
Introduction
Antibiotics are antimicrobial substances that can inhibit 
the growth of microorganisms or kill them. They are wildly 
used to treat bacterial infections in humans and animals, 
as well as in various non-medical applications.1 The annual 
global production of antibiotics is estimated to be between 
100,000 to 200,000 tonnes, with over a one million tonnes 
produced since the 1940s.2 Antibiotic resistance refers to 
the ability of certain bacteria to withstand the effects of 
antibiotic treatment. This resistance can be either innate 
or acquired, with the acquired form usually resulting 
from the use of antibiotics that eliminate susceptible 
bacteria in a population, thereby allowing resistant 
strains to thrive.3 The problem of drug resistance is 
exacerbated by the widespread use of antibiotics, not only 
for medical and veterinary purposes but also for growth 
promotion in livestock. Misuse and overuse accelerate 

the emergence of antibiotic-resistant bacteria (ARB) and 
the spread of antibiotic resistance genes (ARGs) in the 
environment, increasing the risk of resistance transfer 
to humans.4 Antimicrobial resistance (AMR) is now 
recognized as one of the top ten global health threats, 
with rising trends in resistant infections suggesting an 
approaching post-antibiotic era. In such an era, common 
infections could become untreatable, surgeries riskier, 
and immunocompromised individuals more vulnerable 
to fatal infections. This underscores the urgent need for 
comprehensive, multi-pronged strategies to combat AMR.
The growing global threat of AMR calls for immediate and 
innovative strategies.5 Both the World Health Organization 
(WHO) and the World Bank have recognized AMR as a 
critical crisis impacting human health, economic stability, 
and agricultural productivity, while simultaneously 
hindering progress toward achieving the Sustainable 
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Abstract
Antimicrobial resistance (AMR) is an escalating global health threat, with environmental reservoirs 
playing a substantial yet often under recognized role in its emergence and dissemination. 
Antibiotic-resistant bacteria (ARB) enter the environment through various pathways, including 
anthropogenic activities, agricultural practices, and industrial processes. These contaminants 
infiltrate natural ecosystems such as soil, water, and air, where they may persist, proliferate, and 
transfer resistance genes to native microbial communities. Resistant microorganisms endanger 
both human and animal health and contribute to ecological and public health disturbances. 
This review focuses on how AMR spreads through the environment, emphasizing sources such 
as wastewater, soil, industry, and air. It also discusses current methods for detecting AMR in 
environmental matrices, encompassing traditional culture-based approaches, molecular 
techniques such as polymerase chain reaction (PCR) for rapid gene identification, metagenomics 
for comprehensive microbial community analysis, and biosensors for real-time, in situ detection. 
Furthermore, the review emphasizes the importance of environmental monitoring in identifying 
AMR hotspots, elucidating transmission pathways, assessing public health impacts, informing 
policy development, and guiding future research. The results indicate that environmental AMR 
noticeably drives the persistence and spread of resistance in both healthcare and community 
settings. Dealing with this issue requires strengthening monitoring systems through standardized 
protocols and advanced technologies. Governments and relevant stakeholders should 
prioritize the identification and control of AMR hotspots, such as wastewater treatment plants, 
agricultural runoff zones, and industrial discharge sites, to control the spread of resistance and 
safeguard public health.
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Development Goals (SDGs).5,6 Current projections 
indicate that, by 2050, AMR could be responsible for more 
than 10 million deaths each year, exceeding the mortality 
rates of cancer and many other major diseases.7

Bacteria develop antibiotic resistance through gene 
mutation or horizontal gene transfer (Horizontal gene 
transfer (HGT) in bacteria is  the process where bacteria 
exchange genetic material directly with other bacteria, 
rather than inheriting it from their parent cells).8 This 
allows bacteria to acquire resistance to a specific antibiotic 
and makes them susceptible to acquiring various mobile 
genetic elements. Consequently, bacteria can become 
resistant to multiple antibiotics, leading to multidrug-
resistant strains, which pose significant challenges in 
the treatment of infections in clinical settings.9 Human 
exposure to environmental AMR can occur through 
waterborne or airborne pathways. This includes 
contamination of drinking water, food, and recreational 
water, potentially leading to the colonisation or infection 
of the skin, gastrointestinal tract, genitourinary tract, and 
respiratory tract by resistant microbes.10

​ Although the misuse and overuse of antibiotics in 
clinical and veterinary practices are well-recognized 
drivers of AMR, its environmental dimension remains 
comparatively underexplored and insufficiently 
regulated. Environmental compartments serve as both 
reservoirs and transmission pathways for antimicrobial 
residues, resistant bacteria, and resistance genes.11 These 
environments not only sustain the persistence and 
selection of resistant strains but also promote horizontal 
gene transfer among microbial populations, thereby 
accelerating the propagation of resistance.12

The rationale for this review stems from a critical gap in 
both scientific research and policy attention. Most AMR 
studies have focused on clinical and veterinary aspects, 
often overlooking the role of environmental processes and 
pollution in resistance transmission across human and 
animal populations. This issue is particularly acute in low- 
and middle-income countries (LMICs), where inadequate 
waste management, poor sanitation infrastructure, and 
limited environmental surveillance amplify the risk 
of AMR proliferation. Although global efforts such 
as national action plans and international initiatives 
have begun to integrate environmental considerations, 
there is still a lack of cohesive data to guide effective 
interventions. The objective of this review is to synthesize 
existing scientific evidence on the role of environmental 
compartments in the emergence and dissemination of 
AMR. The primary objectives of this review are: (1) 
identifying key environmental sources, (2) evaluating 
current detection methodologies, and (3) highlighting the 
significance of environmental monitoring in controlling 
the spread of resistance. This review aims to explore the 
critical role of environmental monitoring in understanding 
and managing the spread of AMR. Additionally, it informs 
researchers, policymakers, and stakeholders of the urgent 
need to recognize and address environmental AMR as a 

central component of the global resistance crisis.

Sources of AMR in the Environment
The environment can be contaminated with ARBs and 
ARGs from a variety of sources, including human activities, 
agricultural practices, and industrial processes. These 
contaminants find their way into natural ecosystems such 
as soil, water, and air, where they can persist, multiply, and 
potentially transfer resistance genes to native microbial 
communities. The major environmental sources of 
AMR include water and wastewater systems, soil, and 
airborne pathways.

Water and Wastewater
The presence of AMR in drinking water poses a significant 
public health concern, as it may lead to human exposure to 
resistant pathogens. Studies have detected various ARGs) 
in drinking water systems, including those associated 
with resistance to β-lactams and fluoroquinolones.13 
Additionally, private wells and household water 
supplies have been identified as reservoirs of ARBs, 
including opportunistic pathogens such as Acinetobacter 
baumannii.14 Environmental factors and human activities 
dramatically influence the dynamics of AMR in drinking 
water systems.15 Although water treatment processes can 
reduce the prevalence of ARBs and ARGs, they rarely 
achieve complete removal. For instance, chlorine dioxide 
disinfection exhibits variable efficiency against both 
free-living and particle-associated ARGs.13 Wastewater 
treatment plants (WWTPs) are critical nodes where ARB 
and ARGs can persist and multiply. Despite treatment 
processes designed to reduce microbial loads, many 
antibiotics and resistant bacteria remain in the treated 
effluent, which is subsequently discharged into surface 
waters.16 Also, the extensive use of antibiotics in livestock 
and crop production contributes to AMR through 
agricultural runoff, which carries resistant microbes and 
residues into rivers and lakes.17 Hospitals are hotspots 
for antibiotic-resistant pathogens, which can enter water 
systems through inadequately treated wastewater.18

Soil
Soil hosts diverse microbial communities whose 
interactions significantly influence the distribution 
and abundance of ARGs. Factors such as pH, moisture, 
and nutrient availability play key roles in shaping these 
microbial populations. Different agricultural systems, such 
as conventional and organic farming, can lead to variations 
in soil microbial communities and their resistomes. 
However, research suggests that such differences are 
generally minor, with similar resistance profiles observed 
across various farming systems.19 The use of antibiotics 
in livestock and the application of manure are major 
contributors to soil contamination. Soils treated with 
manure show a significant increase in ARG abundance over 
time, particularly tetracycline resistance genes, reflecting 
their widespread use in animal husbandry.20 Irrigation 
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with treated municipal wastewater can also introduce 
antibiotics into soil, promoting increased resistance among 
soil bacteria. 21,22 In addition to antibiotics, environmental 
contaminants such as heavy metals, polycyclic aromatic 
hydrocarbons (PAHs), and other pollutants can exert co-
selective pressure on microbial communities, influencing 
ARG diversity and abundance. For instance, elevated 
heavy metal concentrations have been linked to greater 
ARG richness, as these metals can co-select for resistant 
bacteria.23 Table 1 summarizes studies that have identified 
antimicrobial-resistant microorganisms isolated from 
various environmental sources.

Agricultural Practices 
The emergence of AMR in agriculture is driven by several 
practices that promote the proliferation of ARBs and 
ARGs. These practices include the misuse of antibiotics 
in livestock farming, aquaculture, crop production, 
and the application of contaminated organic waste. 
In livestock farming, antibiotics are widely used for 
therapeutic purposes, disease prevention (prophylaxis), 
and as growth promoters. A significant proportion of the 
antibiotics administered to animals are excreted, often 
in metabolised form, in manure or urine. This waste 
introduces antibiotics into the environment, where they 
contribute to the development and spread of resistance.53 
Common antibiotics found in agricultural settings include 
sulphonamides, tetracyclines, and fluoroquinolones, 
which are commonly found in manure from cattle, 
chickens, and pigs.54 While these practices play a 
significant role in the AMR crisis, some evidence suggests 
that organic farming, which restricts the use of antibiotics, 
can reduce the prevalence of AMR by approximately 31% 
across different types of livestock species.55

In aquaculture, antibiotics are routinely added to water 
to prevent or treat diseases in farmed fish and other aquatic 
organisms. Unfortunately, this practice often leads to the 
direct release of antibiotics into the aquatic environments, 
promoting the growth of resistant bacteria in water bodies 
and sediments. These resistant bacteria can spread to other 
ecosystems through hydrological processes, exacerbating 
the AMR problem. Study show that up to 90% of aquatic 
bacteria may be resistant to at least one antibiotic, with 
significant proportion being multi-drug resistant.56 In 
crop production, antibiotics such as streptomycin and 
tetracycline are occasionally used to control bacterial 
diseases. Although their use is less extensive than in 
livestock production, these applications contribute to the 
development of resistance in soil microbiota. Moreover, 
crops irrigated with contaminated water or fertilised with 
animal manure can accumulate resistant bacteria, that can 
eventually enter the human food chain.57 The application 
of livestock manure and sewage sludge to agricultural 
soils is another significant contributor to the spread of 
resistance. These materials often contain significant levels 
of antibiotics and ARGs, introducing resistant bacteria 
into soil environments. Research suggests that manure 

from antibiotic-treated animals can serve as a reservoir 
for ARB and resistance genes, thereby contributing to the 
spread of AMR in the environment.38

Industrial Effluents 
Industrial wastewater is a major contributor to the 
spread of AMR in the environment. These discharges 
often contain antibiotics, ARBs, and ARGs, which can 
contaminate water, soil, and sediments, creating reservoirs 
of resistance. Several industries including pharmaceutical 
manufacturing, healthcare, and food processing play 
significant roles in this process. In pharmaceutical 
manufacturing, the production of antibiotics frequently 
leads to the release of untreated or inadequately treated 
wastewater containing high concentrations of antibiotic 
residues. Countries such as China and India, which 
are among the world’s largest antibiotic producers, face 
considerable challenges in managing these effluents, 
resulting in widespread environmental contamination.9 
Studies indicate that wastewater from pharmaceutical 
plants can act as hotspots for resistant bacteria, as the 
high concentrations of antibiotics exert strong selective 
pressure, promoting the proliferation of ARBs and ARGs 
in nearby ecosystems.58 Hospitals are critical sources 
of AMR due to improper disposal of medical waste and 
wastewater. Hospital wastewater typically contains multi-
drug-resistant bacteria, including extended-spectrum 
beta-lactamase (ESBL) producers, which can persist 
despite wastewater treatment processes. Studies show 
that hospital effluents significantly contribute to the 
spread of resistant strains, particularly when reused for 
irrigation or discharged into natural water bodies.59 This 
contamination poses a direct risk to public health, as 
resistant pathogens can spread through water supplies and 
into the broader community. 60,61 Food processing facilities 
generate effluents that may contain antibiotic residues 
and ARBs from raw materials such as meat, milk, and 
other animal products. Runoff from these facilities often 
contains antibiotic residues and ARBs, contaminating 
soil and water systems.62 Moreover, improper handling 
and processing of food products can facilitate the transfer 
of resistant bacteria to consumers, further exacerbating 
the AMR crisis.63

Airborne Transmission 
Air is an important medium for the spread of antibiotic 
resistance, primarily through the transport of ARBs and 
ARGs via bioaerosols. Bioaerosols, which are airborne 
particles containing microorganisms, act as carriers 
of ARGs originating from sources such as agricultural 
operations, wastewater treatment plants, and industrial 
facilities. Research has showed that ARBs can travel 
considerable distances through the atmosphere. For 
example, atmospheric dispersion modelling has shown 
that ARGs from animal farms can be carried up to 10 
kilometres downwind. This long-range transport poses a 
direct threat to human health, as inhalation of bioaerosols 
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Table 1. Antimicrobial-resistant bacteria isolated from various environmental reservoirs 

AMR Microorganisms Source Study Location Reference

Water and wastewater

Cefotaxime-resistant E. coli and Multidrug-resistant (MDR) V. cholerae Water supply system Moamba, Mozambique  24

Pseudomonas spp., Enterobacter spp., Escherichia coli, Citrobacter freundii and 
Citrobacter koseri, Acinetobacter spp., and Klebsiella oxytoca

Drinking water samples 
and wastewater samples

Dhaka city  25

ESBL-producing, colistin-resistant, and multidrug-resistant Escherichia coli and 
Klebsiella pneumonia

Wastewater of abattoirs Greifswald, Germany.  26

Klebsiella pneumoniae and Klebsiella oxytoca Hospital wastewater Mexico  27

Methicillin-resistant Staphylococcus aureus (MRSA) Municipal wastewater Finland  28

Bacillus spp., Enterococcus spp, Erythrobacter spp., Pseudomonas spp., Shigella 
spp., Serratia spp., and Staphylococcus spp.

Drinking water sources. Rivers State, Nigeria  15

Staphylococcus aureus, Escherichia coli, Citrobacter spp., Acinetobacter spp., 
Enterobacter spp., Klebsiella pneumoniae, and Pseudomonas aeruginosa 

Hospital wastewater Bahir Dar city, Ethiopia  29

Soil 

Staphylococcus aureus
Chickens, humans, 
rodents, and soil 

Karatu district, Tanzania   30

Pseudomonas, Stenotrophomonas, Sphingobacterium, and Chryseobacterium Soils from farming fields Lithuania  20

Proteus sp., Rahnella sp., 
 Escherichia coli, Pseudomonas spp., and Bacillus spp.

Heavy metal polluted 
soil

Lagelu, Nigeria  31

Multidrug-resistant E. coli Household soil Karatu district, Northern Tanzania   32

Escherichia coli., Klebsiella spp., and Staphylococcus spp., Bacillus spp., 
Pseudomonas spp., and Proteus spp

Soil from dumpsites Abraka, Delta State, Nigeria  33

Multidrug-resistant Enterobacteriaceae Soil samples Jos Metropolis, Plateau State, Nigeria  34

Agricultural setting 

Multidrug-resistant Klebsiella pneumonia Dairy farms Blitar, Indonesia   35

Bacillus, Acinetobacter, Stenotrophomonas, Enterobacteriaceae genera, 
Aeromonas and Cronobacter 

Irrigation ponds São José do Vale do Rio Preto, Brazil  36

Escherichia coli and Salmonella  Food animal faeces Rwanda  37

Mycobacterium phlei and Bacillus anthracis  Cow manure Czech Republic  38

Multidrug-resistant E. coli Poultry litter samples  Kano Metropolis, Nigeria  39

Coliform bacteria Poultry cloaca
urban Arusha and Moshi districts, 

Tanzania 
 40

Multidrug-resistant S. aureus Chickens Karatu district, Tanzania   30

Enterococcus spp. Poultry farms North of Serbia.  41

Escherichia coli Farm animals feces Russia,  42

Escherichia coli Layer farms Mukono District, Uganda  43

Industries 

Escherichia coli 
Commercial swine and 

poultry abattoirs
South Africa  44

Enterobacter amnigenus, Pseudomonas aeruginosa, Enterobacter cloacae and 
Pseudomonas fluoresce,

Pharmaceutical Effluents Accra, Ghana  45

Pseudomonas aeruginosa, Bacillus spp. and Staphylococcus spp. Pharmaceutical Effluents Dhaka and Gazipur.  46

Shiga-toxin-producing E. coli
(STEC), Listeria monocytogenes, Staphylococcus aureus, and Yersinia 
enterocolitica

Meat Processing
Plant

Gyeongki-do, South Korea.  47

Air 

Staphylococcus aureus, Enterococci species, Enterococcus faecalis, Enterococcus 
faecium, Acinetobacter spp, Escherichia coli and Pseudomonas aeruginosa 

Hospital indoor air South Ethiopia  48

Staphylococcus, Aerococcus, Bacillus, Pseudomonas, Serratia and Acinetobacter
Inside and outside of a 

dairy milking parlor
France  49

Staphylococcus aureus, and Streptococcus pyogenes Hospital indoor air
General Hospital

in Hawassa City, Sidama, Ethiopia
 50

Staphylococcus xylosus, Micrococcus luteus and Macrococcus equipercicus. Office rooms Southern Poland  51

Staphylococcus aureus, Pseudomonas aeruginosa, P. stutzeri, Bacillus cereus, 
Acinetobacter schindleri, Proteus vulgaris, B. subtilis, Escherichia coli, and B. aerius,

Hospital indoor air Dhaka region, Bangladesh.  52
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containing ARGs can lead to respiratory infections and 
contribute to the global burden of AMR.64 Furthermore, 
Particulate Matter (PM), particularly fine particles such as 
PM2.5, has been recognised as a vector for ARBs and ARGs. 
PM2.5 can facilitate horizontal gene transfer between 
bacteria, enhancing the exchange of resistance elements 
and increasing the likelihood of generating resistant strains 
emerging.65 Environmental conditions, like temperature 
and humidity, further influence the survival, transport, 
and interaction of these resistant organisms with airborne 
pollutants, exacerbating the AMR problem.66

The mechanism behind the spread of AMR through 
bioaerosols includes the aerosolization of resistant 
microbes from contaminated surfaces, liquids, or biological 
waste, followed by their transport and deposition. These 
airborne microbes may also engage in HGT, sharing 
resistance genes with other airborne or surface-dwelling 
bacteria.67 Given the ability of bioaerosols to travel and 
persist in various environments, they pose a silent but 
significant threat to public health by facilitating the spread 
of AMR in both clinical and environmental contexts. 
Figure 1 presents the mechanism of spread of bioaerosols.

The role of bioaerosols in the environmental dimension 
of AMR is particularly concerning in densely populated 
or enclosed spaces. For instance,64 reported the presence 
of multidrug-resistant bacteria and diverse ARGs in 
indoor air samples collected from kindergartens in Hong 
Kong. Similarly, identified high levels of ARB in indoor 
environments of the hospitals in Dhaka Bangladesh, 
underscoring potential occupational exposure risks 
for healthcare personnel. These findings suggest that 
bioaerosols serve not only as passive carriers of resistant 
organisms but also as active environments where 
Horizontal Gene Transfer HGT can occur, further 
amplifying resistance dissemination.68

Methods for Monitoring Environmental AMR
Cultural Methods
Culture-based methods represent conventional 
approaches for isolating and identifying microorganisms 
from environmental samples. These techniques depend 
on the morphological and biochemical traits of microbial 
colonies and enable quantification of cultivable bacteria 
within a specific growth medium. Owing to their 
high sensitivity, they are widely accepted as standard 
procedures for identifying particular microorganisms. 
Typically, the process starts with screening bacterial 
cultures on non-selective media, followed by the use 
of selective media formulated to suppress unwanted 
species while supporting the growth of target organisms. 
Phenotypic analyses such as microscopy, enzymatic 
assays, and antibiotic susceptibility testing (e.g., minimum 
inhibitory concentration (MIC) assays in broth or agar, 
disk diffusion, and E-test®) are subsequently performed 
to further characterize microbial lineages.69,70 Despite 
certain inherent limitations, culture-based methods 
remain among the most frequently applied techniques 
for AMR because of their simplicity (Table 2). Moreover, 
studies utilizing molecular techniques often commence 
with traditional methods, as they are straightforward to 
perform and provide a comprehensive overview of the 
microbial community and its resistance profiles 71.

Molecular Methods 
Molecular characterization of the genetic mechanisms 
underlying phenotypic results obtained from traditional 
antimicrobial susceptibility testing has become an 
essential aspect of environmental research. Molecular 
techniques have transformed the investigation of AMR 
by enabling the detection of resistance determinants in 
both culturable and non-culturable bacteria, thereby 

Figure 1. Pathways and mechanisms linking bioaerosols to the spread of AMR
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providing a more comprehensive insight into microbial 
communities. These approaches are designed to 
identify specific DNA or RNA sequences of pathogens 
through hybridization between target nucleic acids and 
synthetic oligonucleotides, facilitating the detection of 
species-specific genes and virulence factors. Molecular 
methods are generally rapid, efficient, and independent 
of pathogen cultivation. Commonly used approaches 
include polymerase chain reaction (PCR)-based assays 
such as conventional PCR, real-time or quantitative PCR 
(qPCR), droplet digital PCR (ddPCR), and multiplex PCR 
(mPCR). Other advanced tools include microarrays, loop-
mediated isothermal amplification (LAMP), sequencing 
technologies, and fluorescence in situ hybridization 
(FISH). 73,79 Collectively, these molecular techniques have 
markedly enhanced the speed and precision of AMR 
detection in diverse environmental settings.

Metagenomics Method
Metagenomics involves the study of genetic material 
(genomes) derived from mixed communities of organisms, 
commonly present in environmental samples such as soil or 
water. 80 It represents a cutting-edge approach that enables 
the direct investigation of microbial communities within 
their natural habitats by analysing DNA extracted from 
environmental or clinical samples. Unlike conventional 
microbiological methods that depend on culturing 
organisms, metagenomics allows researchers to explore 
the immense diversity of microorganisms, including those 
that cannot be cultured. The process generally includes 
several key stages: sample collection, DNA extraction, 
and high-throughput sequencing to produce large-scale 
genetic data. Metagenomic sequencing can be categorized 
into two main types: targeted metagenomics, which 
focuses on specific genetic markers such as the 16S rRNA 
gene for identifying and classifying microbial taxa, and 
shotgun metagenomics, which randomly sequences all 
DNA within a sample, providing comprehensive insights 
into both the taxonomic composition and functional 
potential of microbial communities.75 As a non-targeted 
approach, metagenomics is highly effective for exploring 
taxonomic and functional genetic diversity in complex 

environments. It enables the quantification of gene or 
sequence categories, offering valuable information on the 
occurrence and relative abundance of different microbial 
groups. Owing to this capability, metagenomics has 
emerged as one of the most powerful tools for investigating 
natural ecosystems. In particular, metagenomic analysis 
of the environmental resistome the complete collection of 
ARGs present within a microbial community, including 
those in pathogenic and non-pathogenic bacteria as 
well as their precursors has been greatly enhanced by 
the availability of public databases of ARGs and mobile 
genetic elements (MGEs). These resources have facilitated 
in-depth exploration of microbial resistance dynamics 
across diverse ecosystems.76

Biosensor-based Methods
Biosensor-based methods are advanced analytical 
techniques that combine biological recognition elements 
with transducers to detect specific analytes such as 
pathogens or biomarkers in real time. These systems 
are designed to deliver rapid, sensitive, and accurate 
measurements, making them valuable tools in healthcare, 
environmental monitoring, and food safety applications.81 
A typical biosensor consists of two main components: a 
bioreceptor (e.g. enzymes, antibodies, or nucleic acids) 
that specifically interacts with the target analyte, and a 
transducer that converts this biological interaction into 
a quantifiable signal, which may be electrical, optical, or 
mass-based.77 Biosensors provide several key advantages: 
they produce quick results, require only small sample 
volumes, and can be used for on-site detection, reducing 
reliance on complex laboratory infrastructure. Moreover, 
they can be designed to detect multiple analytes 
simultaneously, increasing their effectiveness when 
analyzing complex environmental or biological samples.78

Significance of Environmental Monitoring of AMR
Hotspots Identification
AMR hotspots are specific locations characterized by a 
high occurrence, emergence, or dissemination of AMR. 
These areas serve as reservoirs or amplifiers that promote 
the spread of ARB and ARGs. Implementing effective 

Table 2. Advantages and limitations of environmental AMR monitoring methods 

Detection Method Advantages Limitations References

Culture-Based Methods
	- Provide key data on multiple antibiotic resistance.
	- Established protocols
	- Cost-effective for routine use

	- Time-consuming (days to weeks)
	- Labour-intensive
	- Not suitable for all pathogens

70,72

Molecular Techniques
	- Rapid results (hours)
	- High specificity and sensitivity
	- Can detect unculturable organisms

	- Requirement for specialized equipment and expertise
	- Potential for false positives/negatives

73

Metagenomics
	- Broad identification of microorganisms
	- No need for culturing
	- High-throughput capabilities

	- Complex data analysis
	- Database-dependent identification
	- Requires specialized knowledge
	- high cost and technical expertise

74–76

Biosensors
	- Rapid and real-time detection
	- High sensitivity and specificity
	- Potential for point-of-care use

	- May require calibration
	- Susceptible to sample matrix effects
	- Initial development costs can be high

77,78



J Adv Environ Health Res. 2025;13(4)224

Muhammad et al

containment strategies in high-risk environments, such 
as wastewater treatment plants, healthcare facilities, and 
agricultural sites, can significantly reduce the likelihood 
of community, level transmission.82 Identifying these 
hotspots enables health authorities, regulatory agencies, 
and environmental organizations to focus their monitoring 
and intervention efforts where they are most needed. 
This targeted approach not only enhances the efficiency 
of AMR control programs but also optimizes resource 
allocation by preventing unnecessary expenditure on 
non-priority areas.83

Understanding Reservoirs and Routes of Transmission 
Reservoirs of AMR are environments, organisms, or 
materials in which ARBs and ARGs persist, proliferate, or 
transfer. The transmission routes represent the pathways 
through which AMR disseminates among humans, animals, 
and the surrounding environment. Key reservoirs comprise 
healthcare facilities, the microbiota of humans and animals, 
and soil, water, and air contaminated by the utilization 
or disposal of antibiotics.84 The pathways of transmission 
include human-to-human interactions, zoonotic transfers 
from animals, environmental exposures via contaminated 
water or air, food chain contamination, and horizontal gene 
transfer among bacterial populations.85 Understanding 
the concepts of reservoirs and transmission pathways is 
of paramount importance for the formulation of targeted 
interventions, the mitigation of AMR proliferation, and the 
development of policies that deal with the AMR crisis at its 
source. It will also facilitate the implementation of effective 
containment strategies, minimise risks to public health, and 
enhances global initiatives aimed at reduce AMR.86

Impact Assessment
Impact assessment critically examines the consequences 
of AMR for public health, economic stability, ecological 
systems, and societal frameworks. It elucidates the severity 
of the issue and guides the formulation of policy and 
intervention methodologies. The presence of antibiotic 
residues and resistant microorganisms in aquatic, 
terrestrial, and atmospheric environments disrupts 
natural microbial consortia, thereby influencing essential 
ecosystem services such as nutrient cycling.87 The escalation 
of resistance observed in both wildlife and aquatic species 
serves as an indicator of human-induced environmental 
pollution. Environments such as wastewater treatment 
facilities and agricultural runoff zones function as critical 
reservoirs for the propagation of resistance genes into 
natural ecological systems. Evaluating these impacts is 
imperative for the development of effective interventions, 
the prioritization of research agendas, and the promotion 
of international cooperation.88

Policy Development 
Effective policies and regulations aimed at addressing 
AMR are predicated on the acquisition of precise data, 
rigorous scientific inquiry, and collaborative engagement 

among stakeholders to curtail its proliferation. The 
processes of environmental monitoring and assessment 
are instrumental in the development of evidence-
based guidelines and the establishment of enforcement 
mechanisms.88 These activities furnish policymakers with 
comprehensive data regarding AMR trends, geographical 
hotspots, and transmission pathways, thereby facilitating 
the formulation of targeted interventions.

Advancing Scientific Research
Advancing the scientific understanding of AMR 
necessitates an in-depth examination of its underlying 
mechanisms, contributing factors, and potential 
solutions to effectively guide intervention strategies.89 
Systematic surveillance elucidates the influence of 
environmental factors, including pollutants, climatic 
variations, and microbial interactions, on the emergence 
and dissemination of AMR. Environmental surveillance 
serves as a crucial methodology for identifying previously 
unrecognized resistance genes in natural reservoirs, 
thereby enhancing our comprehension of AMR.90

Conclusion
The environmental dimension of AMR represents a 
critical, yet often underappreciated, component of the 
global AMR crisis. Human activities including wastewater 
discharge, agricultural runoff, industrial effluents, 
and air pollution play a major role in introducing and 
disseminating ARB and ARGs into natural ecosystems. 
These resistant organisms not only threaten biodiversity 
and compromise essential ecosystem services but also 
pose significant public health risks. Consequently, 
governments and stakeholders must prioritize the 
identification and management of AMR hotspots, such 
as wastewater treatment plants, agricultural runoff areas, 
and industrial effluent sources. Developing integrated 
global surveillance systems that link environmental, 
clinical, and agricultural data is essential, particularly in 
resource-limited settings, to achieve a comprehensive 
understanding of AMR dynamics and to guide targeted 
interventions. 
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