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ABSTRACT

The spread of antibiotic resistance genes (ARGs) in aquatic ecosystems poses a serious risk to environmental and
public health, making advanced detection and monitoring methods essential. This review provides a fresh
perspective and a critical evaluation of recent advances in detecting and monitoring ARGs in aquatic environ-
ments. It highlights the latest innovations in molecular, bioinformatic, and environmental techniques. While
traditional methods like culture-based assays and polymerase chain reaction (PCR) remain important, they are
increasingly being supplemented by high-throughput sequencing technologies applied to metagenomics. These
technologies offer comprehensive insights into the diversity and distribution of ARGs in aquatic environments.
The integration of bioinformatic tools and databases has improved the accuracy and efficiency of ARG detection,
enabling the analysis of complex datasets and tracking the evolution of ARGs in aquatic settings. Additionally,
new environmental monitoring methods, including novel biosensors, geographic information systems (GIS)
applications, and remote sensing technologies, have emerged as powerful tools for real-time ARG surveillance in
water systems. This review critically examines the challenges of standardizing these methodologies and em-
phasizes the need for interdisciplinary approaches to enhance ARG monitoring across different aquatic ecosys-
tems. By assessing the strengths and limitations of various methods, this review aims to guide future research and
the development of more effective strategies for managing antibiotic resistance in aquatic environments.
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Z.N. Nassereddine et al.
1. Introduction

The presence of resistance genes (ARGs) in aquatic ecosystems is a
critical environmental and public health issue. Aquatic environments
such as rivers, lakes, and oceans serve as reservoirs for ARGs, facilitating
their spread across diverse microbial communities and potentially into
human populations (Shin et al., 2023; Wang et al., 2024). The presence
of ARGs in these ecosystems is often linked to anthropogenic activities
such as agricultural runoff, wastewater discharge, and pharmaceutical
contamination, which introduce antibiotics and antibiotic-resistant
bacteria (ARBs) into water bodies (Givens et al., 2023). This necessi-
tates the need for robust methodologies to detect and monitor ARGs in
aquatic settings.

Over the past decade, significant progress has been made in this area,
driven by innovations in molecular biology, bioinformatics, and envi-
ronmental science. Traditional methods such as culture-based assays
and polymerase chain reaction (PCR) continue to play a crucial role in
ARG detection (Ahmad et al., 2024). These techniques are increasingly
being complemented and, in some cases, replaced by high-throughput
sequencing technologies (Zhao et al., 2023). Metagenomics and
whole-genome sequencing offer comprehensive insights into the di-
versity and distribution of ARGs, enabling a more detailed understand-
ing of their presence and dynamics in water bodies. However, these
innovations face challenges in sample processing complexity and the
need for robust bioinformatics to handle large datasets. This review
synthesizes recent advances in detecting ARGs in aquatic systems, ex-
amines current methodological challenges, and discusses future strate-
gies to enhance our ability to track and combat this growing problem.
The integration of sophisticated bioinformatic tools and databases has
further revolutionized ARG detection. These technologies enhance the
accuracy and efficiency of analyses, allowing researchers to manage and
interpret complex datasets and track the evolution of ARGs over time
(Abdi et al., 2024). Additionally, novel environmental monitoring ap-
proaches, such as biosensors and remote sensing technologies, have
emerged as powerful tools for real-time ARG surveillance. These in-
novations provide timely and actionable data, which are crucial for
managing the spread of antibiotic resistance (Zhang et al., 2024).
Despite these advancements, several challenges remain.

Highlighting recent progress, this review explores new biosensor
technologies that enable sensitive, real-time detection of ARGs in
diverse aquatic environments. It stresses the importance of global
standards for data collection and interpretation to accurately assess
antibiotic resistance trends and their impact on ecology and public
health. Additionally, the review underscores how cloud computing and
Al are improving predictive models for tracking ARG dynamics, offering
potential for proactive resistance management. It also examines the
importance of Geographic Information Systems (GIS) and remote
sensing technologies in monitoring ARGs, while acknowledging chal-
lenges associated with these methods.

This review offers a fresh perspective and critical evaluation of the
latest advancements in ARG detection and monitoring in aquatic eco-
systems. It highlights the strengths and limitations of current techniques
and discusses future research directions, emphasizing the need for
standardized approaches and interdisciplinary collaboration. Ulti-
mately, the review aims to inform future research directions and the
development of more effective strategies for managing antibiotic
resistance.

2. Overview and significance of ARGs in aquatic ecosystems

The discovery of penicillin by Alexander Fleming in 1928 marked the
beginning of the antibiotic era, revolutionizing health care and agri-
culture. However, overuse and misuse of antibiotics quickly led to the
emergence of resistant bacteria, first detected in aquatic environments
and drinking water by the 1950s (Bell et al., 1980; Armstrong et al.,
1981). Industrial and agricultural activities, including wastewater
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discharge, are known to be significant contributors to the spread of
ARGs in water bodies (Catalfano et al., 2025; Patel et al., 2025). Human
influences such as agricultural runoff and sewage introduce antibiotics
and antibiotic-resistant bacteria (ARBs) into freshwater ecosystems,
with hospital sewage particularly rich in antibiotics posing a notable
threat (Lien et al., 2017). Despite efforts by wastewater treatment plants
(WWTPs) to remove pollutants, they often fail to eliminate antibiotics,
resulting in the release of ARBs and ARGs in effluents (Rowe et al.,
2017). Rivers, affected by runoff and WWTP discharges, serve as con-
duits for both ARBs and ARGs (Catalfano et al., 2025; Chamlee et al.,
2025). Additionally, mobile genetic elements (MGEs), like plasmids and
integrons, facilitate the spread of ARGs through horizontal gene transfer
(HGT) in aquatic environments (Catalfano et al., 2025). Groundwater, a
critical source of drinking water, is also affected by ARG contamination
due to infiltration from surface water and leaching from agricultural and
industrial sites. Studies have shown that groundwater near intensive
farming operations and wastewater treatment facilities exhibit elevated
levels of ARGs (Pruden et al., 2006, 2013; Tiquia, 2010; Muziasari et al.,
2016; Ferraro et al., 2024). Oceans, too, are increasingly recognized as
reservoirs for ARGs (Chen et al., 2013; Louca et al., 2016; McKindles and
Tiquia-Arashiro, 2012; Tiquia-Arashiro, 2012; Xu et al., 2023). Coastal
waters receive significant inputs from river discharges, urban runoff,
and treated effluents, which introduce ARBs and ARGs into marine en-
vironments (Tiquia-Arashiro et al., 2025). The widespread distribution
of ARGs in marine settings poses risks for marine life and human health,
especially considering the potential for ARGs to be transferred among
marine microbial communities through HGT (Tiquia-Arashiro, 2012; Xu
et al., 2023).

ARGs in aquatic ecosystems threaten biodiversity, ecosystem func-
tions, and public health by contributing to hard-to-treat infections
transmitted through contaminated water, recreational activities, and
food consumption (Nnadozie and Odume, 2019). Case studies in various
regions highlight the link between high ARG levels in water and resis-
tant infections in local populations, underscoring the global implications
of this issue (Muziasari et al., 2016). For example, in Finland, municipal
and industrial wastewater discharge has been shown to introduce high
concentrations of ARGs into waterways, especially from hospitals and
pharmaceutical plants (Muziasari et al., 2016). In China, agricultural
practices contribute significantly, as demonstrated by studies showing
that livestock antibiotics promote ARB development, and manure runoff
contaminates soil and water (Zhu et al., 2013; Nguyen et al., 2013).
Additionally, urban stormwater runoff and sewage overflows during
heavy rains have been identified as key factors exacerbating the spread
of ARGs in densely populated cities in the United States (Liu et al.,
2021). Moreover, standard wastewater treatments often inadequately
remove ARGs, leading to their environmental release as observed in
Portugal (Manaia et al., 2018).

Metals and xenobiotics, such as biocides and heavy metals, exacer-
bate antibiotic resistance in microbial communities through co-selection
mechanisms (Bowman et al., 2018; Pagnucco et al., 2023; Opara et al.,
2025). These compounds can induce stress responses that upregulate
genetic elements (Kassem et al., 2023; Pagnucco et al., 2023) facilitating
HGT of ARGs, thereby enhancing their spread and persistence in the
environment (Buffet-Bataillon et al., 2016). Environmental factors like
temperature, pH, pollutants, and climate shifts further influence ARG
dynamics, creating environments conducive to ARB proliferation
(Nnadozie and Odume, 2019; Magnano San Lio et al., 2023; Sanchez
et al., 2025). Addressing the complex interplay between metals, xeno-
biotics, and microbial stress responses is crucial for effectively managing
antibiotic resistance. Moreover, integrated strategies such as advanced
wastewater treatment, reduced agricultural runoff, and sustainable
practices are essential to mitigate the spread of ARGs in aquatic envi-
ronments (Pruden et al., 2013; Oest et al., 2018; Tiquia-Arashiro, 2018;
Patel et al., 2019; Alam et al., 2021).
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Table 1
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Research goals, challenges, and limitations of PCR and qPCR techniques for ARG and ARB detection in the literature.

PCR/qPCR method

Research goal

Challenges/limitations

Conventional PCR
Multiplex PCR
Digital PCR (dPCR)
Droplet Digital PCR
(ddPCR)
Loop-Mediated
Isothermal

Amplification (LAMP)
Conventional qPCR

High-throughput qPCR
(HT-qPCR)

Multiplex qPCR

Identify management strategies for controlling the spread of antibiotic-
resistant genes (ARGs) and bacteria (ARBs) via environmental pathways,
aiming to prolong the effectiveness of antibiotics.

Detect multiple ARGs simultaneously in bacterial species to assess
resistance patterns in environmental settings, such as rivers or
wastewater.

Conduct high-resolution quantification of ARGs in environmental
samples, providing a tool for robust surveillance and tracking resistance in
urban waterways and wastewater treatment plants (WWTPs).

Compare various PCR techniques, focusing on efficiency, sensitivity, and
ARG analysis capabilities, in a variety of environmental matrices.

Develop and validate rapid, isothermal methods for detecting ARGs,
offering an alternative to PCR that can be used in field settings.

Quantify specific ARGs in environmental matrices like wastewater, to
assess trends in resistance and support regulatory decision-making.

Conduct large-scale screening of ARGs across diverse environmental
samples, enhancing our understanding of pollution sources and the
dynamics of ARG spread.

Enable rapid, simultaneous detection of multiple ARGs and mobile gene
elements (MGEs) to track contamination in complex environments like

Difficulty in quantifying long-term benefits of specific interventions. The
link between mitigation efforts and clinical treatment outcomes is
uncertain.

Limited amplification capacity for a large number of fragments. Cross-
reactivity and primer specificity issues may hinder accurate species
identification in mixed cultures.

Variability in results due to methodological differences, such as
translating absolute dPCR data to relative metagenomic abundance. High
sensitivity but challenges in establishing direct gene-host associations.
Challenges with high GC content in target genes, potential bias in
amplification, and issues with Poisson distribution analysis for certain
DNA concentrations.

Dependence on primer matching for known target sequences, leading to
potential false negatives if ARGs have mutated. Variations in assay
sensitivity and specificity for novel or emerging ARG variants.

Protocol variations across studies lead to inconsistencies in detection
limits and quantification. Environmental inhibitors often interfere with
assay performance.

Variability in DNA extraction methods can impact results, particularly for
low-abundance genes. Lack of standardized protocols complicates cross-
study comparisons.

Amplification issues such as non-specific signals or failure to amplify
certain target genes, leading to false negatives. Difficulty in accurately

rivers or wastewater.

quantifying complex ARG profiles in environmental samples.

3. Molecular methods in detecting and characterizing ARGs and
ARBs

Historically, culture-based methods have been key in identifying
antimicrobial resistance (AMR), starting with penicillin resistance and
beta-lactamase enzymes in Staphylococcus aureus (Abraham and Chain,
1988). The Kirby-Bauer disk diffusion technique, standardized in the
1960s, enabled detailed AMR analysis (Bauer et al., 1966). Molecular
methods later revealed ARGs on mobile elements like plasmids (Levy
et al., 1976). Despite genomic advances, culture methods remain
essential for validating resistance and understanding bacterial biology
(Bonnet et al., 2020). Recent innovations include Lab-on-a-Chip devices
for rapid antibiotic tests (Mark et al., 2010) and automated systems like
BD Phoenix™ with digital imaging for fast, standardized results
(Idelevich and Becker, 2019). These miniaturized devices integrate
various laboratory functions on a single chip, allowing for the rapid
detection of antibiotic resistance genes (ARGs) in a small sample. By
using microfluidics, they can perform multiple tests simultaneously,
providing quick and accurate identification of resistant bacteria. This
technology is particularly useful for on-site testing, enabling immediate
decision-making in clinical and environmental settings (Tiquia-Arashiro
and Pant, 2020). Automated systems like BD Phoenix™ also represent
significant advancements. The BD Phoenix™ system utilizes digital
imaging and advanced algorithms to analyze microbial growth and
determine antibiotic susceptibility. By rapidly identifying bacterial
strains and their resistance profiles, it provides standardized and reliable
results. This system helps in the early detection of ARGs, facilitating
timely and appropriate treatment decisions, thereby combating the
spread of antibiotic-resistant infections. Both innovations enhance our
ability to detect and monitor antibiotic resistance, playing a crucial role
in addressing the growing public health threat posed by ARGs. However,
culture methods fail to detect non-cultivable bacteria, missing many
relevant ARGs (Sommer et al., 2010). This affects treatments and control
practices due to hidden ARGs in human microflora and biofilms (Perry
et al., 2004). Strategies like new media formulations or co-cultures can
enhance bacterial cultivation (Demin et al., 2024; Song et al., 2024).

To address these limitations, molecular methods such as PCR-based
techniques, metagenomics, metatranscriptomics, and single-cell

genomics have been used to detect ARGs in non-cultivable organisms.
High-throughput sequencing enables comprehensive screening of mi-
crobial communities for ARGs, biogeographical studies, and tracking
resistance evolution. Functional metagenomics identifies novel ARGs by
cloning environmental DNA into expression vectors followed by func-
tional screening in a culturable host.

3.1. PCR and quantitative PCR (qPCR) for targeted ARG detection

PCR and qPCR techniques have been successfully employed to detect
specific antibiotic resistance genes (ARGs) in various aquatic environ-
ments (Galhano et al., 2021). Pruden et al. (2006) used conventional
PCR to identify tetracycline resistance genes like tetO, tetM, and tetQ in
sediment and groundwater contaminated by swine manure. Munir et al.
(2011) quantified ermB, sull, and sulll ARGs in wastewater and surface
water using qPCR, assessing their fate in wastewater treatment. Wang
et al. (2016) utilized reverse transcription quantitative polymerase
chain reaction (RT-qPCR) to measure ARG expression levels in river
water, revealing gene activity. Wang et al. (2018) used droplet digital
PCR (ddPCR) to quantify strA (streptomycin resistance), mecA (methi-
cillin and other beta-lactam antibiotics resistance), and vanA (vanco-
myecin resistance) at 13 monitoring sites along the Weihe River in China,
demonstrating accurate ARG measurement.

Recent advancements in PCR-based methodologies have signifi-
cantly improved the detection and quantification of antibiotic resistance
genes (ARGs) in aquatic environments (Table 1). The precision, sensi-
tivity, and throughput of these methods now allow for the identification
of ARGs across a broad range of samples, even at very low concentra-
tions. Fig. 1 illustrates the evolution of PCR technologies from tradi-
tional qPCR to advanced methods such as digital PCR (dPCR), multiplex
PCR, Loop-Mediated Isothermal Amplification (LAMP), and high-
throughput quantitative PCR (HT-qPCR) (Mu et al., 2016; Park et al.,
2021; Kasuga et al., 2022; Carrasco-Acosta and Garcia-Jimenez, 2024;
Srathongneam et al., 2024). Digital PCR (dPCR) provides absolute
quantification of ARGs without standard curves, achieving unmatched
precision (Keenum et al., 2022; Maestre-Carballa et al., 2024). Multiplex
PCR allows for simultaneous amplification of multiple ARGs in one re-
action, improving screening efficiency (Stedtfeld et al., 2018). Zhang
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Fig. 1. Recent advancements in PCR-based methodologies for detecting antibiotic resistance genes (ARGSs) in aquatic environments. The figure illustrates the
evolution of PCR technologies from traditional qPCR to advanced methods such as digital PCR (dPCR), multiplex PCR, Loop-Mediated Isothermal Amplification
(LAMP), and high-throughput quantitative PCR (HT-qPCR). Case studies include Keenum et al. (2022) on dPCR’s precision in diverse water matrices, Stedtfeld et al.
(2018) showcasing HT-qPCR arrays for robust ARG detection in rivers, and Luo et al. (2010) demonstrating LAMP’s field-applicable detection of sulfonamide

resistance genes in aquaculture settings.

et al. (2009) developed a multiplex PCR for detecting multiple ARGs
(ermB, ermF, ermQ, msrA, mefA, and vanA) in the Yangtze Estuary. LAMP
innovations offer quick and accurate on-site ARG detection, as shown by
Luo et al. (2010) and Hassan et al. (2023), targeting sulfonamide and
B-lactam resistance genes, respectively. HT-qPCR platforms, enhanced
by microfluidic technology, enable rapid amplification and quantifica-
tion of numerous ARGs across multiple samples, as demonstrated by
Stedtfeld et al. (2018). These advancements are crucial for effective ARG
monitoring in aquatic environments. They provide essential insights into
ARG spread and persistence, guiding water treatment practices and
public health responses to antibiotic resistance.

Despite advancements, PCR-based methods for detecting ARGs in
aquatic environments face challenges in consistency and comparability
(Table 1). Environmental heterogeneity can skew detection, while var-
iations in DNA extraction may miss low-abundance genes (Daw Elbait
et al., 2024). The lack of standardized PCR protocols, including multi-
plex PCR and HT-qPCR, complicates cross-study comparisons (Daw
Elbait et al., 2024). Different PCR assays and non-PCR methods like
LAMP add to data interpretation complexity, requiring a unified
analytical framework. Quality control in high-throughput settings like
HT-qPCR is essential but resource-intensive. To improve detection,
standardization is crucial. Researchers should adopt detailed protocols
that account for environmental variation and use standardized DNA
extraction techniques to capture low-abundance ARGs (Daw Elbait
et al., 2024). Consensus on PCR protocols, primers, and amplification
conditions will enhance consistency (Daw Elbait et al., 2024).
Comprehensive ARG annotation databases and accessible bioinformat-
ics tools are essential. Quality control benchmarks ensure high data
quality, leading to more reliable and comparable findings (Caporaso
et al., 2012).

3.2. Metagenomics and resistome analysis

Metagenomics is crucial for studying the resistome—all antibiotic
resistance genes in a microbial community—by enabling detection and
quantification of resistance genes without needing specific primers for
PCR amplification (Ferrario et al., 2017). Fig. 2 illustrates the workflow
for metagenomic-based monitoring of ARGs in aquatic environments.
Studies have shown metagenomics effectively characterizes the resis-
tome in diverse environments. In Sao Paulo, Brazil, metagenomic
profiling of soil resistomes revealed significant differences in microbial
communities and ARGs due to agricultural activities (Ordine et al.,
2023). Metagenomics of human gut microbiomes from 26 case-control
studies found higher ARG abundances in patients with diseases treated
by antibiotics, like cystic fibrosis and diarrhea, compared to controls
(Fredriksen et al., 2023). In Moscow, metagenomic analysis of waste-
water treatment plants identified numerous ARGs in untreated waste-
water, with treatment processes significantly reducing ARG abundance,
highlighting the role of treatment technologies in managing antibiotic
resistance (Begmatov et al., 2024).

Advancements in metagenomics have significantly enhanced our
understanding of the pervasiveness and diversity of ARGs in aquatic
ecosystems (Table 2). These advancements enable the discovery of new
ARGs and illustrate the impact of human activity on resistance spread
(Ng et al., 2017; Chen et al., 2019a, 2019b). Kristiansson et al. (2011)
used metagenomics to uncover numerous ARGs in river sediments
affected by wastewater discharge, highlighting its capacity to reveal
novel ARGs. Pehrsson et al. (2016) identified biofilms in drinking water
systems as ARG hotspots. Xiong et al. (2015) demonstrated the risks
posed by aquaculture in propagating ARGs, while Bengtsson-Palme et al.
(2016) showed how sewage treatment processes influence the resistome,
necessitating improved treatment methods. Advancements in
sequencing technologies and bioinformatics offer detailed ARG
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Fig. 2. Overview of workflow for metagenomic-based monitoring of ARGs in aquatic environments that are highlighted in this review.

Adapted from Davis et al. (2023).

characterization, enabling more accurate mapping within microbial
communities. Chen et al. (2013) profiled ARGs in coastal waters,
essential for assessing threats to ecosystem and human health. These
developments enhance our ability to monitor, characterize, and mitigate
ARG spread in aquatic ecosystems. Challenges in these metagenomic
studies include managing large, complex datasets, requiring advanced
bioinformatics and careful database selection for accurate gene detec-
tion (Ferrario et al., 2017; Rodrigues et al., 2018). Limited genome
coverage in diverse communities and difficulty separating microbial
DNA from host contamination complicate analysis (Galhano et al.,
2021). Enhanced bioinformatics tools, better databases, and methods to
improve genome coverage and DNA separation are needed to address
these issues.

3.3. Functional genomics

Functional genomics plays a crucial role in understanding ARGs
within aquatic ecosystems by studying gene functions and interactions
on a genomic scale. For example, Amos et al. (2014) showed that
functional genomics could elucidate how microbial communities in
rivers adapt and develop resistance. A study by Parsley et al. (2010)
employed functional genomics to screen for ARGs in activated sludge in
wastewater treatment plants (WWTPs). They identified novel genes
conferring resistance to a variety of antibiotics, broadening our under-
standing of resistance within WWTP microbial communities. Kris-
tiansson et al. (2011) used functional metagenomics to investigate the
presence of ARGs in the sediment of rivers exposed to industrial phar-
maceutical waste. This approach revealed a variety of ARGs and pro-
vided a snapshot of the potential risk posed by pharmaceutical
contamination to the spread of antibiotic resistance. A functional
genomic analysis by Eduardo-Correia et al. (2020) studied ARGs in
multi-contaminated Tinto River, revealing a reservoir of multi-drug

resistance genes in the bacterioplankton community, which are poten-
tially involved in horizontal gene transfer. A study by Marano et al.
(2020) conducted functional metagenomic screening on ARGs in urban
wastewater treatment plants. The research highlighted the effluent as a
hotspot for resistance determinants, including novel genes not previ-
ously associated with clinical pathogens.

Recent advancements in functional genomics have significantly
improved the study of ARB and ARGs in aquatic environments (Table 3).
CRISPR-Cas systems enable precise editing and knockdowns of specific
genes, providing insights into ARB function and ARG expression
mechanisms (Quan et al., 2019; Gupta et al., 2024; Long et al., 2024;
Mao et al., 2024; Shin et al., 2024). CRISPR-Cas systems are considered
as barriers to HGT in bacteria (Zheng et al., 2020). Crispr-Cas system can
be used to re-sensitize drug-resistant bacteria to antibiotics by specif-
ically eliminating the plasmids carrying antibiotic resistance genes
(Gholizadeh et al., 2020). The CRISPR-Cas system has potential appli-
cations in preventing and controlling the spread of bacterial resistance
caused by drug resistance genes (Tao et al., 2022). Its direct application
involves designing genomic gRNAs to target drug-resistant genes or
resistant bacteria, guiding the CRISPR-Cas system to cleave these se-
quences. Fig. 3 illustrates the working mechanism of the CRISPR-Cas
system and its application in addressing antibiotic resistance This pro-
cess can restore antibiotic sensitivity or kill the bacteria (Pickar-Oliver
and Gersbach, 2019). A major challenge is the efficient delivery of the
CRISPR-Cas system into microorganisms to combat bacterial drug
resistance (Lino et al., 2018).

Another advancement in functional genomics is that single-cell
sequencing allows for the examination of ARG presence and vari-
ability at the single-cell level, overcoming the limitations of bulk
sequencing (Blainey, 2013). Integrating metagenomics with metatran-
scriptomics, metaproteomics, and metabolomics offers a comprehensive
understanding of ARB and ARGs, linking genomic potential to active
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Science of the Total Environment 957 (2024) 177775

Research goals, challenges, and limitations of metagenomic techniques used in detection and characterization of ARGs and ARBs in the literature.

Research goal

Challenges and limitations

To identify and reconstruct ARGs directly from metagenomic data.

To recover genome sequences of drug-resistant bacteria from metagenomic
samples.

To detect ARGs and resistance-conferring SNPs in bacterial genomes and
metagenomic samples using short-read Illumina sequencing.

To study the prevalence and diversity of ARGs in eutrophic urban lake sediments.

To use machine learning (random forests) to predict associations between ARGs
and bacterial taxa in wastewater treatment plant samples.

To explore the impact of human activities on ARG spread through comparative
analysis.

To compare ARGs in hospital wastewater, municipal wastewater, and urban
surface waters.

To examine changes in ARG abundance and diversity before and after a flood
event using high-throughput sequencing.

To compare ARGs in river sediments with those in pristine environments (e.g.,
Antarctic soils, deep-sea sediments) to assess the impact of human activity.

Metagenomic approaches like fARGene rely on sequence homology with known ARGs, potentially
missing novel or divergent resistance genes. Additionally, inconsistent sample types and
sequencing depth may affect data quality and completeness.

Variability in sample types (e.g., fecal samples, blood, cerebrospinal fluid) can affect microbial
complexity and consistency of results, making data quality a persistent challenge.

Sufficient sequencing depth is necessary to detect low-abundance ARGs. Insufficient depth can
lead to missing clinically significant ARGs, limiting the detection of less abundant resistance genes.
While metagenomic sequencing can identify ARGs not detected by qPCR, sensitivity for low-
abundance ARGs is limited, leading to a potential underrepresentation of clinically relevant genes.
Complex, nonlinear relationships between ARGs and bacterial taxa complicate analysis. Advanced
tools are needed to model these associations, making interpretation challenging.

Metagenomic data provides genetic profiles but cannot confirm functional activity of detected
ARGs. Experimental validation is required to confirm their relevance in resistance processes.
Database reliance for ARG identification may overlook novel or underrepresented resistance
genes. This bias affects accuracy and comparability, leading to potential underestimation of novel
resistance profiles.

Environmental sample diversity and complex physicochemical factors complicate the
interpretation of ARG data, making it difficult to directly attribute observed changes to the flood
event.

Insufficient exploration of ARG interactions with mobile genetic elements and environmental
factors limits the understanding of the mechanisms driving ARG dissemination, particularly in
complex natural environments.

metabolic pathways and gene expression profiles (Liu et al., 2019).
Advancements in sequencing technologies, such as nanopore and PacBio
sequencing, provide longer reads and real-time data analysis, useful for
reconstructing full ARGs and their vectors within microbial genomes
(van Dijk et al., 2018). Artificial intelligence and machine learning help
manage and interpret complex datasets, predicting ARG function from
sequence data, identifying novel resistance determinants, and modeling
the spread and evolution of resistance in aquatic environments
(Camacho et al., 2018; Sun et al., 2021). These advanced techniques are
transforming our ability to study ARB and ARGs, offering deeper insights
into antibiotic resistance mechanisms and spread.

Using functional genomics to study aquatic environments offers
valuable insights but also presents challenges. The immense diversity

and dynamic nature of aquatic microbial communities require extensive
sampling and deep sequencing for thorough coverage (Sunagawa et al.,
2015). Degraded DNA and RNA in these samples can reduce sequencing
accuracy, especially for transient gene expressions (Huggett et al.,
2015). Analyzing large-scale datasets demands significant bioinformat-
ics resources and expertise, creating accessibility issues (Quince et al.,
2017). The accuracy of functional annotation relies on high-quality
reference databases, which are often incomplete for non-model organ-
isms, leading to unidentified genes and underestimated diversity (Fisen,
2015). Additionally, the resource-intensive nature of sequencing and
data processing limits the depth and frequency of sampling (Goodwin
et al., 2016).

Table 3

Research goals, challenges, and limitations of functional genomic techniques used in detection and characterization of ARGs and ARBs in the literature.

Method Research Goal

Challenges and limitations

Functional metagenomics

Proteomics and
metaproteomics

CRISPR-Cas systems for
functional genomics
particularly AMR genes, in clinical samples.

To develop a sensitive, specific, and rapid method for detecting AMR
bacteria with blaNDM genes using a CRISPR/Cas12a-based

fluorescence assay.

To create a portable biosensor combining CRISPR/Cas12a and LAMP

for on-site detection of ARGs in wastewater.

To assess the impact of wastewater treatment plant effluent on the
diversity and abundance of ARGs in a riverine environment.

To investigate the factors driving the accumulation and transmission of

ARGs in biofiltration systems, particularly those involving biochar.

To develop and validate FLASH, a CRISPR/Cas9-based method for
enriching and detecting low-abundance pathogen sequences,

While functional metagenomics can identify a broad range of resistance
mechanisms, ecological and evolutionary implications of these findings
require more in-depth study. Combining functional metagenomics with other
omics approaches (e.g., transcriptomics, proteomics) could provide more
comprehensive insights into the expression and regulation of ARGs in
environmental contexts.

The diversity of microbial genera and their varied metabolic behaviors can
make interpreting proteomic data challenging. The same genus may exhibit
different ARG carriage patterns under different environmental conditions,
complicating the identification of universal drivers of resistance.

The performance of FLASH-NGS is hindered by the complexity of clinical
samples, where the microbial component is often present at low abundance
compared to the host genomic background. This leads to reduced on-target
read proportions, affecting the sensitivity and accuracy of pathogen
detection, especially in mixed clinical samples.

The assay’s performance depends heavily on precise optimization of several
components, including the Cas12a, gRNA, and ssDNA FQ-reporter ratios.
Variability in these parameters can affect the consistency and reliability of
the assay, limiting its broad application without extensive standardization
and optimization.

The method requires extensive validation across a wide range of wastewater
samples from various sources (e.g., industrial, agricultural runoff) to ensure
robustness and reliability. Variability in the composition of wastewater from
different environments may affect the accuracy of the biosensor,
necessitating diverse sample testing and environmental condition
adaptation.
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Adapted from Tao et al. (2022).

4. Bioinformatics in ARG analysis

4.1. Role of bioinformatic tools in data processing and analysis from high-
throughput studies

Bioinformatics is crucial for processing and analyzing data from
high-throughput studies on ARGs, handling the vast amounts of data
generated by large-scale sequencing technologies, and enabling the
extraction, annotation, and interpretation of ARG-related information.
Tools such as ARGs-OAP, ResFinder, and CARD (Comprehensive Anti-
biotic Resistance Database) are commonly used for these tasks (Table 4).
ARGs-OAP facilitates the extraction and detailed annotation of ARG
sequences from metagenomic datasets (Yang et al., 2013), while Res-
Finder and CARD identify resistance genes in assembled whole-genome
sequences, offering insights into their genetic context (Florensa et al.,
2022; Alcock et al., 2023). Additionally, bioinformatic tools automate
repetitive tasks, such as MG-RAST (Metagenomics Rapid Annotation
using Subsystem Technology), which processes metagenomic data and
provides functional annotations and taxonomic classifications (Keegan
et al., 2016), and QIIME 2 (Quantitative Insights into Microbial Ecol-
ogy), a pipeline for analyzing microbiome data that integrates ARG
analysis with microbial community profiling (Estaki et al., 2020).

Several studies have demonstrated the utility of bioinformatic tools
in ARG analysis (see Table 4). Forsberg et al. (2012) utilized meta-
genomic sequencing and bioinformatics to uncover a diverse array of

ARGs in soil microbiomes, highlighting the potential for environmental
reservoirs of resistance genes. Another study by Zhu et al. (2017)
employed bioinformatic pipelines to analyze ARGs in wastewater
treatment plants, providing insights into the spread of resistance genes
in aquatic environments. Specific bioinformatic pipelines and software
packages are designed to streamline ARG analysis. For instance, Meta-
PhlAn (Metagenomic Phylogenetic Analysis) offers a computational
framework for profiling the composition of microbial communities and
their associated ARGs (Segata et al., 2012). Another example is the
AMR++ pipeline, which integrates multiple tools for comprehensive
ARG detection and analysis from metagenomic data (Bonin et al., 2023).

4.2. Databases specifically designed for ARG identification and
classification

Several widely used ARG databases support research on antibiotic
resistance, including CARD, ResFinder, and ARG-ANNOT (Table 4).
CARD (Comprehensive Antibiotic Resistance Database) provides a
curated collection of over 5000 experimentally verified ARG sequences
with detailed annotations on resistance mechanisms, gene families, and
links to scientific literature. It also includes the Resistance Gene Iden-
tifier (RGI) tool for predicting ARGs from nucleotide sequences (Alcock
et al., 2023; Jia et al., 2017). ResFinder, developed by the Center for
Genomic Epidemiology, is a web-based tool that identifies antimicrobial
resistance genes from bacterial whole-genome sequencing data, offering
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Table 4
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Bioinformatic tools and ARG databases are widely used in the research community.

Website

Use

Reference

ARG databases

CARD (Comprehensive Antibiotic
Resistance Database)

ResFinder

ARDB (Antibiotic Resistance Genes
Database)

ARG-ANNOT (Antibiotic Resistance
Gene-ANNOTation)

PATRIC (Pathosystems Resource
Integration Center)

DeepARG

BacAnt

AMRFinder

AMRFinderPlus

MegaRes

BacMet

Bioinformatic tools

SPAdes (St. Petersburg genome
assembler)

ARGs-OAP

ARESdb

MG-RAST (Metagenomics Rapid
Annotation using Subsystem
Technology)

QIIME2 (Quantitative Insights Into
Microbial Ecology)

MetaX

MetaQuantome

Resfams

ARIBA (Antibiotic Resistance

Identification By Assembly)

RGI (Resistance Gene Identifier) tool

https://card.mcmaster.ca/
http://genepi.food.dtu.dk/resfinder
https://ardb.cbcb.umd.edu/

https://www.mediterranee-infection.
com/acces-ressources/base-de-d
onnees/arg-annot-2/
https://www.patricbrc.org

https://bitbucket.org/gusphdpr
oj/deeparg-ss/src/master/
https://github.com/xthua/bacant

https://www.ncbi.nlm.nih.gov/path
ogens/antimicrobial-resistance/AMRFi
nder/
https://www.ncbi.nlm.nih.gov/path
ogens/antimicrobial-resistance/AMRFi
nder/
https://www.meglab.org/megares/

http://bacmet.biomedicine.gu.se/

http://bioinf.spbau.ru/spades
https://galaxyproject.org/use/args-oa
p/

https://ares-genetics.cloud/

https://www.mg-rast.org/

https://qiime2.org

http://metax.genomics.cn/
https://github.com/galaxyprot

eomics/metaquantome
http://resfams.org/

https://github.com/sanger-pathogen
s/ariba

https://card.mcmaster.ca/analyze/rgi

Provides a curated collection of molecular sequences and associated data on
antibiotic resistance genes.

Identifies acquired antibiotic resistance genes in bacterial genomes using
whole-genome sequencing data.

Contains information about known antibiotic resistance genes and their
associated proteins.

Provides a comprehensive database for the annotation of antibiotic
resistance genes.

Offers a variety of bioinformatics tools and databases, including those for
studying antibiotic resistance genes.

Uses deep learning methods to predict antibiotic resistance genes from
metagenomic data.

Comprehensive database and tool for the annotation of bacterial genomes,
focusing on antimicrobial resistance genes, virulence factors, and other
functional genes.

Identifies antimicrobial resistance genes from genomic data, including point
mutations associated with resistance.

Extends AMRFinder capabilities by including additional detection for
virulence factors and other resistance-associated genes.

Comprehensive database for annotated ARGs, tailored specifically for use in
high-throughput sequencing experiments.

Provides information on antibacterial biocide and metal resistance genes. It
includes experimentally verified and predicted antimicrobial resistance
genes.

Used for assembling genomes from short-read sequencing data, particularly
effective for bacterial genomes.
Used for the high-throughput analysis of ARGs in metagenomic data.

Curated database of antimicrobial resistance elements, providing detailed
annotations and resistance profiles.

Provides a comprehensive suite of tools for processing raw sequence data
from environmental samples, allowing researchers to gain insights into the
microbial communities present in those samples

Open-source software package that provides a comprehensive suite of tools
for analyzing and interpreting microbial community data, primarily from
high-throughput DNA sequencing techniques such as 16S rRNA gene
sequencing

A tool for the comprehensive analysis of metabolomic data, including
normalization, missing value imputation, and statistical analysis.
Designed for the quantitative analysis of metaproteomic data, facilitating
the study of functional profiles of microbial communities.

Offers a curated library of protein families for identifying ARGs in
metagenomic data. It uses hidden Markov models (HMMs) to detect
resistance proteins.

A tool designed for identifying antibiotic resistance genes in bacterial
sequences. It can be used to detect ARGs by assembling and mapping short
reads against a reference database.

A computational tool developed by the Comprehensive Antibiotic
Resistance Database (CARD) team to predict antimicrobial resistance (AMR)
genes in genomic and metagenomic data.

Alcock et al.
(2023)
Florensa et al.
(2022)

Liu and Pop
(2009)

Gupta et al.
(2014)

Wattam et al.
(2017)
Arango-Argoty
et al. (2018)
Hua et al. (2021)

Feldgarden et al.
(2019)

Feldgarden et al.
(2021)

Bonin et al.
(2023)
Pal et al. (2014)

Bankevich et al.
(2012)

Yang et al.
(2013)

Ferreira et al.
(2020)

Keegan et al.
(2016)

Estaki et al.
(2020)

Wen et al. (2017)
Mehta et al.
(2021)

Gibson et al.

(2015)

Hunt et al.
(2017)

Jia et al. (2017)

a user-friendly interface and integrating diverse ARG datasets for
comprehensive coverage (Florensa et al., 2022). Both CARD and Res-
Finder are actively maintained as of 2024. ARG-ANNOT, a legacy
database last updated in 2019, contains over 2000 ARG sequences for
annotating and classifying resistance genes in bacterial genomes (Gupta
et al., 2014).

5. Environmental monitoring methods
5.1. Biosensors for monitoring ARGs

Biosensors are analytical devices which encompass a biological
recognition element along with a physio-chemical transducer used to

detect and quantify specific analytes (Turner, 2013). Biosensors operate
on the principle that the biological recognition element selectively in-
teracts with the analyte providing a measurable signal proportional to
the analyte concentration. This produced signal is transformed into a
readable output having real time and sensitive detection capabilities.
Biosensors are one of the main ways to detect ARGs as they are highly
specific, sensitive, and provide rapid responses.

There are different types of biosensors. Optical biosensors are
instrumental in ARG detection, tracking changes in light due to ARG-
bioreceptor binding and providing precise, real-time data (Peltomaa
et al., 2018). These sensors utilize various mechanisms such as fluo-
rescence, surface plasmon resonance (SPR), and colorimetry to measure
ARG interactions optically. Electrochemical biosensors are another


https://card.mcmaster.ca/
http://genepi.food.dtu.dk/resfinder
https://ardb.cbcb.umd.edu/
https://www.mediterranee-infection.com/acces-ressources/base-de-donnees/arg-annot-2/
https://www.mediterranee-infection.com/acces-ressources/base-de-donnees/arg-annot-2/
https://www.mediterranee-infection.com/acces-ressources/base-de-donnees/arg-annot-2/
https://www.patricbrc.org
https://bitbucket.org/gusphdproj/deeparg-ss/src/master/
https://bitbucket.org/gusphdproj/deeparg-ss/src/master/
https://github.com/xthua/bacant
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prevalent type, detecting ARGs through electrical response changes
from binding events (Wang et al., 2023). They offer sensitivity and
portability, making them suitable for in-field ARG surveillance. Types
include amperometric, monitoring reaction-current changes, potentio-
metric, sensing voltage shifts, and impedimetric, detecting impedance
variations due to ARG presence. Their cost-effectiveness and quick re-
sults align with environmental and clinical demands for ARG analysis.
Piezoelectric biosensors present an alternative method by gauging ARG
binding-induced mass changes, quantifiable through shifts in crystal
oscillation frequency, which allows for direct, real-time, and label-free
ARG quantification with high sensitivity (Tiquia-Arashiro, 2012; Zhao
et al., 2013). These biosensor technologies collectively facilitate a
comprehensive approach to ARG monitoring, providing detailed, dy-
namic insights into antibiotic resistance spread.

Recent advancements in biosensor technology have markedly
improved the real-time monitoring of antibiotic resistance genes (ARGs)
in aquatic environments. For instance, Mao et al. (2024) introduced a
portable biosensor that enables real-time monitoring, simplifying on-site
testing and reducing the need for extensive sample preparation (Fig. 4).
Their potential for miniaturization allows for portable devices, while
some biosensors can even detect multiple targets simultaneously,
increasing efficiency. These advancements highlight the evolving land-
scape of biosensor technology, enhancing our ability to monitor and
manage antibiotic resistance in aquatic settings effectively. Of course,

Filtering and

Wastewater lysis
= &

Washing

Binding
and elution

(A)

P N p—"
s /
__> -

(B)

'....-.-....--I-....

LAMP %
bm_—’h@q

g™

Casl12a-crRNA
Complex Inactivated
state

i

crRNA
L

Activated State

Science of the Total Environment 957 (2024) 177775

being able to detect ARGs in real time would be invaluable in mini-
mizing the consequences that may follow the expression of ARGs. In
another study the Evanescent wave Dual-color fluorescence Fiber-
embedded Optofluidic Nanochip (EDFON) was created to directly
detect the expression of ARGs in aquatic environments (Chen et al.,
2024). The nanochip had a nano-biosensor embedded within it, which
allows it to recognize the genes that express antibiotic resistance. In one
instance, this technology was used to detect the antibiotic resistance
gene MCR-1 with high sensitivity and specificity using hybridization
chain reaction (Chen et al., 2024). This was an important showcase since
MCR-1 is expressed after long-term exposure to sulfonamide that is used
to treat bacterial infections (Chen et al., 2024). The quick and on-site
detection allows for greater flexibility, especially for rapid expressions
of antibiotic-resistant genes in bacterial communities.

While biosensors are promising for monitoring ARGs in aquatic
ecosystems with high precision and in real-time (Turner, 2013), their
adoption is hampered by several issues. Aquatic samples often contain
substances, such as salts and organics that can interfere with results,
leading to false positives or sensitivity losses (McKindles and Tiquia-
Arashiro, 2012; Peltomaa et al., 2018). Additionally, complex sample
processing required for effective detection can constrain their on-field
utility (Wang et al., 2023). The absence of multiplexing limits simulta-
neous ARG detection across diverse microbial profiles (Zhao et al.,
2013). Moreover, biosensors must be made more durable and stable for
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Fig. 4. Detection mechanism of the constructed biosensor for ARG ermB in wastewater. (A) The detection process of the biosensor includes filtering and lysing the
sample, isolating target molecules with magnetic bead extraction, pre-amplifying the target DNA using LAMP, recognizing and transducing with the CRISPR/Cas12a
system, and detecting the target DNA using fluorescence and a lateral flow device. (B) Cas12 crRNA specifically recognize and detect the ermB gene preamplified by
LAMP. (C) The feasibility of the independent CRISPR/Cas12a-based analytical method was tested for ARG ermB at a concentration of 10 nM, while (D) the feasibility
of the LAMP method was tested at a concentration of 50 pM. (E) Finally, the feasibility of the integrated portable CRISPR/Cas12a-based biosensor for detecting ARG

ermB was also evaluated.
Adapted from Mao et al. (2024).
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field conditions, while costs for setup and maintenance need reduction
to improve access, especially in low-resource areas (Mao et al., 2024;
Chen et al., 2024). Lastly, standardized protocols are needed to validate
biosensor results and integrate data across studies for consistent moni-
toring outputs (Chen et al., 2024). Enhancing biosensors for ARG
detection in aquatic systems involves creating devices resistant to
interference from salts and organics, streamlining sample processing for
better portability and on-site applications, and incorporating multi-
plexing to detect multiple ARGs simultaneously for a comprehensive
analysis of resistance. Further, improving sensor stability, reducing
costs, and adopting standardized protocols are essential to ensure
dependable performance, especially in low-resource settings. These
steps will bolster the effectiveness of biosensors in tracking environ-
mental antibiotic resistance.

5.2. Geographic information systems (GIS)

The use of geospatial technologies in monitoring antibiotic resistance
genes (ARGs) in aquatic ecosystems represents a strategic integration of
technology and landscape ecology that can be used to understand the
prevalence, transmission, and prevention of ARGs (Chique et al., 2019).
GIS enables the creation of detailed maps that highlight the ARG hot-
spots, illustrating areas with high concentrations of ARGs. This spatial
detail is invaluable for establishing a baseline of environmental ARG
levels and tracking changes over time (Zhu, 2016). Researchers can use
GIS to investigate the relationships between ARG prevalence and
various environmental and anthropogenic factors. For example, spatial
analysis can reveal possible correlations between ARG concentrations
and various geographic factors, such as land use, proximity to human or
animal populations, and the presence of medical or agricultural facilities
(Van Boeckel et al., 2015; Chique et al., 2019). This aids in identifying
critical areas for intervention and helps prioritize resource allocation
efficiently. By integrating a diversity of ARG data with these geographic
layers, GIS allows the identification and ranking of potential risk factors
influencing the presence of ARGs in aquatic systems (Xu et al., 2023).
This includes examining factors such as wastewater discharge points,
agricultural runoff, and urban development, thereby providing a
comprehensive understanding of the ARG landscape. This spatial cor-
relation can be crucial for determining where intervention strategies
might be most effective. Additionally, using GIS, researchers can
develop predictive models that utilize environmental data to forecast the
movement and proliferation patterns of ARGs. These models can simu-
late ARG dynamics in response to variables such as environmental
gradients, hydrological changes, and human activities (Freire et al.,
2024). By applying hydrological models and incorporating known be-
haviors of ARG transmission, GIS can forecast the future spread of ARGs
in waterways, aiding in proactive management efforts. This approach
provides a methodology for understanding and modeling the complex
spread of antibiotic-resistant phenotypes in multi-drug environments
and has the potential to enhance GIS-based environmental monitoring
efforts for controlling ARG proliferation.

As an example, a recent study by Xu et al. (2023) provides a detailed
analysis of antibiotic resistance genes (ARGs) in global oceanic envi-
ronments, incorporating data from metagenomic (MetaG) and meta-
transcriptomic (MetaT) studies (Fig. 5). The geographic distribution of
samples (Fig. 5A) spans diverse latitudes and longitudes, with orange
points representing MetaG samples, yellow points for MetaT, and pink
points indicating locations with both data types, enabling a broad-scale
assessment of ARG diversity and abundance. The composition of ARG
classes (Fig. 5B) reveals beta-lactams as the most dominant ARG type
(394 occurrences), followed by multidrug resistance (126) and Amino-
glycosides (97), with other classes like MLS, Glycopeptides, and Tetra-
cycline also present, reflecting the widespread prevalence of resistance
mechanisms. Fig. 5C and D explores ARG diversity and abundance
relative to latitude, showing weak positive correlations, suggesting
minor latitudinal influences alongside other significant factors. Fig. SE
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and F examines ARG diversity and abundance across oceanic depths,
with surface layers (SRF) exhibiting significantly higher diversity than
deeper layers, although abundance differences are not statistically sig-
nificant. The data collectively highlight that ARG diversity is influenced
by latitude and depth, with the surface layer’s proximity to anthropo-
genic activities likely contributing to its higher diversity. The dominance
of beta-lactam ARGs underscores their global prevalence and persistence
in marine environments, emphasizing the need for further research on
ARG dissemination in ocean ecosystems and their potential impact on
human and environmental health. Thus, geospatial technologies offer
significant benefits in monitoring antibiotic resistance genes (ARGs),
including the integration of diverse datasets for a comprehensive un-
derstanding of ARG distribution and drivers, enhanced decision-making
through maps and models that guide targeted interventions, and scal-
ability for applications ranging from local to global studies. However,
challenges remain, such as the need for high-resolution data, the
complexity of integrating biological and environmental datasets, and
uncertainties in predictive models. Overcoming these obstacles requires
interdisciplinary collaboration among microbiologists, environmental
scientists, and geospatial analysts.

5.3. Remote sensing technologies

Remote sensing technologies are emerging as invaluable tools for
monitoring ARG and ARB monitoring across expansive aquatic ecosys-
tems. These methods employ non-invasive techniques to gather exten-
sive environmental data, which can reflect the presence of ARGs and
ARBs (Khan et al., 2018; Callejas, 2023). Remote sensing encompasses a
variety of technologies including satellite imagery, drone-based obser-
vations, and other aerial data collection methods. These tools can
measure various water quality parameters such as turbidity, tempera-
ture, and chemical concentrations, which are often indicators of ARG
prevalence (Hanlon et al., 2022; Sudriani et al., 2023; Lausch et al.,
2024; Xie et al., 2024; Book et al., 2025). Remote sensing can cover large
geographical areas, providing a synoptic view that is difficult to achieve
with ground-based sampling alone, especially in vast and difficult-to-
access aquatic ecosystems. Satellite and drone-based sensors can cap-
ture high-resolution spatial and temporal data, making it possible to
monitor changes in water quality and the distribution of ARGs and ARBs
over time. Specific parameters that can be measured include turbidity,
where high levels can correlate with increased microbial activity,
including ARGs (Hanlon et al., 2022); temperature, which influences
bacterial growth and the spread of ARGs (Xie et al., 2024); and chemical
concentrations, with the presence of certain chemicals promoting the
proliferation of ARGs (Sudriani et al., 2023).

Remote sensing methods offer numerous benefits, including the
ability to collect environmental data non-invasively, which allows for
the monitoring of sensitive or protected ecosystems without causing
harm (Khan et al., 2018; Callejas, 2023). These technologies also pro-
vide extensive coverage, efficiently gathering comprehensive data over
large areas that would be time-consuming and costly to collect through
traditional ground-based methods (Hanlon et al., 2022). The high-
resolution data collected at both spatial and temporal scales enable
detailed monitoring of environmental changes and ARG distributions
(Lausch et al., 2024). Additionally, remote sensing data can be inte-
grated with machine learning algorithms and GIS. For instance, identi-
fying ARG resistance hotspots through remote sensing and machine
learning can help in targeting specific areas for mitigation efforts
(Cuadros et al., 2024). Similarly, the integration of remote sensing data
with GIS allows for the visualization of complex relationships between
environmental variables and ARG prevalence, offering deeper insights
into the factors driving antibiotic resistance in aquatic ecosystems
(Berglund, 2015). Over time, remote sensing proves to be more cost-
effective compared to frequent and widespread traditional sampling
(Xie et al., 2024), and some systems even offer near real-time data
collection, allowing for timely responses to emerging environmental
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Reprinted from Publication: Xu et al. (2023). A global atlas of marine antibiotic resistance genes and their expression. Water Res. 2023 Oct 1;244:120488.

doi:10.1016/j.watres.2023.120488.

threats (Said and Khan, 2021).

However, the effective use of GIS in ARG monitoring faces several
challenges. These include the need for high-quality data, accurately
representing complex biological interactions within a digital medium,
and the constant evolution of ARGs. Additionally, GIS analyses can be
constrained by the resolution and accuracy of available spatial data sets
and the sophistication of the models used to interpret those data. Remote
sensing also has limitations, such as being an indirect method for ARG
detection and requiring specialized expertise to process and interpret the
data accurately.

6. Conclusions and future perspectives

This review underscores the urgent need for comprehensive strate-
gies to manage antibiotic resistance genes (ARGs) in aquatic ecosystems.
Human activities, including wastewater discharge and agricultural
runoff, continue to exacerbate the spread of ARGs, emphasizing the
importance of understanding and mitigating this issue. Advances in
molecular techniques such as PCR, qPCR, metagenomics, and functional
genomics have significantly improved ARG detection and characteriza-
tion, though challenges like complex sample processing and reliance on
bioinformatics resources persist. Future research should aim to track
ARG dynamics over time and integrate transcriptional, proteomic, and
metabolic insights alongside genomic data. Overcoming data processing
and analysis challenges will require advancements in algorithms, pro-
tocol standardization, and comprehensive reference databases.

Biosensor technologies hold promise for real-time, sensitive ARG
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detection. Recent innovations focus on addressing challenges related to
interference, stability, and multiplexing, aiming for devices that are
durable, cost-effective, and functional under diverse environmental
conditions. Establishing a global framework for standardized data
collection and interpretation will be crucial to assessing the progression
of antibiotic resistance and its ecological and public health impacts. This
can be supported by investments in cloud computing and artificial in-
telligence to enhance predictive modeling and ARG tracking
capabilities.

The integration of large-scale datasets requires continuous refine-
ment of bioinformatics tools, updated databases, and real-time moni-
toring systems, such as biosensors. Additionally, Geographic
Information Systems (GIS) and remote sensing technologies offer sig-
nificant potential for monitoring ARGs, though they must address
challenges like data quality, environmental variability, and technical
constraints to provide actionable insights.

Future research directions include:

. Advancing CRISPR Platforms: Developing CRISPR-based systems
that operate effectively in diverse aquatic conditions and incorpo-
rating multiplexing to track multiple ARGs simultaneously,
enhancing monitoring efficiency.

. Machine Learning Integration: Refining machine learning models to
predict ARG presence and levels from complex environmental sam-
ples, with potential for integrating omics data to unravel resistance
mechanisms.
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3. Expanding Omics Technologies: Using omics approaches to explore
ARG diversity and activity within microbial communities, poten-
tially achieving single-cell resolution to uncover complex resistance
pathways.

4. Enhancing GIS and Big Data Analytics: Leveraging high-resolution
environmental data and integrating GIS with machine learning and
big data analytics to improve predictive capabilities, enabling pro-
active management of ARG spread.

5. Deploying Real-Time Remote Sensing: Developing remote sensing
systems for immediate water quality assessments, enabling timely
interventions to curb ARG proliferation.

As global attention to antibiotic resistance grows, these innovative
approaches will be critical in advancing our ability to monitor, manage,
and mitigate ARG impacts on aquatic ecosystems and public health.
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