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Abstract

Antimicrobial resistance in aquatic environments is a major One Health issue impacting human,
animal and environmental health. Antibiotic-resistant organisms and AMR genes are found in
streams, rivers, lakes and oceans. Antimicrobial resistance in water is an increasing global concern,
threatening ecosystems, food security and public health. The widespread use of antibiotics in human
and veterinary medicine has led to the emergence of resistant bacteria, reducing therapeutic efficacy.
The growing pollution of water with bacteria, genes and residues resistant to antibiotics is a vital
threat to human health. The inconsistent monitoring of surface water, wastewater and recycled water
increasingly affects environmental health, and hence, a coordinated approach is needed to minimize
antimicrobial resistance hazards in these water sources. In the war against antimicrobial resistance in
water, a broad-based approach by legislators, medical professionals, environmental scientists and the
public is required. By understanding the inherent complexities of antimicrobial resistance in water,
we can develop a targeted intervention program to better protect public health, animal health, and a
sustainable environment from AMR in water. This review summarizes the current knowledge on AMR
in water sources and detection, monitoring and surveillance plans and diseases related to AMR in One
Health addressing this complex problem.
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INTRODUCTION

Antimicrobial resistance (AMR) has
emerged as one of the major global public health
concerns of the 21 century.! While significant
progress has been made in understanding
AMR in clinical contexts, aquatic environments
are relatively less studied. Its prevalence may
be different and can show complex trends
over a geographical range. AMR studies have
been mostly carried out on clinical and animal
samples, which are important for treatment.?
The research and policy efforts have been mainly
concentrated on the human and animal health
sectors, whereas environmental AMR surveillance
has received relatively little attention compared to
the human and animal sectors, but international
organizations recommend a multi-sectoral One
Health approach to appropriately address AMR
problems related to the health of humans,
animals, and the environment.? The spread of
antimicrobial-resistant pathogens is a global
health issue, highlighting the need to assess their
real environmental relevance.* Most studies
highlight high levels of antimicrobial-resistance
genes (ARGs) in the aqua-environment levels
related to sediments, but such studies are rather
limited.> Water scarcity and the world population
growth have required conventional agricultural
methods such as wastewater use for irrigation
augmentation.® In many traditionally arid and
low-income countries collective generations have
persisted with irrigation efforts with domestic
wastewater. As the climate gets drier, now high-
income countries are also increasingly using this
to supplement their water supply.” Some of the
pollutants, like antimicrobial-resistant bacteria
(ARBs) and ARGs, sometimes seem to become
almost impossible to remove with wastewater
treatment methods.® The interlinked nature of
aquatic environments tends to transmit and
foster AMR because monitoring of wastewater,
recycled water and surface water is inconsistent.’
Harmful and multidrug-resistant organisms
can be found in the drinking water distribution
systems (DWDS) present in biofilms.* Hydro
systems build interconnections between biotic
and technological compartments at the very core
of the interactions between humans and water
uses.* ARBs or ARGs are presented as potential

human health hazards that have been studied
in wastewater and contaminated hydro systems,
but much less in natural hydro systems used for
drinking water.*?The growing incidence of ARBs in
various places seriously threatens the prevention
of communicable diseases.®

Clean water is critical for human health
and directly affects a nation’s socioeconomic
development.** Resistance can easily be transferred
from human pathogens to non-pathogenic
bacteria in aquatic environments because of
mobile genetic elements (MGE).™ Horizontal gene
transfer (HGT) is most common in biofilms, which
are complex communities of microorganisms that
coat the surfaces of drinking water systems.®
Such communities provide physical protection
of bacteria against disinfectants and ensure
frequent cell-to-cell contacts. Dynamics of AMR
in environment become worse due to climate
change. Metabolic activity and bacterial growth
increase at elevated temperatures of surface
water, which promotes HGT. In addition, overflow
of sewers caused by climatic conditions such as
floods and heavy rainfall mobilizes ARGs in larger
hydric-geological networks.*®

Therefore, assessing the bacteriological
quality of drinking water provides baseline data
and input into any further improvements for
protection and therapeutic strategies.'>? This
review explores the unique junction of microbial
diversity and AMR genes as contaminants that
drive AMR in aquatic ecosystems, endangering
aquatic life and posing a threat to global health.

AMR in water

Waterborne bacterial pathogens are
increasingly exhibiting resistance to commonly
used antibiotics. These are further affected
by rising surface water temperatures. The
maximum increase in ARBs is thought to have a
connection with wide-margin pathogens such
as E. coli, a consequence of increasing surface
water temperatures. Some indirect mechanisms
contributing to resistance are the effects along
the food chain, such as global warming, including
more bacteria, more algae, and nutrient release.
There are also increased chances of resistance due
to high-temperature water treatment methods.
With global warming making the fight against
antibiotic resistance harder, it is vital to know
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how antibiotic resistance affects survival fitness
under such dynamic conditions.?! Chlorine, a
common disinfectant, is also associated with the
introduction of ARGs and hence has ecological and
environmental concerns. A paper investigated the
quantity, mechanisms of transfer, and mitigation
techniques of ARGs during chlorination. The
study has shown that chlorination can disturb
the genetic composition, for example, through
the overexpression of efflux pumps and reactive
oxygen species, which affect horizontal gene
transfer. Strategies are suggested for reducing
the risk of ARGs transfer from the water supply
to its site of utilization.?? A study revealed that
ARGs and ARBs were observed in tap water,
henceforth defined as water treated within a
potabilization facility and made available for
consumption through a water distribution system,
after reviewing forty-five publications thereof.
They carried out studies largely in upper-middle-
income countries in Eastern Europe and the
Western Pacific regions. Most papers focused
on the discovery of ARGs or ARBs. The 2024
WHO bacterial priority pathogens list highlighted
critical global concerns regarding high-priority
ARBs, particularly carbapenem-resistant and
ESBL-producing Enterobacteriaceae isolated
from DWDS.% A study suggested the Purification
Resistance Index (PRI), which is a specific and
innovative model for water quality assessment
and its treatment procedure. The purification
resistance is based on the PRI’s constant variables
and a combination of various traditional drinking
water treatment methods. PRI may be used in
developing drinking water treatment plants,
monitoring water sources, carrying out operations,
and so on. The PRI approach is beneficial for
water authorities, water utilities, and municipal
design institutes in general, and it can be further
corroborated and discussed by assessing the local
methods too.?* In industrial & hospital wastewater,
sludge from human, animal, and plant production,
as well as antimicrobial manufacturing, ARBs and
their genes are prevalent and pervasive pollutants
(Figure). Limited data concerning factors such as
their occurrence in drinking water in resource-poor
settings give rise to serious concerns of global
public health regarding AMR. Research was aimed
at estimating the frequency of Escherichia coli
antibiotic resistance profiles from drinking water

in the developing and middle-income countries.
Multidrug resistance (MDR) was reportedly
significantly widespread, with prevalence rates of
54.65% for cotrimoxazole, 48.64% for amoxicillin,
and 48% for cefuroxime.” It is evident from the
study that the worldwide public health issue could
be improved with enhanced wastewater treatment
and wastewater facilities, as well as improved
sanitation and hygiene practices.

Sources of AMR in water

The active pharmaceutical ingredients
are discharged directly into aquatic environments
through hospital waste, pharmaceutical
manufacturing plant waste, and improper
disposal of leftover pharmaceuticals. The selection
of resistant microbes is facilitated due to the
continuous presence of chemicals, resulting in the
development of MDR microbial strains.?® In the
wastewater treatment plant and the healthcare
facilities, the researchers found that there was
not much change in the burden of ARGs. They also
examined the reason behind persistence of ARGs
in wastewater. Recycled water showed somewhat
higher loads of ARGs than treated effluent. The
study suggested that there is a need to control
the spread of ARGs through the sewage to protect
local ecosystems from contact with the ARBs.”

Salmonella serovars in indigenous poultry
and their sources of drinking water were analyzed
in a Nigerian investigation to improve public health
and epidemiological surveillance. The research
sampled 1208 water and chicken droppings
from 15 markets in North Central Nigeria. It was
further noted that 3% of the water and 6.8% of
the droppings had Salmonella spp. The results
of the susceptibility test indicated that 60.3% of
the antimicrobials tested seemed sensitive, while
14.1% isolates were resistant more than one drug
class. Whole-genome sequencing and serotyping
revealed Luedinghausen, Laredo, Widemarsh, and
Lansing as serovars documented for the first time
from Africa. AMR and Salmonella prevalence were
low in this study; continuous monitoring needs
to be strengthened for food safety and poultry
health.?®

A study examined the microbial
community composition and AMR directly from
DWDSs and from faecal samples of organically
raised free-range chickens. The study detected
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opportunistic and potentially harmful bacteria in
DW and biofilms, differing from those in feces.
In drinking water, biofilm, and faecal samples,
the presence and abundance of ARGs imparting
resistance to carbapenems, cephalosporins,
fluoroquinolones, and polymyxins were very high,
raising serious concerns for human and animal
health.”

A recent systematic review and meta-
analysis of 472 studies pointed to the fact
that Ethiopian wastewater systems are highly
contaminated with bacteria and ARGs. The
situation was even worse in underdeveloped
places, such as Ethiopia due to inadequate provision
of wastewater treatment and sanitation. This was
due to release of pollutants, ARGs, and medical
chemicals through the wastewater collection
systems and thus posed a considerable threat to
public health. Analysed literature depicted that
the primary means of the augmented escalation
of AMR due to environmental pollution caused
through wastewater. It resulted in an increased
number of getaway channels for communicable
diseases, which were responsible for the high
numbers of antibiotic-surviving microbes
contributing to global health crises and regional
healthcare problems. The study established the
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fact that the bacterium Pseudomonas aeruginosa,
whose prevalence (41.25%) was most widespread
in Ethiopia. It was evident that better waste
management and continuous monitoring of it were
essential to solve the environmental and public
health problems.*

Another investigation assessed the AMR
of microorganisms from wastewater equalization
tanks, treatment plant wastewater, intake
water, and treated wastewater obtained from
slaughterhouses in Rio de Janeiro, Brazil. The data
showed the presence of 74 isolates of different
genera. The fewest isolates were recovered from
inlet water. The second-highest number of bacteria
and AMR were present in wastewater treatment
plants and treated wastewater after raw effluent
from the equalization tank. K. pneumoniae was
the most resistant bacterium to various antibiotics,
which stressed the importance of monitoring
water quality for health issues. One of the best
ways by which ARGs spread could be controlled
within the environment is through the practice
of reusing wastewater for irrigation purposes.
The residual ARGs were often found in recycled
water and led to an accumulation of resistance
determinants in agricultural soil and plants
(Figure).3132
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Figure. Source of contamination and spread of AMR by water resources
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Water-specific AMR issues and challenges

AMR is a serious international public
health problem that causes severe diseases,
disorders, prolonged stays in hospitals, and
a raised high mortality rate. Absence of the
sanitation procedures of water supplies,
inadequate availability of clean water, sanitation,
hygiene, policies on the infections that are
not followed, misuses of antibiotics, and the
ignorance about infections are some of the factors
that contribute to the spread of the diseases.
E. coli, Staphylococcus aureus, P. aeruginosa,
Enterococcus species, Acinetobacter species, and
K. pneumoniae are some of the MDR bacteria that
can be deadly. In contrast, AMR is a worldwide
public health problem that requires a multilateral
approach according to the UN 2015 Sustainable
Development Goals (SDGs) and WHO’s Global
Action Plan. Stakeholders are actively working on
the One Health approach to curb AMR and spread
out for the sake of the overall health of citizens.*?

Antibiotics’ widespread use is causing
environmental problems because they negatively
impact living things and water quality. Uncontrolled
production and usage of antibiotics contribute to
AMR in bacterial communities. Worldwide research
aims to identify the presence and concentrations
of antibiotics in environmental components
such as fish, freshwater, the ocean, and sewage.
Research aims to create analytical methods for
identifying and measuring antibiotic residues
so that authorities can establish guidelines for
antibiotic containment and disposal. Proactive
action is needed to lower antibiotic pollution,
protect aquatic habitats, and improve public
health globally.3*One of the studies that have been
carried out investigated the association between
ARGs in the gut microbiome and various types
of drinking water. The experiment used mouse
models to investigate the effects of diverse types
of water on ARGs, with the help of murine models,
high-throughput gPCR, and 16S rRNA amplicon
sequencing. The findings of this study led to the
conclusion that there were significant alterations
in the gut microbiome, mobile genetic elements
(MGEs), and ARGs upon consuming different
types of drinking water. There was an upsurge in
the aminoglycoside and tetracycline resistance
genes in the tap and river water groups. The paper

emphasized that drinking water should be clean
to avoid the growth of antibiotic resistance.®

Antibiotics are widely utilized, which
raises concerns about their role in environmental
contamination because of their adverse effects on
life on Earth and water quality. Resistance among
bacteria to antimicrobials in the biosphere is a
consequence of uncontrolled use of antibiotics,
which arises from the manufacturing and
uncontrolled usage of these drugs. Studies
carried out around the globe intended to find the
existence of antibiotics in natural elements such
as fish, freshwater, the ocean, and sewage and
their concentration. In this regard, some studies
aim to establish the basis for the authorities
to set up standards and designs for analyzing
and quantifying antibiotic residues among the
various water bodies. Preventive measures are
the solution to combat antibiotic contamination,
and thus the health of humans and the aquatic
environment will be safe by protecting public
health globally.?®

Detection of AMR in water

Between 2016 and 2020, 30 strains of
Salmonella enterica were reported from canal
water samples in Bangkok following a WGS
study. Salmonella agona was the predominant
serotype. The study revealed 35 AMR genes and
30 chromosomally mediated gene mutations, with
21 strains harboring both the acquired genes and
mutations linked to fluoroquinolone resistance.
All the strains displayed the virulence factors for
invasion, adhesion, and survival during infection.
75.9% of identified strains harboured critical
virulence traits to instigate salmonellosis. Several
plasmid groups were reported, which supported
the horizontal dissemination of AMR genes.*”

In a study, loop-mediated isothermal
amplification (LAMP) was developed to detect the
nine Enterobacteriaceae species in wastewater.
Primers based on the mcr-1, KPC, OXA-23, and
VIM genes were developed to detect AMR during
microalgal bioremediation therapy. The LAMP
assays identified four strains of mcr-1, three
strains of KPC, seven strains of OXA-23, and three
strains of VIM resistance from a single colony.
Following 72 hours of treatment, bioremediation
efficacy values of 71.6% and 75% for total

Journal of Pure and Applied Microbiology

www.microbiologyjournal.org



Lekhwar et al | J Pure Appl Microbiol. 2026. doi: 10.22207/JPAM.20.4.18

nitrogen and phosphorus were recorded in open
pond microalgal remediation systems.® In this
study, scientists developed a method to isolate
extracellular DNA (eDNA) using silica-hydroxy
magnetic beads and ultrafiltration from river water.
A method was optimized for efficient extraction
to facilitate gPCR analysis to enumerate eARGs.
The method highlighted significant differences in
patterns of contamination across tributaries and
higher levels of eARGs than iARGs. This improved
sodium phosphate method certainly addressed
the problems of low extraction efficiency and can
provide a useful clue for assessing the level of
eARG pollution in river ecosystems.*

In contrast to PCR or traditional culture
approaches, shotgun metagenomic sequencing
provides the means to monitor the entire
“resistome” in an untargeted manner. Shotgun
metagenomics is thus an extremely powerful
tool for monitoring the environment because it
makes possible the identification of both known
and unknown ARGs, heavy metal resistance
genes, and mobile genetic elements without any
previous sequence information.*® Resistance in
bacteria has developed because of overuse of
antimicrobial agents in human health and animal
health, through their release into the environment
through effluent. A study measuring AMR risk and
concentration in wastewater from the Little Akaki
River, Ethiopia showed a significant likelihood of
the emergence of resistance. Concentrations of
cefotaxime, ciprofloxacin, and sulfamethoxazole
were higher than their expected no-effect levels,
and sulfamethoxazole was the most dangerous,
owing to its continuously high levels. These
findings highlighted the need for wastewater
treatment methods to reduce AMR hazards in
aquatic settings.**

There are numerous studies performed
worldwide, which showed an array of bacterial
pathogens, their AMR genes, and associated
MGEs in the water bodies. Wastewater-based
epidemiology (WBE) is now an innovative
surveillance approach through such detection
methods. Public health officials can monitor
resistome dynamics at the community level and
receive early warning about the establishment of
clinical resistance genes before the outbreak of
disease epidemics through the use of molecular

and metagenomic tools on municipal wastewater
influent (Table 1).%?

Monitoring and surveillance

AMR monitoringin France using regulatory
surveillance of Water Intended for Human
Consumption (WIHC) was evaluated through a
study. Between January and April 2021, 2211 Petri
plates were seeded for E. coli sanitary surveillance.
The most common genes of beta-lactamases in
human infections-bla, , bla,, , and bla_,, , were
studied in cultivable Gram-negative communities,
followed by phenotypic and genotypic assessment
of resistance of the isolated E. coli strains.'* The
aquaculture industry is increasingly facing the
threat of antibiotic resistance due to the misuse
of antibiotics. The study compared the threat of
antibiotic resistance in anaerobic sludge fed with
a wastewater solution pre-treated with florfenicol
but under UV and vacuum UV pretreatments.
Metagenomic sequencing showed that four
groups of pretreated sludge were having more
ARGs compared to the control group without
pretreatment. The UV/sulfite recirculating water
system effectively arrested ARG proliferation and
transfer in aquaculture water, with reductions
of 39.15% and 46.04% for ARGs and MGEs,
respectively. The reduction of the antibacterial
activity of antibiotics was fundamental to the
management of the resistance risk.”®

A study compared the utility of two
high-throughput techniques to screen for AMR
in wastewater.”” Daily effluent samples were
taken from a large municipal hospital and weekly
composites from 47 wastewater treatment plants
across Wales. The metagenomic analysis detected
545 genes versus 73 targeted genes for HT-qPCR,
indicated much richer coverage of the resistome.
Both techniques affirmed differences existing in
the resistome dynamics in a spatiotemporal sense
between the hospital and wastewater treatment
plants. Both methods showed correlations
among environmental parameters and changes
in resistome composition, such as ammonium
concentrations in the effluent. The study also
emphasized the importance of methods relevant
to the targets of surveillance, in the context of
achieving prolongation of the utility of wastewater
AMR monitoring systems.”” In a field experiment
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during the COVID-19 pandemic, temporal and
regional distributions of ARGs in gravity sewage
were studied. Results from the experiment
showed a significantly small distribution of ARGs
at regional levels and an association of ARGs with
antibiotics. During winter months, significantly
more ARGs were isolated, mostly from the
groups Proteobacteria and Actinobacteria. This
study indicated that sewage monitoring for ARGs
presents a considerable opportunity for measuring
and addressing levels of antibiotic resistance.”

Diseases associated with AMR in water

Between 2015 and 2020, data from the
US National Outbreak Reporting System (NORS)
recorded 214 instances of waterborne diseases.
They were further classified as either associated
with gastrointestinal illness or biofilm pathogens.
Most outbreaks were primarily Legionella-
dependent, linked to public water systems. The
report underlined the importance of source-to-
tap preventative strategies and the attendant
complexities that arose in efforts to control
drinking-water-related diseases. Legionella-linked
outbreaks had increased, registering a noticeable
toll of hospitalizations and fatalities.”

Cholera is an acute, severe disease
caused by the presence of the Gram-negative
bacteria Vibrio cholerae, commonly affecting
people in low- and middle-income nations with
poor sanitation and those living in the areas where
natural disasters occur. If treatment is not started
quickly, the incidence would become progressively
worse and potentially life-threatening. Risk factors
include poverty, poor sanitation, and consumption
of contaminated food or water. Cholera is endemic
to sub-Saharan Africa, Asia, and Central and South
America. It has caused seven pandemics over the
last 200 years. The Global Task Force for Cholera
Control hopes that by 2030, cholera control can be
achieved in at least 20 countries, thereby reducing
its epidemicin the world by 90%. Treatment of the
disease involves antibiotics, oral cholera vaccines,
and rehydration therapy. Water, sanitation, and
hygiene practices are also of utmost importance
to control the propagation of V. cholerae.®

Pollution of the natural environment
by the Legionella bacterial pathogen that causes
Legionnaires’ disease makes it vulnerable to the
acquisition of ARGs. The IpeAB gene showed the

highest rates of detection (19%) in Legionella
samples in subgroups of Legionella pneumophila
and L. pneumophila SG1. A positive correlation
between the values of L. pneumophila SG1 and
IpeAB was found, with MIC values varying from
0.064-2 mg/L. The inhibition of /peAB produced a
2- and 4-fold decrease in MIC values for 10 isolates.
Increasing ARG monitoring within Legionella will
be important in quantifying the health risk posed
by Legionnaires’ disease.®!

A study investigated the effect of low
water activity on Salmonella enterica, a serious
foodborne pathogen. During the experiment,
the S. Senftenberg 10C 2319 strain was found to
be more resistant to stress under water activity
treatments. Even when its culturability decreased,
it remained viable. This puts into question their
ability to adapt to the food matrix, which might
pose a risk to consumers. Flow cytometry can
provide safer techniques for routine microbial
assessment and can aid in understanding the
physiological state of microorganisms.®? According
to global data, the risk of AMR and ARGs to public
health may increase as bacterial pathogens in
aquatic systems adapt to pollutants and antibiotic
residues, and the overuse of antibiotics raises the
risk of AMR (Table 2).

The one health approach

The use of antibiotics is mainly responsible
for the complicated global problem of AMR. Itis a
transdisciplinary issue because of the emergence
of resistant microorganisms in natural ecosystems,
farms, and veterinary-care settings. These germs
can colonize livestock and wildlife and later
contaminate wildlife and surface waters. The
One Health viewpoint examines how polluted
environments contribute to the spread of these
bacteria resistant to antibiotic therapy in health
settings. The veterinary sector is successfully
averting environmental contamination through
the implementation of antimicrobial stewardship
policies and programs.'®® In aquaculture,
antimicrobial agents can give rise to zoonotic
bacteria resistant to antibiotics that can be
spread to humans through consumption. Based
on its principle, the intention of the study was
to offer solutions to risk mitigation, such as strict
guidelines for the use of antibiotics, methods
for disease management, antibiotic substitutes,
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in water-rich environments

echinocandins, amphotericin B

(esp. C. auris)

feeding practices, genetic selection, monitoring of
water quality, and the treatment of wastewater.
The initiative should place great emphasis on the
environment in low- to middle-income countries.
AMR integrated management in fisheries, as done
in Asia, has dramatically reduced AMR.%°

According to a study, 78.1% of farmers
in Northern Nigeria used antibiotics in ponds,
while 71.1% did not know that antibiotics could
be abused. Tetracyclines were the antibiotics
most widely used. Risks for the spread of residues
and resistance included contaminated fish, direct
contact with fish, and contaminated water. The
development of residues and resistance was
exacerbated by social and cultural problems,
including poor education and the abuse of
antibiotics. Education should promote proper
antibiotic stewardship based upon the ‘One
Health’ concept.’* Aeromonas hydrophila can
appear to spread tetracycline resistance under
the oxy-tetracycline (OTC) stresses. The risks
to health projected through different exposure
scenarios were calculated using a One Health-
based approach.'*? According to a study, the
farmed shrimp infected by tetracycline-resistant
A. hydrophila would probably be further advanced
when cultured in oxy-tetracycline-contaminated
water. Shrimp ponds and coastal areas presented
unacceptable risks to swimmers and farmers.
According to the study, the probability of infection
was increased in farmed shrimp exposed to
tetracycline-resistant A. hydrophila in OTC-
contaminated water.!?

Knowledge gaps and limitations

Despite growing scientific interest in
environmental factors related to AMR, global
risk assessments and construction of evidence-
based policy frameworks remain significantly
constrained by several major informational
gaps and systemic limitations. First, the lack of
standardized methodologies for sample collection,
DNA extraction, and choice of the target resistance
determinants remains the major issue.'*®* The
geographical bias due to the lack of monitoring
infrastructure is especially significant for the Low-
and Middle-Income Countries (LMICs), where
regions with the highest incidences of waterborne
diseases, poor sanitation, and uncontrolled sales
of antibiotics frequently lack the means to conduct
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regular environmental resistome monitoring.
Global mapping models, thus, are strongly biased
towards the higher-income countries, thereby
leaving critical gaps of data in regions where the
environmental spread of AMR is likely to be the
most active.'

Additionally, there are several
methodological inconsistencies in the way
of reporting data are reported in the field.
Researchers usually employ non-comparable
metrics while reporting their results. For example,
some authors may conduct phenotypic minimum
inhibitory concentration (MIC) testing of the
indicator organisms such as E. coli, while others
may use absolute copy numbers per millilitre of
water or molecular relative gene abundances
normalized to 16S rRNA genes.'™® The absence of
standardized quantitative units makes it extremely
difficult to assess precise minimal selected
concentrations (MSCs) and to construct adequate
risk models of human pathogen exposure.*®

Lastly, the publication bias has a
fundamental effect on the current state of science
concerning environmental AMR. Studies providing
positive detection of high-risk clinical carbapenem:s,
colistin resistance genes (mcr variations), or
excessive contamination in highly affected urban
wastewater streams receive significantly more
attention from academic publishers and funding
organizations. As a result, baseline research,
which reports pure natural water bodies, low-
resistance aquatic environments, or successful
implementation of the remediation measures,
is left unreported.'*” Such bias might result in
overestimation of potential danger in some aquatic
reservoirs and neglect of small-scale gene transfer
dynamics in less contaminated water systems,
consequently shifting our understanding of
baseline environmental resistome. Harmonization
of testing standards, targeted investments to
increase laboratory capacity in LMICs, unification
of reporting formats, and development of open
access databases focused on baseline and negative
surveillance data, as well as clinical outbreaks, are
necessary to tackle those related issues.®

Future perspectives

Adopting predictive, real-time, and
technologically advanced monitoring systems is
essential for future visions in terms of decreasing

the environmental dimensions of AMR. Hydro-
geological, meteorological, and microbiological
data can be handled with unprecedented
possibilities when combining Al/ML algorithms
with environmental metagenomics approaches.'*
Computational approaches can determine the
sites of horizontal gene transfer (HGT), predict
the emergence of AMR hotspots, and forecast
the dissemination pattern of emerging resistance
determinants among aquatic ecosystems.'?°
Simultaneously, decentralization of the surveillance
process can be accomplished through adoption
of CRISPR-Cas-based diagnostics and portable
long-read sequencing technologies like Oxford
Nanopore devices.'” It becomes possible to
bypass the need for centralized laboratory facilities
and enables rapid identification of MGEs, ARGs,
and ARB at the point of care. The traditional
WWTPs should be adjusted for implementation
of quaternary treatment processes both from
engineering and water management viewpoints.'??

To effectively degrade intracellular and
extracellular DNA and sub-inhibitory levels of
pharmaceutical compounds causing selection
pressure before their release into the environment,
the scaling-up of Advanced Oxidation Processes
(AOPs), UV/ozone combinations, catalytic
degradation, and special membrane filtration
should be adopted.'*® Standard WWTPs must
evolve to accommodate quaternary treatment
processes in terms of engineering and water
management. To degrade intracellular and
extracellular DNA, as well as sub-inhibitory
concentrations of pharmaceuticals which induce
selection pressure, there is a requirement to
intensify Advanced Oxidation Processes (AOPs),
UV/ozone processes, catalytic breakdown, and
membrane technologies.’*

CONCLUSION

AMR in water has serious implications
for the integrity of food security, ecology, and
public health. It threatens the effectiveness of
any treatment due to the emergence of ARB and
ARGs that are driven by the inappropriate usage
of antibiotics in human medicine, agriculture,
and aquaculture. It is important to develop
new technologies to reduce the burden on
the environment. It is vital to improve the
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infrastructure for wastewater treatment, conduct
surveillance, and use molecular diagnostics to
detect resistance. Finally, a concerted effort froma
One Health perspective is required to ensure water
quality. For the protection of water resources and
health security, it is important to have effective
legislation, stewardship, and collaboration of all
stakeholders.
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