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Abstract: Antibiotic resistance genes (ARGs) are emerging environmental contaminants that pose significant threats to public health due
to their persistence, migration and dissemination in aquatic environments. This review systematically summarized the mechanisms of ARG
resistance, their spread in human and animal populations, and primary input pathways into water bodies, including medical and aquaculture
wastewater. Key environmental drivers of ARG evolution and dissemination are analyzed, encompassing selective pressures from antibiot-
ics and heavy metals, horizontal gene transfer mediated by mobile genetic elements, and physicochemical factors such as dissolved oxy-
gen, pH, and nutrient levels. Finally, current research gaps are highlighted, and future directions are proposed for monitoring and control-
ling ARG transmission, and assessing associated health risks under the One Health framework. This review provides a scientific basis for
understanding the ARG crisis in aquatic environments and guiding integrated management strategies.
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0 Introduction revolutionizing the treatment of infectious diseases. How-
ever, decades of extensive and often indiscriminate anti-

The discovery and widespread use of antibiotics rep- biotic application have exerted strong selective pressure
resent a landmark achievement in modern medicine, on microorganisms, facilitating the rapid evolution and
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dissemination of antibiotic-resistant bacteria. This adap-
tive process, while a natural response to antimicrobial ex-
posure, is undermining the foundations of modern health-
care and transforming previously curable infections into
potentially lethal threats. Studies suggest that by 2050,
antimicrobial resistance (AMR) could become the lead-
ing cause of death globally, surpassing mortality from
malaria, HIV, and tuberculosis™. As such, AMR is now
recognized as a major public health crisis worldwide.

China plays a pivotal role in this global challenge.
As both a leading producer and consumer of antibiotics,
and the world’ s largest supplier of livestock and aqua-
culture products, China’ s antibiotic use patterns are
closely linked to its agricultural and industrial structures.
According to a recent study, the annual growth rate of
antibiotic consumption in China has reached 7%, plac-
ing it among the highest globally and surpassing that of
23 other upper-middle-income countries”™. This increas-
ing trend is closely associated with the substantial de-
mand for antibiotics driven by China’ s animal hus-
bandry sector. Notably, more than half of the antibiotics
produced in China are reportedly used in animal hus-
bandry™. Although the prophylactic and therapeutic use
of antibiotics in livestock and aquaculture enhances ani-
mal health and productivity, it also promotes the accu-
mulation of antibiotic-resistant bacteria (ARB) and anti-
biotic resistance genes (ARGs) within farming environ-
ments, forming the initial link in resistance dissemina-
tion from agricultural sources to the surrounding envi-
ronments'.

Antibiotics and ARGs originating from medical,
agricultural, and domestic activities ultimately enter the
environment through diverse pathways such as wastewa-
ter discharge, manure application, and runoff. Among
these pollutants, ARGs have emerged as novel environ-
mental contaminants of global concern due to their ability
to be horizontally transferred among microbial popula-
tions"”. ARGs have been extensively detected in multiple
environmental matrices, including water™, soil™, and
even air’”, with aquatic environments serving as reser-
voirs and transmission hubs. Owing to their fluidity and
capacity to integrate pollutants, aquatic systems provide
ideal conditions for the accumulation, transformation, and
spread of ARGs. A comparative study has shown that wa-
ter bodies harbor a higher diversity of unique ARGs (32
types) than either sediments (11 types) or soils (5 types)™.
The persistence and cross-species transfer of ARGs in
aquatic environments substantially accelerate the dissemi-

nation of resistance, establishing a direct link between en-
vironmental reservoirs and clinical infections along the
"environment-animal-human" continuum. Of particular
concern, the Organization for Economic Co-operation and
Development predicts that global antibiotic resistance will
double by 2035 compared with the level in 2005

In this context, the One Health framework that inte-
grates human, animal, and environmental health offers a
comprehensive and systematic approach to understand-
ing and addressing the AMR crisis. To develop effective
control and prevention strategies, it is imperative to sys-
tematically elucidate the sources, dissemination routes,
and driving mechanisms of ARGs, particularly within
aquatic environments. As a pivotal hub, how the aquatic
environment receives, mixes, and modulates the flow of
ARGs among the microbiomes of humans, animals, and
the environment is a key question. To address this ques-
tion, this review aims to: (1) summarize the major input
pathways of ARGs from anthropogenic and animal ori-
gins into aquatic environments; (2) explore the synergis-
tic interactions among multiple driving factors, including
antibiotics, heavy metals, mobile genetic elements
(MGESs), and environmental variables; and (3) provide a
scientific foundation for risk assessment and targeted
management strategies under the One Health perspective.

1 Mechanisms of Antibiotic
Resistance

1.1 Intrinsic Resistance in Natural Populations

Intrinsic resistance refers to the inherent presence
of ARG prototypes, quasi-resistance genes, or unex-
pressed resistance determinants within bacterial ge-
nomes. This mechanism constitutes an important natural
source of ARGs in the environment"". In natural ecosys-
tems, microorganisms gain ecological advantages by
synthesizing natural antibiotics while simultaneously
evolving intrinsic resistance mechanisms to protect
themselves from their own products. Under continuous
natural selection process, strains harboring resistance
genes acquire evolutionary advantages, whereas suscep-
tible strains are gradually eliminated. Over long evolu-
tionary timescales, such selective forces have not only
facilitated the formation and maintenance of ARGs but
also contributed to the complexity of modern clinical an-
timicrobial resistance. A representative example is the
emergence and dissemination of resistance in Gram-
negative bacteria, which significantly increases infection
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morbidity and imposes substantial healthcare burdens'?.

Metagenomic investigations have provided robust
evidence for the ancient and natural origin of ARGs. Di-
verse resistance genes have been identified in pristine,
human-unaffected environments such as Arctic and Ant-
arctic soils"”, deep permafrost layers'!, and glacial
ice!”, demonstrating that antibiotic resistance long pre-
dates anthropogenic antibiotic use. Notably, B -lactam,
tetracycline, and glycopeptide resistance genes have
been detected in approximately 30 000-year-old Berin-
gian permafrost sediments, along with the widespread
occurrence of ARGs in isolated cave microbial commu-
nities!"*'?. These findings collectively confirm that
ARGs are ancient genetic elements shaped by evolution-
ary adaptation. They highlight that ARGs are intrinsic
products of microbial evolution and reflect the long-
standing natural selection pressure imposed by antibiot-
ics within the microbial biosphere. While intrinsic resis-
tance provides the foundational gene pool, the evolution-
ary success and contemporary crisis of AMR are largely
driven by the proliferation and dissemination of these
ARGs.

1.2 Proliferation and Dissemination of ARGs

The proliferation and dissemination of ARGs in the
environment are primarily driven by two mechanisms:
horizontal gene transfer (HGT) and vertical gene trans-
fer (VGT) (Fig. 1). These processes play complementary
roles, with HGT enabling rapid cross-species transmis-
sion and VGT ensuring the long-term maintenance of re-
sistance within bacterial populations.

Through HGT, ARGs are mobilized to new bacterial
hosts via MGEs, which serve as key vehicles for genetic
exchange within and between microbial communities"”.
HGT occurs mainly through conjugation, transduction,
and transformation. In conjugation, donor and recipient
cells establish direct contact through pili, forming a trans-
fer channel that mediates the exchange of plasmid or
chromosomal DNA carrying ARGs"". Conjugative ele-
ments often harbor multiple resistance genes and repre-
sent the predominant route of ARG dissemination. For in-
stance, horizontal transfer of the conjugative plasmid
pKJKS, carrying the trimethoprim resistance gene
(dfrA1) and fetd, has been observed within biofilms
formed by diverse bacterial species on plastic surfaces in
aquatic  environments'”.  Transduction refers to
bacteriophage-mediated transfer of ARGs from donor to
recipient bacteria, typically conferring resistance to a spe-
cific antibiotic class™. Phages can carry beneficial genes

VGT

Transduction @ . %4. @ Recipient

donor

Transformation o

donor ®)

Fig. 1 Mechanism of vertical (a) and horizontal (b) transfer
of ARGs

that enhance host fitness, thereby promoting their own
persistence. ARGs have been identified in phage frac-
tions from hospital and wastewater treatment plant efflu-
ents, as well as from animal and human fecal samples, by
gPCR detection methods™ . These findings suggest that
bacteriophages act as important reservoirs and vectors of
ARGs in natural and engineered environments. Transfor-
mation involves the uptake of extracellular DNA frag-
ments from lysed resistant cells by competent bacterial
hosts, followed by genomic integration and gene expres-
sion that confer antibiotic resistance™. Genomic analysis
of soil Listeria has shown that the sensu stricto lineage
possesses more intact competence genes than the sensu
lato group. Key genes (e.g., comK, comEC) are over 90%
functional in sensu stricto, while others (e. g., comGD,
comGF) are absent in sensu lato. Genomes with recombi-
nant ARGs carry significantly more functional compe-
tence genes (an average of 11) ™ | indicating natural
transformation is a predominant pathway for ARG trans-
fer in these bacteria. Taken together, these HGT pro-
cesses facilitate the rapid spread of resistance traits
across taxonomic and ecological boundaries, greatly com-
plicating the management of infectious diseases.

In contrast, VGT refers to the inheritance of ARGs
from parent to offspring cells during bacterial replica-
tion, leading to the stable amplification of resistance
genes within clonal lineages®. In structured microbial
communities, such as

biofilms, sediments, or
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microplastic-associated assemblages, VGT contributes
to the persistence and ecological stability of ARGs. For
instance, riverine microplastics can act as colonization
surfaces for ARB, thereby enhancing the proliferation of
ARGs through vertical transmission within these micro-
habitats™”. Although research on ARG dissemination has
primarily focused on HGT, recent advances highlight the
complementary role of VGT under specific environmen-
tal conditions. Microfluidic analysis of activated sludge
communities exposed to trimethoprim, tetracycline, and
amoxicillin revealed that while antibiotic action on do-
nors and recipients modulates HGT efficiency, VGT
plays a crucial role in maintaining transconjugant popu-
lations and sustaining ARG persistence™. Additionally,
low-density polyethylene facilitates the vertical transfer
of ARGs by increasing bacterial cell proliferation and en-
hancing the expression of relevant functional genes™.
Thus, despite its slower interspecies spread, VGT serves
as an essential mechanism for conserving resistance
traits and sustaining the environmental resistome.

Antibiotic resistance dissemination involves two
synergistic mechanisms: HGT acts as an innovator, ran-
domly spreading resistance genes across bacterial spe-
cies via MGEs. VGT then serves as an amplifier, en-
abling the clonal expansion of bacteria that have ac-
quired these genes. This combination of HGT-mediated
diversification and VGT-driven amplification powerfully
accelerates the spread of resistance.

2 Prevalence and Dissemination
of ARGs in Human and Animal
Populations

To date, thousands of antibiotics, including natural,
semi-synthetic, and fully synthetic compounds, have
been discovered. Their antimicrobial spectra have ex-
panded beyond antibacterial effects to include antiviral,
antitumor, and antiparasitic activities™. The extensive
use of antibiotics in human medicine and animal hus-
bandry has shaped distinct resistomes, which are inter-
connected through multiple transmission pathways
across ecological boundaries.

In clinical settings, P -lactam antibiotics represent
one of the most extensively used antimicrobial classes
owing to their broad activity spectrum and clinical effec-
tiveness, particularly against bloodstream infections and
other severe conditions™. Escherichia coli (E. coli), a
common commensal bacterium in the intestinal tracts of

humans and animals, exhibits a strong capacity to carry
and disseminate ARGs in both clinical and environmental
contexts. Studies have confirmed that E. coli isolates
from hospital effluents, drinking water, and food chains
harbor a variety of B-lactamase genes (including bla .,y .,
blacyy,1s, and bla,,,) as well as plasmid-mediated quino-
lone resistance genes such as gnrSP™*. These resistant
bacteria circulate through aquatic and food systems, fa-
cilitating ARG dissemination across ecological compart-
ments. Once colonizing humans, they can cause diarrhea,
urinary tract infections, bloodstream infections, and noso-
comial bacteremia, posing severe challenges to clinical
31 As a key vector for B-lactam
ARGs, the continuous circulation of E. coli between the

anti-infective treatment!

environmental and clinical systems reinforces resistance
transmission networks and underscores potential path-
ways for resistant bacteria to move from the environment
to humans, thereby aggravating the public health burden
of antibiotic resistance. The resistance issue associated
with Staphylococcus aureus (S. aureus) is equally con-
cerning. This pathogen demonstrates remarkable adapt-
ability and high levels of resistance in both hospital and
community environments®”. Studies have frequently de-
tected resistance genes such as mecA, tetK, and blaZ in S.
aureus isolates derived from food sources® ", confirm-
ing its broad resistance to P -lactams and tetracyclines.
Particularly noteworthy is Methicillin-resistant S. aureus
(MRSA), a classic hospital-acquired pathogen whose re-
sistance to B-lactam antibiotics greatly complicates treat-
ment and increases patient mortality risk™".

Animal farming also plays a pivotal role in ARG
transmission. The misuse of antibiotics for the preven-
tion and treatment of bovine mastitis caused by Klebsi-
ella pneumoniae has led to the detection of multiple
ARGs in milk, heightening the risk of resistance dissemi-
nation™. Research on Klebsiella oxytoca in swine pro-
duction systems has shown high detection rates for
bla,y,, blacy,, and blag,, B-lactamase genes, suggesting
their dominance among pig-derived strains and reflect-
ing the extensive presence and transmission potential of
ARGs in livestock production chains®®.

Aquaculture similarly constitutes a major pathway
for ARG propagation. Enterococcus, a common gut bacte-
rium in aquatic animals, has been found in Nile tilapia to
carry vancomycin resistance genes (vand and vanC), ex-
hibiting multidrug resistance and pathogenicity to fish.
These findings suggest that aquaculture may serve as an
additional route for ARG transmission to humans®”.
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Environmental media are also crucial in determin-
ing the fate and redistribution of ARGs, with aquatic sys-
tems in particularly serving as hotspots for resistance
gene exchange among bacteria. Salmonella, a typical
foodborne pathogen, has been widely detected in water
environments. For instance, monitoring of Jordan’ s two
major irrigation sources, the King Abdullah Canal and
Wadi Al-Wala, revealed that 32.2% of samples were con-
taminated with Salmonella, with some strains showing
resistance to tetracycline and other antibiotics”. This in-
dicates the potential role of agricultural irrigation water
in transferring resistant Sa/monella to crops and, ulti-
mately, to humans®*". Pseudomonas aeruginosa, a ubig-
uitous species in natural aquatic environments such as
lakes and rivers, displays multidrug resistance to amino-
glycosides, P -lactams, and quinolones. Environmental
isolates have been found to harbor multiple ARGs, in-
cluding sull, gnrS, blay,,, bla,,, bla.., bla,,,, tetA,

Human
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In summary, the bidirectional transmission of
ARGs between human and animal veterinary sectors
constitutes a critical global health concern. Infections
caused by multidrug-resistant bacteria not only heighten
disease burdens but also create "untreatable" therapeutic
challenges, emphasizing the urgency and complexity of

addressing the current antibiotic resistance crisis.

3 Anthropogenic Sources of
ARGs in Aquatic Environments

The origins of ARGs in aquatic environments are
complex, arising from interactions between anthropo-
genic activities and natural microbial ecosystems. Key
contributors include healthcare systems, aquaculture,
and agricultural practices, which serve as primary

sources of exogenous ARG input (Fig. 2).

Hospital Wastewater treatment plant

Aquatic environment

Fig.2 Main anthropogenic source and spread of ARGs in aquatic environment

3.1 Medical Wastewater Discharge and
Clinical Antibiotic Residues

Healthcare systems constitute a major source of
ARG generation and dissemination. Bacteria isolated
from hospital environments frequently exhibit antibiotic
resistance. Antibiotics are extensively used in medical in-
stitutions, yet approximately 80%-90% of administered
compounds are excreted by patients as parent drugs or
active metabolites into wastewater via feces and urine",
Monitoring studies from six tertiary hospitals in north-

ern India identified 1 573 microbial species and 885
ARG subtypes in medical wastewater, with Proteobacte-
ria carrying 85% of detected ARGs and serving as domi-
nant ARG reservoirs'.

High microbial density in hospital wastewater fur-
ther facilitates contact among resistant bacterial species,
substantially increasing the risk of ARG transmission
through HGT. Metagenomic analyses have revealed that
medical wastewater contains diverse ARGs, including
aac(3), bla,y,, and bla,,, with abundance and diversity
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exceeding those observed in other wastewater sys-
tems*. A large-scale study revealed that although the
ARG load in the discharged effluents of hospital waste-
water systems (0.58-5.91 copies/cell; 175-448 distinct
subtypes) was lower than that in the influents (0.96-7.94
copies/cell; 205-539 subtypes), they still carried a sub-
stantial pollutant burden™. These effluents, containing
antibiotic residues, metabolites, and resistant bacteria,
enter surrounding environments through discharge sys-
tems, representing important pathways for ARG con-
tamination in aquatic environments.

3.2 Continuous Input from Aquaculture and
Veterinary Medicine

Aquaculture facilities and veterinary sites represent
additional hotspots for ARG enrichment and spread.
High-density aquaculture systems are prone to infectious
outbreaks, leading to the widespread use of antibiotics as
prophylactics, feed additives, and growth promoters to
improve production efficiency™!. Unmetabolized antibi-
otics from feed ultimately accumulate in water and sedi-
ments™®, driving the evolution of multidrug-resistant
bacteria®. ARB and ARGs can be transmitted through
the food chain, moving from animal hosts to other envi-
ronmental media or higher trophic levels, thereby ex-

47481 Consumption of

panding the dissemination range!
ARG-contaminated animal products subsequently poses
direct risks to human health and increases public health-
care burdens.

Intensive livestock operations in swine, poultry, and
cattle production have also substantially increased antibi-
otic demand. A considerable fraction of these antibiotics
persists in manure, which is applied to agricultural land
as fertilizer. Subsequent runoff from manure-amended
fields during rainfall events transports antibiotics and
ARGs to aquatic systems, contributing to environmental
resistance genes dissemination™’. This non-point source
pollution further contributes to the widespread contami-
nation of aquatic environments, transforming them into
both reservoirs and dissemination vectors for antibiotic
resistance. Consequently, water bodies serve as a crucial
nexus connecting agricultural antibiotic use to broader
environmental and public health exposure.

3.3 Agricultural Runoff and Pesticide-
Mediated Drivers
Agricultural practices constitute another significant

source of ARGs in water bodies. Rising global food de-
mands have led to increased application of pesticides, in-

cluding herbicides, fungicides, and insecticides. A study
demonstrates that pesticides can promote ARG enrich-
ment through cross-resistance mechanisms between
pesticide-resistant bacteria and antibiotic-resistant bacte-
ria, as well as via plasmid-mediated gene transfer™”. The
transport of ARGs from farmland to aquatic ecosystems
exhibits distinct seasonal patterns: during the rainy sea-
son, heavy rainfall generates substantial surface runoff
that carries higher loads of ARGs and pesticides into wa-
ter bodies, while, in dry seasons, limited water flow re-
sults in lower but more consistent baseline contamina-
tion”". Certain pesticides, particularly insecticides, can
modulate bacterial stress responses and influence resis-
tance acquisition, further enhancing the development of
antibiotic resistance in aquatic microbiomes®. In sum-
mary, agricultural non-point source pollution plays a sig-
nificant role in ARG input to freshwater ecosystems.

4 Factors Influencing ARGs in
Aquatic Environments

Aquatic environments serve as critical reservoirs
for ARGs, hosting diverse pollutants including antibiot-
ics, heavy metals, and microorganisms in untreated wa-
ters (Fig. 3). These factors collectively shape the emer-
gence, persistence, and dissemination of both ARGs and
ARB.

Antibiotics

Environmental factors Microbial community

V7 )
Cu ﬁ-Ig

MGEs Heavy metal

Fig. 3 Main influence factors of ARGs in aquatic
environment

4.1 Direct Selective Pressure from Antibiotics

Continuous introduction of antibiotics into aquatic
systems generates "pseudo-persistent” pollution, directly
inducing the emergence and spread of ARGs and
ARBP*., Selective pressure exerted by antibiotics is a
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primary driver of bacterial resistance development™,
However, the relationship between ARG abundance and
antibiotic concentrations is not uniformly consistent.
Positive correlations have been observed, such as be-
tween tetracycline antibiotics and fetA, tetB, and tetC in
Honghu Lake®, or between total antibiotic concentra-
tions and su/l, sul2, and total ARGs levels in Poyang
Lake during the rainy season”. Conversely, no signifi-
cant correlations were detected in water bodies such as
Fuxian Lake and Dongting Lake”**”. This inconsistency
reflects the complex interplay of multiple factors beyond
antibiotic presence alone, including variations in micro-
bial community composition, the differential mobiliza-
tion of ARGs via MGEs, and seasonal environmental
changes that collectively modulate ARG dynamics and
transfer efficiency.

4.2 MGEs

HGT mediated by MGEs is a key mechanism for
ARG proliferation. MGEs, including plasmids, inte-
grons, transposons, insertion sequences, genomic is-
lands, and bacteriophages, serve as vectors for ARG
transfer among bacteria, enhancing dissemination and
adaptation under environmental stress™ %, Class 1 in-
tegrons capture and express ARGs and are strongly asso-
ciated with sulfonamide resistance genes (su/1 and sul2)

363 Plasmids facilitate

in surface waters and sediments'
cross-species ARG transmission, as evidenced by the dis-
semination of bla,y, -like genes in carbapenem-
resistant Klebsiella pneumoniae across Europe®. Detec-
tion rates of MGEs, such as tnpA, show positive correla-
tions with specific ARGs (e. g., bacA) in the Yellow
River'™, suggesting that MGEs can serve as indicators
of ARG potential and are crucial targets for resistance

management!®,
4.3 Heavy Metal Co-Selection Mechanisms

Heavy metals, persistent and bioaccumulative pol-
lutants originating from mining, agriculture, and aqua-
culture, exert continuous selective pressure on microbial
communities, promoting ARG development'®*. Mecha-
nisms include cross-resistance, co-resistance, and shared
regulatory pathways, such as efflux pumps or cell wall
modification that confer simultaneous resistance to met-

als and antibiotics!®" "

1. Low-level metal exposure can
enhance integron activity (e.g., intl1), facilitating HGT
and dissemination, whereas excessive concentrations
may inhibit ARGs proliferation® . Co-occurrence of

ARGs and metal resistance genes (MRGs) increases

pathogenic potential, as seen with copper and zinc stress
enhances the abundance of MRGs (czecD, pocA, copB)
and ARGs (sul2, ermB, tetA)"*™.

4.4 Environmental Factors

Environmental parameters, including dissolved oxy-
gen (DO), water temperature (WT), pH, salinity, total ni-
trogen (TN), and total phosphorus (TP), indirectly or di-
rectly influence ARG distribution and transmission. Hy-
poxic conditions promote HGT™), while elevated tem-
peratures increase bacterial growth and ARG prolifera-
tion, enhancing abundances of tetM, mecA, bacA, vatE,
and fetW™). Optimal pH conditions can favor ARG ex-
pression in specific bacterial taxa”®. Nutrient enrich-
ment, particularly in eutrophic systems, stimulates mi-
crobial growth and promotes ARG transmission, as ob-
served in Chaohu Lake and Honghu LakeP* 77,

4.5 Microbial Community Structure

Microbial communities act as natural hosts and vec-
tors for ARGs, with community composition strongly in-
fluencing ARG persistence and flux in aquatic environ-
ments®?. Dominant phyla such as Proteobacteria, Bacte-
roidetes, and Actinobacteria are positively correlated
with various ARGs™ *. In Wanfeng Lake, Proteobac-
teria were associated with su/l and ftet4, while Actino-
bacteria correlated with ftetd, tetB, tetW, and gnrB™",
Bacteroidetes, common in eutrophic waters, show posi-
tive correlations with multiple ARGs (cmlA, floR, gnrD,
qnrS, sull, sul2, tetG, tetX, tetW)™ . Pathogenic genera,
including Acinetobacter, Burkholderia, and Pseudomo-
nas, serve as ARG reservoirs, highlighting their poten-
tial risks to human health and the importance of under-
standing microbial community and ARG interactions for

early warning and mitigation strategies”.

5 Conclusions and Perspectives

This review delineates the complex "source-
transmission-regulation" network governing ARGs in
aquatic environments, emphasizing the critical role of
anthropogenic inputs combined with genetic and envi-
ronmental drivers.

Tackling aquatic ARG pollution necessitates inno-
vative strategies beyond conventional approaches. Key
research priorities should include:

1) Predictive framework development: Integrate
multi-omics data with machine learning to forecast
ARG dissemination risks and identify potential inter-
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vention points.

2) High-risk pathogen identification: Apply ad-
vanced cultivation techniques and single-cell genomics
to resolve clinically significant ARG-host-vector combi-
nations within complex communities.

3) Horizontal gene transfer inhibition: Developing
targeted strategies to disrupt conjugation and transforma-
tion processes, potentially through specific molecular in-
hibitors or phage-based interventions.

4) Engineered barrier design: Creating treatment
systems and constructed ecosystems that not only re-
move contaminants but actively suppress ARG mobility
through optimized microbial selection and redox ma-
nipulation.

Advancing these fronts will enable a crucial transi-
tion from passive monitoring to active intervention, ulti-
mately strengthening our capacity to safeguard water re-
sources and public health against the escalating threat of
AMR.
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