. Because they mediate conjugation and transformation, plasmids
are essential for horizontal gene transfer (HGT). Hence, mariculture
systems show great promise for plasmid-mediated ARG transfer, as
evidenced by the high plasmid abundance. Mariculture waters are hubs
for genetic exchange and the transmission of resistance traits, as shown
by the large number and diversity of plasmids, particularly those asso-
ciated with pathogenic species. Overall, the preponderance of plasmids
and insertion sequences in mariculture conditions, together with the
mobilome, lays the groundwork for the rapid spread of ARGs. To eval-
uate the ecological and public health concerns associated with mari-
culture practices, it is crucial to monitor MGEs and ARGs.

A total of three types of integrons were detected in the samples; intI1,
intl, and intIA were the most common. Three types of integrons were
discovered at the control sites DAD and PT. In contrast, only two were

found in the YJ mariculture sample (Fig. 4d). The fact that integrons
were only found in trace amounts among the MGEs indicates that they
may not have had much of a role in horizontal gene transfer (HGT) in
these seas.

Although their relative abundance was not the highest, sample ZH
had the most extensive variety of transposons (Fig. 4e). As a counter-
point, sample SNW had the most incredible proportionate abundance of
MGEs but the fewest transposon kinds. In every sample, retro-
transposons accounted for 60.6% of the total, with DNA transposons
accounting for the remaining 39.4%. In general, the small number of
transposons suggests that their function in facilitating ARG transfer in
mariculture is minimal. Fig. 4f shows that insertion sequences were
much more common in mariculture samples than in controls. Most
notably, ISPfe2 stood out among the others. Mariculture waters
routinely had greater abundances of the top 10 insertion sequences,
suggesting that insertion sequence-mediated HGT may be common
(Bonamano et al., 2024). By conjugating conjugative plasmids to various
bacterial hosts, these elements facilitate gene transfer, increasing the
likelihood of ARG diffusion between phylogenetically distant species.

Although they were less numerous, integrons and transposons
contributed to the genetic mobility landscape, especially compared with
plasmids and insertion sequences, which showed the most incredible
variety and abundance. The prevalence of MGEs in mariculture envi-
ronments suggests that there are several paths for HGT (Hu et al., 2023).
Finally, a robust mobilome, including transposons and integrons, as well
as plasmids and insertion sequences, is present in mariculture waters
along the 5000 km coast of southern China.

3.2. The presence of both antibiotic resistance genes and mobilome
information points to mariculture waters as a potential breeding ground for
novel antibiotic-resistant pathogens

These transposable DNA elements lay the groundwork for the hori-
zontal transmission of ARGs, underscoring the importance of maricul-
ture systems as hotspots for the evolution of antibiotic resistance in the
ocean. Relationships among dominant ARGs, important pathogenic
species, and major mobile genetic elements (MGEs) were examined to
explain the transfer of antibiotic resistance genes (ARGs) among path-
ogenic bacteria in mariculture waters. Fig. 5a shows the results of the co-
occurrence analysis, which showed that many different pathogenic mi-
croorganisms were strongly associated with multidrug resistance ARGs.
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Fig. 4. (a) The proportion of mobile genetic elements (MGEs) such as plasmids, integrons, transposons, and insertion sequences; (b) the distribution of plasmid
subtypes in different samples; (c) the origin of plasmids in relation to their source hosts; (d) the abundance profile of integrons; (e) the abundance of transposons; and
(f) the abundance of insertion sequences. The colour gradients show how each kind of MGE or source host contributes to the overall MGE.

Significant associations with 18 ARGs each were observed for S. aureus
and F. graminearum, suggesting that these bacteria may serve as pivotal
reservoirs of multidrug Resistance (Li et al., 2024). It seems that these
genes may be broadly dispersed across pathogenic hosts in mariculture
environments, as three particular ARGs—macB, tetA(58), and
evgS—were shown to be highly associated with all 19 pathogens
evaluated.

Mariculture systems use antibiotics intensively, as shown by the
prevalence of resistance genes for macrolides, tetracyclines, fluo-
roquinolones, and penicillins. Many of the top 20 pathogenic species
may already have multidrug-resistant profiles, as they co-occur with a
wide variety of ARGs. This is quite concerning because harmful bacteria
pose a threat to human health, even when they are susceptible to a single
antibiotic; when these bacteria develop Resistance to numerous medi-
cines, treatment becomes much more difficult. There is a high proba-
bility of persistent resistance traits being inherited via vertical gene
transfer, given the strong association between ARGs and pathogens. As a

result, antibiotic resistance may be perpetuated within microbial com-
munities after bacteria acquire it. Among the detected bacteria, S. aureus
and F. graminearum stood out as clear indicators of multidrug Resis-
tance (Yin et al., 2023). It is possible to use their presence in conjunction
with other ARGs as a biological indicator to differentiate mariculture
effluent from other types of water pollution. To sum up, mariculture
waters serve as breeding grounds for novel MDR bacteria and viruses
and as repositories for antibiotic resistance genes (Dai et al., 2023).
Mariculture zones are a significant source of the increasing problem of
antibiotic resistance in the environment because of the interconnec-
tedness of ARGs, MGEs, and harmful bacteria.

Fourteen antibiotic resistance genes (ARGs) from seven different
classes were shown to be highly related to insertion sequences and
plasmids, according to analysis of co-occurrence patterns (Fig. 5b). An
analysis of the relationships between insertion sequences and plasmids
revealed that some ARGs, including arlS, baeS, cpxA, efrA, msbA, mtrA,
patA, and tetA(58), are very mobile and may be horizontally transported
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Fig. 5. shows the network of co-occurrences of (a) the top 20 pathogens with ARGs and (b) MGEs with both pathogens and ARGs.

across different species of bacteria. Plasmids and insertion sequences
can facilitate the transmission of traits conferring Resistance to multiple
drugs, as five such traits were associated with these elements (Hwang
et al., 2025).

Notably, there was a significant association between these mobile
genetic elements and critical pathogenic bacteria, including E. coli,
S. enterica, P. aeruginosa, and V. cholerae, compared with other bacteria,
indicating that these bacteria have a greater ability to acquire or spread
ARGs. According to these connections, plasmids and insertion sequences
are the primary mechanisms for horizontal transfer of ARGs in mari-
culture. It is highlylikely that harmful species in mariculture systems
acquire ARGs from environmental bacterial populations, as the inves-
tigation also revealed that plasmids and insertion sequences were found
alongside several hazardous bacteria (Gao et al., 2021). The possibility
that these infections might covertly acquire resistance traits and then
regain viability under favorable conditions is underscored by the fact
that their HGT capacity persists even when bacteria reach unculturable
states. The presence of organic pollutants, trace metals, and antibiotic
residues in mariculture systems can increase bacterial stress responses,
membrane permeability, and mechanisms that facilitate gene transfer,
thereby worsening the spread of ARGs. Under these circumstances,
ARGs may easily spread among microbial populations, including
harmful bacteria (Shakoor et al., 2020).

These results show that the mariculture waters along the 5000 km
coastline of South China are a significant reservoir and vector for anti-
biotic resistance. It is believed that multidrug-resistant pathogenomes
are formed and disseminated via high-frequency HGT events, driven by
strong connections among ARGs, mobile genetic elements, and patho-
genic bacteria. The development of antibiotic-resistant bacteria and vi-
ruses is a significant cause for alarm in mariculture systems, given the
strong link between these systems and human health, both through the
ingestion of seafood and through environmental exposure (Yang et al.,
2023). To mitigate this increasing threat to public health, there needs to
be a stronger push to track biological pollutants and enhance maricul-
ture wastewater treatment.

3.3. Microbiome increasing the proliferation potential of mariculture
waters by producing virulence factors

Assessing the number and source of virulence factors (VFs) allowed
us to estimate the pathogenic potential of microbial communities in
mariculture waters. A total of 908 proteins and 402 virulence factors

were linked to human pathogenic pathways. All samples showed a high
degree of consistency in the relative number and composition of VFs
(Fig. 6a). The PHI-base and VFDB indicate that E. coli, S. enterica, and V.
cholerae were the most common pathogenic bacteria and fungi that
caused these VFs (Fig. 6b). According to the results of the Venn diagram,
out of all the bacterial species linked to VFs that were identified using
metagenomic and 16S rRNA sequencing, sample ZH had the most spe-
cies in common, with nine. In comparison, the control groups PT and
DAD had the fewest (Fig. 6¢). Offensive virulence factors predominated
at all locations, with the most enormous abundance seen for adherence-
related components such as polar flagella, type IV pili, and capsules
(Fig. 6a). Notable among the toxins were colibactin, beta-hemolysin,
and Cya (Zhu et al., 2023).

Mariculture water samples had more diverse and abundant patho-
genic VF-producing organisms than control locations. In a mariculture
setting, the likelihood of developing antibiotic-resistant infections is
significantly increased when these virulence determinants co-occur with
ARGs and harmful bacteria. Mariculture water samples had a more
varied and rich protein composition than control samples when analysed
for proteins associated with human illness pathways (Scavo et al., 2022).
The amounts of DNA (cytosine-5)-methyltransferase (DNMT1, dcm)
were found to be higher in the SMT, ZH, and HZ samples. In every
sample, pathways associated with cancer and bacterial infections took
precedence, followed by those linked to antibiotic resistance. This
research adds to the growing body of evidence that mariculture waters
are breeding grounds for disease-causing organisms and may even
include resistance-related proteins and virulence factors (Liu et al.,
2023). The risk of antibiotic-resistant infections in coastal areas is
further increased when virulence factors combine with ARGs and
harmful bacteria.

There is a diverse variety of virulence genes in the pathogenome of
mariculture waters, as shown by the discovery of functional proteins
associated with human pathogenic pathways and a large number of
virulence factors (VFs). Mariculture waters have a high potential to
serve as reservoirs for clinically significant pathogenomes, as these VFs
were mainly associated with known human pathogens, including E. coli,
M. tuberculosis, K. pneumoniae, S. pneumoniae, A. baumannii, L.
monocytogenes, S. enterica, and V. cholerae.

The fact that VFs are so prevalent in bacterial hosts implies that these
diseases have a higher potential for proliferation. Essential character-
istics of pathogenic bacteria include Type IV pili, which aid in adhesion
and immune evasion; colibactin, which causes DNA damage; and beta-
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hemolysin, which encourages biofilm development, cytotoxicity, and
phagosome escape. Additionally, it was common to find Cya toxin,
which has both haemolytic and dual adenylate cyclase activity, as well
as iron-acquisition systems, which are essential for colonisation and
toxin production. These characteristics increase bacteria's pathogenicity
and help them survive in hosts. In sum, antibiotic-resistant, highly in-
fectious bacteria may thrive in mariculture waters. There is a multiplied
public health risk in these settings due to the presence of VFs, ARGs, and
MGEs. Therefore, virulence factors, in addition to ARGs and harmful
bacteria, should be included in future risk evaluations and monitoring in
mariculture zones.

This research emphasizes the critical need for stronger antibiotic
control in mariculture and improved monitoring. Policymakers should
implement more stringent regulations on antibiotic use, including
restricting prophylactic treatments and promoting sustainable alterna-
tives such as probiotics, vaccines, and improved husbandry practices.

4. Conclusion

This study demonstrates that mariculture waters harbor diverse
pathogenic communities, antibiotic resistance genes, and mobile genetic
elements, with multidrug resistance genes predominating across sites.
The data suggest that mariculture waters may facilitate horizontal gene
transfer (HGT), including in bacteria that are difficult to culture, thereby
contributing to the persistence and spread of resistance traits. These
findings underscore the importance of improving management practices
and monitoring systems to prevent contamination in marine ecosystems.
Antibiotic resistance in mariculture has the potential to escalate into a
serious public health and environmental emergency if left unaddressed.
Urgent actions are required, including improved surveillance, reduced
antibiotic use, and the implementation of best practices for water quality
management. Policymakers should implement more stringent regula-
tions on antibiotic use in mariculture, restricting prophylactic treat-
ments and promoting sustainable alternatives such as probiotics,
vaccines, and improved husbandry practices.

4.1. Limitations

This study represents a single-season snapshot, as all samples were
collected between April and June 2021; therefore, potential seasonal
variations in microbial community composition, antibiotic usage pat-
terns, and horizontal gene transfer dynamics were not captured. To
provide a fair interpretation of the results, it is necessary to note
numerous limitations, despite the enormous scope of this research.
Firstly, our capacity to resolve comprehensive genomic contexts may
have been hindered by our reliance on short-read sequencing, even
though we used high-throughput metagenomic sequencing and 16S
rRNA studies to characterise the resistome, mobilome, and pathoge-
nome. In particular, this limitation hinders our ability to understand
gene mobility and pathogenic potential by preventing the precise link-
ing of ARGs to specific hosts and mobile genetic elements. Our ability to
validate phenotypic Resistance or to conduct experimental validation of
pathogenicity and resistance gene expression is further limited, as we
cannot cultivate the majority of the reported pathogens (197 out of 207).

Secondly, the research is still limited in terms of time, even if it
covered a large geographic area (almost 5000 km of coastline). Seasonal
changes in microbial community composition, trends in antibiotic use,
and the dynamics of horizontal gene transfer may go unnoticed in the
data, as they are snapshots in time. Even though they have a significant
role in microbial ecology, environmental factors, including temperature,
salinity, nutrient levels, and sediment composition, were not consis-
tently quantified or included in our association studies. This might mask
the fact that significant environmental factors influence differences in
the resistome and mobilome. In addition, metagenomic annotation is
database-dependent, which may lead to underestimation or bias,
particularly for newly discovered or poorly understood genes and taxa.
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In maritime settings, where microbial diversity remains unexplored
mainly, curated databases used for ARG and MGE assignment may miss
emerging resistance determinants or mobile elements. Finally, although
co-occurrence network analysis identified some interesting connections
among infections, ARGs, and MGEs, it remains a correlational study. It
cannot establish a causal relationship or confirm any actual gene
transfer events.

4.2. Future policies implications

This study's findings provide substantial evidence for the role of
mariculture waters in South China as reservoirs and possible amplifi-
cation zones for multidrug-resistant bacteria. In light of these results,
immediate and thorough governmental measures are required to reduce
threats to marine ecosystems, food security, and human health. Imple-
menting strict antimicrobial stewardship procedures in aquaculture
activities is of the utmost importance. This involves monitoring how
often and which antibiotics are used in mariculture, eventually elimi-
nating them from non-therapeutic uses and encouraging people to use
alternatives, such as probiotics and vaccinations, to manage diseases. To
gather up-to-date information for risk assessments and policy changes, it
would be beneficial to establish a nationwide surveillance system to
track harmful bacteria, mobile genetic elements, and antibiotic resis-
tance genes (ARGs) in mariculture settings. Collaboration across sectors,
including aquaculture, public health, and maritime authorities, is
essential for the successful implementation of such systems, which
should include early warning systems to identify new resistance
patterns.

Resistome and pathogenome profiles should be evaluated as part of
the required environmental impact studies before aquaculture devel-
opment, especially in areas with high levels of human involvement.
Recirculating aquaculture systems (RAS), whether closed or semi-
closed, may help reduce pollution levels and should be encouraged by
policymakers. The results from South China highlight the need to share
data and work together across borders to combat antibiotic resistance in
water bodies. Antimicrobial Resistance (AMR) in mariculture requires
regional and global cooperation through frameworks such as the FAO
Codex Alimentarius, the World Health Organization's One Health
approach, and the United Nations Sustainable Development Goals, as
the ocean is not contained within boundaries. Finally, policymakers
should invest in research and training programs to better understand
marine resistomes and to fund the development of innovative biotech-
nological tools to detect and manage ARGs and resistant infections in
water systems. Antibiotic resistance in mariculture has the potential to
escalate into a serious public health and environmental emergency if
authorities do not take aggressive measures to address the problem.

CRediT authorship contribution statement

Hao Cao: Conceptualization; Methodology; Formal analysis; Writing
— original draft; Supervision. Taicheng An: Data curation; Software;
Validation; Visualization; Writing — review & editing. Yiwei Cai:
Investigation; Resources; Project administration; Writing — review &
editing.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Appendix A. Supporting information

Supplementary data associated with this article can be found in the
online version at doi:10.1016/j.rsma.2026.104885.


https://doi.org/10.1016/j.rsma.2026.104885

H. Cao et al.
Data Availability
The authors do not have permission to share data.

References

Ahmad, L., et al., 2022. Zinc oxide nanoparticle: an effective antibacterial agent against
pathogenic bacterial isolates. J. King Saud. Univ. Sci. 34 (5), 102110. https://doi.
org/10.1016/j.jksus.2022.102110.

Anderson, A., Kinahan, M.W., Gonzalez, A.H., Udekwu, K., Hernandez-Vargas, E.A.,
2025. Invariant set theory for predicting potential failure of antibiotic cycling. Infect.
Dis. Model 10 (3), 897-908. https://doi.org/10.1016/j.idm.2025.04.001.

Anh Khoa, T., et al., 2020. Waste management system using IoT-based machine learning
in a University. Wirel. Commun. Mob. Comput. 2020. https://doi.org/10.1155/
2020/6138637.

Balakrishnan Nair, T.M., et al., 2024. An integrated buoy-satellite based coastal water
quality nowcasting system: India’s pioneering efforts towards addressing UN ocean
decade challenges. J. Environ. Manag. 354, 120477. https://doi.org/10.1016/].
jenvman.2024.120477.

Bonamano, S., et al., 2024. River—coastal-ocean continuum modeling along the Lazio
coast (Tyrrhenian Sea, Italy): assessment of near river dynamics in the Tiber delta.
Estuar. Coast. Shelf Sci. 297, 108618. https://doi.org/10.1016/j.ecss.2024.108618.

Castillo, D.J., Vicary, T., Kalentsits, M., Soomai, S.S., MacDonald, B.H., 2023. Ensuring
equitable access to ocean and coastal information to advance knowledge and inform
decision-making: the global Aquatic Sciences and Fisheries Abstracts. Ocean Coast.
Manag 231, 106399. https://doi.org/10.1016/j.0cecoaman.2022.106399.

Cerca, M., Sosa, A., Vance, C., Pollard, P., Maguire, J., Murphy, F., 2024. Small-scale low-
tropic ocean farming and coastal rural landscapes: why the logistics of seaweed
matter? Insights from Ireland for collaborative planning. Mar. Policy 163, 106140.
https://doi.org/10.1016/j.marpol.2024.106140.

Chen, J., et al., 2023b. A Tampa Bay coastal ocean model (TBCOM) nowcast/forecast
system. Deep Sea Res. Part II Top. Stud. Oceano 211, 105322. https://doi.org/
10.1016/j.dsr2.2023.105322.

Chen, Y., Ma, Y., Wang, Y., Sun, Z., Han, Y., 2023a. Impact of China’s marine governance
policies on the marine ecological environment — a case study of the Bohai rim (Dec.).
Ocean Coast. Manag 246. https://doi.org/10.1016/J.0CECOAMAN.2023.106913
(Dec.).

Conroy, B.M., Hamylton, S.M., Kumbier, K., Kelleway, J.J., 2022. Assessing the structure
of coastal forested wetland using field and remote sensing data. Estuar. Coast. Shelf
Sci. 271, 107861.

Dai, M., et al., 2023. Soil bacterial community composition and diversity respond to soil
environment in rooftop agricultural system (May). Environ. Technol. Innov. 30.
https://doi.org/10.1016/j.eti.2023.103042 (May).

Dao, M.T., et al., 2019. A hybrid approach using fuzzy AHP-TOPSIS assessing
environmental conflicts in the titan mining industry along Central Coast Vietnam
(Jul.). Appl. Sci. 9 (14). https://doi.org/10.3390/APP9142930 (Jul.).

Delgado, L.E., et al., 2021. Toward social-ecological coastal zone governance of Chiloé
Island (Chile) based on the DPSIR framework (Mar.). Sci. Total Environ. 758.
https://doi.org/10.1016/J.SCITOTENV.2020.143999 (Mar.).

Dyrset, G., 2025. Blue growth in Norway — three emerging narratives. Mar. Policy 178,
106718. https://doi.org/10.1016/j.marpol.2025.106718.

Fu, T., Zhang, L., Yuan, X., Chen, B., Yan, M., 2021. Spatio-temporal patterns and
sustainable development of coastal aquaculture in Hainan Island, China: 30 Years of
evidence from remote sensing (Nov.). Ocean Coast. Manag 214. https://doi.org/
10.1016/J.0CECOAMAN.2021.105897 (Nov.).

Gao, B., Yao, H., Li, Y., Zhu, Y., 2021. Microplastic addition alters the microbial
community structure and stimulates soil carbon dioxide emissions in vegetable-
growing soil. Environ. Toxicol. Chem. 40 (2), 352-365. https://doi.org/10.1002/
ETC.4916.

Gul, S., Hussain, S., Khan, H., Arshad, M., Khan, J.R., de Jesus Motheo, A., 2024.
Integrated Al-driven optimization of Fenton process for the treatment of antibiotic
sulfamethoxazole: insights into mechanistic approach. Chemosphere 357, 141868.
https://doi.org/10.1016/j.chemosphere.2024.141868.

Hu, Q., Zhang, T., Jiao, Z., Duan, Y., Dewancker, B.J., Gao, W., 2023. How does
industrial transformation enhance the development of coastal fishing villages:
lessons learned from different transformation models in Qingdao, China (Mar.).
Ocean Coast. Manag. 235. https://doi.org/10.1016/J.0CECOAMAN.2022.106470
(Mar.).

Hwang, J.H., et al., 2025. Evaluation of biohydrogen production potential in sludge by
phospholipid fatty acid analysis of microbial communities. Biomass Bioenergy 197,
107786. https://doi.org/10.1016/j.biombioe.2025.107786.

Jayathilaka, R.M.R.M., Ratnayake, N.P., Wijayaratna, T.M.N., Silva, K.B.A.,
Arulananthan, K., 2023. A Review of coastal erosion mitigation measures on Sri
Lanka’s Western Coast, an Island Nation in the Indian Ocean: current gaps and future
directions. Ocean Coast. Manag 242, 106653. https://doi.org/10.1016/j.
ocecoaman.2023.106653.

Jin, S.-E., Jin, H.-E., 2021. Antimicrobial activity of zinc oxide nano/microparticles and
their combinations against pathogenic microorganisms for biomedical applications:
from physicochemical characteristics to pharmacological aspects (Jan.).
Nanomaterials 11 (2). https://doi.org/10.3390/nan011020263 (Jan.).

Kumar, S., Baalisampang, T., Arzaghi, E., Garaniya, V., Abbassi, R., Salehi, F., 2023.
Synergy of green hydrogen sector with offshore industries: opportunities and

Regional Studies in Marine Science 97 (2026) 104885

challenges for a safe and sustainable hydrogen economy. J. Clean. Prod. 384,
135545. https://doi.org/10.1016/j.jclepro.2022.135545,

Li, P., et al., 2021. Anthropogenic influences on dissolved organic matter in three Coastal
Bays, North China (Jul.). Front. Earth Sci. 9. https://doi.org/10.3389/
FEART.2021.697758 (Jul.).

Li, Z., et al., 2024. Farmland microhabitat mediated by a residual microplastic film:
microbial communities and function. Environ. Sci. Technol. 58 (8), 3654-3664.
Liu, J., et al., 2022. Ulva macroalgae within local aquaculture ponds along the estuary of
Dagu River, Jiaozhou Bay, Qingdao (Jan.). Mar. Pollut. Bull. 174. https://doi.org/

10.1016/J.MARPOLBUL.2021.113243 (Jan.).

Liu, L., et al., 2023. Unraveling the role of polymeric ferric sulfate in promoting
propionic acid in anaerobic sludge hydrogen production fermentation. J. Environ.
Chem. Eng. 11 (5), 110752. https://doi.org/10.1016/j.jece.2023.110752.

Mauly, S., et al., 2021. Climate change effects on aquaculture production: sustainability
implications, mitigation, and adaptations (no. March). Front. Sustain. Food Syst. 5.
https://doi.org/10.3389/fsufs.2021.609097 (no. March).

Mithuna, R., et al., 2024. Emergence of antibiotic resistance due to the excessive use of
antibiotics in medicines and feed additives: a global scenario with emphasis on the
Indian perspective. Emerg. Contam., 100389

Nasir, Z., et al., 2023. Fingerprinting of heavy metal and microbial contamination
uncovers the unprecedented scale of water pollution and its implication on human
health around transboundary Hudiara drain in South Asia (May). Environ. Technol.
Innov. 30, 103040. https://doi.org/10.1016/J.ET1.2023.103040 (May).

Ren, W., Xu, Y., Xiao, H., 2024. Research on the impact of marine ecological civilization
demonstration zone policies on the green development level of China's marine
economy: a quasi-natural experiment based on coastal cities (Mar.). Mar. Policy 161,
106048. https://doi.org/10.1016/J.MARPOL.2024.106048 (Mar.).

Sampantamit, T., Ho, L., Lachat, C., Sutummawong, N., Sorgeloos, P., Goethals, P., 2020.
Aquaculture production and its environmental sustainability in Thailand: challenges
and potential solutions. Sustain 12 (5), 1-17. https://doi.org/10.3390/s5u12052010.

Sathish, T., et al., 2023. Coastal pollution analysis for environmental health and
ecological safety using deep learning technique. Adv. Eng. Softw. 179, 103441.
https://doi.org/10.1016/j.advengsoft.2023.103441.

Scavo, A., Fontanazza, S., Restuccia, A., Pesce, G.R., Abbate, C., Mauromicale, G., 2022.
The role of cover crops in improving soil fertility and plant nutritional status in
temperate climates. A review (Oct.). Agron. Sustain. Dev. 42 (5). https://doi.org/
10.1007/S13593-022-00825-0 (Oct.).

A. Shakoor, F. Ashraf, S. Shakoor, A. Mustafa, A. Rehman, and M.M. Altaf,
Biogeochemical transformation of greenhouse gas emissions from terrestrial to
atmospheric environment and potential feedback to climate forcing, 2020. doi:
10.1007/511356-020-10151-1.

Sierra-Correa, P.C., Rodriguez, A.C.L., Alonso Carvajal, D.A,, Isaza, F.A.A., 2024.
Integrated coastal zone management in Colombia: 25 years of implementing an
environmental planning policy. Mar. Policy 163, 106122. https://doi.org/10.1016/j.
marpol.2024.106122.

Sivadas, S.K., Muthukumar, C., Bharathi, M.D., Ramu, K., Srivastava, P.K., Murthy, M.V.
R., 2021. Connecting India’s coastal monitoring program with UN Sustainable
Development Goal 14 (Dec.). Ocean Coast. Manag 215. https://doi.org/10.1016/J.
OCECOAMAN.2021.105949 (Dec.).

Tom, A.P., Jayakumar, J.S., Biju, M., Somarajan, J., Ibrahim, M.A., 2021. Aquaculture
wastewater treatment technologies and their sustainability: a review (no. November,
p). Energy Nexus 4, 100022. https://doi.org/10.1016/j.nexus.2021.100022.

Wan, L., Wang, X.H., Wu, W., 2024. Assessment of coastal eco-environmental sustainable
development under multiple pressures: a case study of Jiaozhou Bay, China (Jul.).
J. Environ. Manag. 363, 121230. https://doi.org/10.1016/J.
JENVMAN.2024.121230 (Jul.).

Wang, Q., et al., 2025. Large-scale seaweed cultivation as a nature solution for carbon-
negative economy and restorative environmental stewardship: lessons from China.
Renew. Sustain. Energy Rev. 207, 114954. https://doi.org/10.1016/j.
rser.2024.114954.

Yan, F,, et al., 2022. High-throughput fluorescent screening of p-lactamase inhibitors to
improve antibiotic treatment strategies for tuberculosis. Biosens. Bioelectron. 216,
114606. https://doi.org/10.1016/j.bios.2022.114606.

Yang, N., et al., 2023. Inter-basin water diversion homogenizes microbial communities
mainly through stochastic assembly processes. Environ. Res. 223, 115473. https://
doi.org/10.1016/j.envres.2023.115473.

Yin, M., et al., 2023. Effects of microplastics on nitrogen and phosphorus cycles and
microbial communities in sediments. Environ. Pollut. 318, 120852.

Zhang, J., et al., 2023. Diverse nature of the seasonally coastal eutrophication dominated
by oceanic nutrients: an ecosystem-based analysis characterized by salmon
migration and aquaculture. Mar. Pollut. Bull. 193, 115150. https://doi.org/
10.1016/j.marpolbul.2023.115150.

Zhao, Y., et al., 2019. Evidence for co-selection of antibiotic resistance genes and mobile
genetic elements in metal polluted urban soils (Mar.). Sci. Total Environ. 656,
512-520. https://doi.org/10.1016/].scitotenv.2018.11.372 (Mar.).

Zhou, S., et al., 2024. Gut microbial metabolism is linked to variations in circulating non-
high density lipoprotein cholesterol. eBioMedicine 104, 105150. https://doi.org/
10.1016/j.ebiom.2024.105150.

Zhu, X., et al., 2023. Environmental stress stimulates microbial activities as indicated by
cyclopropane fatty acid enhancement (no. January, p). Sci. Total Environ. 873,
162338. https://doi.org/10.1016/j.scitotenv.2023.162338.

12


https://doi.org/10.1016/j.jksus.2022.102110
https://doi.org/10.1016/j.jksus.2022.102110
https://doi.org/10.1016/j.idm.2025.04.001
https://doi.org/10.1155/2020/6138637
https://doi.org/10.1155/2020/6138637
https://doi.org/10.1016/j.jenvman.2024.120477
https://doi.org/10.1016/j.jenvman.2024.120477
https://doi.org/10.1016/j.ecss.2024.108618
https://doi.org/10.1016/j.ocecoaman.2022.106399
https://doi.org/10.1016/j.marpol.2024.106140
https://doi.org/10.1016/j.dsr2.2023.105322
https://doi.org/10.1016/j.dsr2.2023.105322
https://doi.org/10.1016/J.OCECOAMAN.2023.106913
http://refhub.elsevier.com/S2352-4855(26)00140-4/sbref10
http://refhub.elsevier.com/S2352-4855(26)00140-4/sbref10
http://refhub.elsevier.com/S2352-4855(26)00140-4/sbref10
https://doi.org/10.1016/j.eti.2023.103042
https://doi.org/10.3390/APP9142930
https://doi.org/10.1016/J.SCITOTENV.2020.143999
https://doi.org/10.1016/j.marpol.2025.106718
https://doi.org/10.1016/J.OCECOAMAN.2021.105897
https://doi.org/10.1016/J.OCECOAMAN.2021.105897
https://doi.org/10.1002/ETC.4916
https://doi.org/10.1002/ETC.4916
https://doi.org/10.1016/j.chemosphere.2024.141868
https://doi.org/10.1016/J.OCECOAMAN.2022.106470
https://doi.org/10.1016/j.biombioe.2025.107786
https://doi.org/10.1016/j.ocecoaman.2023.106653
https://doi.org/10.1016/j.ocecoaman.2023.106653
https://doi.org/10.3390/nano11020263
https://doi.org/10.1016/j.jclepro.2022.135545
https://doi.org/10.3389/FEART.2021.697758
https://doi.org/10.3389/FEART.2021.697758
http://refhub.elsevier.com/S2352-4855(26)00140-4/sbref24
http://refhub.elsevier.com/S2352-4855(26)00140-4/sbref24
https://doi.org/10.1016/J.MARPOLBUL.2021.113243
https://doi.org/10.1016/J.MARPOLBUL.2021.113243
https://doi.org/10.1016/j.jece.2023.110752
https://doi.org/10.3389/fsufs.2021.609097
http://refhub.elsevier.com/S2352-4855(26)00140-4/sbref28
http://refhub.elsevier.com/S2352-4855(26)00140-4/sbref28
http://refhub.elsevier.com/S2352-4855(26)00140-4/sbref28
https://doi.org/10.1016/J.ETI.2023.103040
https://doi.org/10.1016/J.MARPOL.2024.106048
https://doi.org/10.3390/su12052010
https://doi.org/10.1016/j.advengsoft.2023.103441
https://doi.org/10.1007/S13593-022-00825-0
https://doi.org/10.1007/S13593-022-00825-0
https://doi.org/10.1007/s11356-020-10151-1
https://doi.org/10.1007/s11356-020-10151-1
https://doi.org/10.1016/j.marpol.2024.106122
https://doi.org/10.1016/j.marpol.2024.106122
https://doi.org/10.1016/J.OCECOAMAN.2021.105949
https://doi.org/10.1016/J.OCECOAMAN.2021.105949
https://doi.org/10.1016/j.nexus.2021.100022
https://doi.org/10.1016/J.JENVMAN.2024.121230
https://doi.org/10.1016/J.JENVMAN.2024.121230
https://doi.org/10.1016/j.rser.2024.114954
https://doi.org/10.1016/j.rser.2024.114954
https://doi.org/10.1016/j.bios.2022.114606
https://doi.org/10.1016/j.envres.2023.115473
https://doi.org/10.1016/j.envres.2023.115473
http://refhub.elsevier.com/S2352-4855(26)00140-4/sbref41
http://refhub.elsevier.com/S2352-4855(26)00140-4/sbref41
https://doi.org/10.1016/j.marpolbul.2023.115150
https://doi.org/10.1016/j.marpolbul.2023.115150
https://doi.org/10.1016/j.scitotenv.2018.11.372
https://doi.org/10.1016/j.ebiom.2024.105150
https://doi.org/10.1016/j.ebiom.2024.105150
https://doi.org/10.1016/j.scitotenv.2023.162338

	The impact of mariculture on the spread of multidrug-resistant bacteria and genes in South China’s coastal waters; Insights ...
	1 Introduction
	2 Materials and methods
	2.1 Collecting samples and measuring water quality
	2.2 Sequencing of the metagenome
	2.3 16S rRNA gene amplicon sequencing of bacteria that can be cultivated
	2.4 Bioinformatics and annotation
	2.5 Analysis

	3 Results and discussion
	3.1 Mariculture waters as traps for pathogens, antibiotic resistance, and mobile organisms
	3.1.1 Pathogenome diversity and its potential
	3.1.2 A community of microbes with a wide range of antibiotic resistance
	3.1.3 Ample mobility making it easier to move ARGs from one mariculture water system to another

	3.2 The presence of both antibiotic resistance genes and mobilome information points to mariculture waters as a potential b ...
	3.3 Microbiome increasing the proliferation potential of mariculture waters by producing virulence factors

	4 Conclusion
	4.1 Limitations
	4.2 Future policies implications

	CRediT authorship contribution statement
	Declaration of Competing Interest
	Appendix A Supporting information
	Data Availability
	References


