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Abstract

Antimicrobial resistance (AMR) is a major global health threat, reducing the 
effectiveness of antibacterial treatments. Understanding its spread across different 
environments is crucial for improving surveillance and guiding policies. Wastewater 
is an often overlooked but significant contributor to the AMR crisis. It collects bacte-
ria from human, industrial, and agricultural sources, making it both a potential miti-
gator through treatment and a pathway for antimicrobial-resistant bacteria (ARB) 
and antimicrobial-resistant genes (ARGs) if not properly managed. The improper 
handling of wastewater leads to the environmental dissemination of AMR, exacer-
bating its spread. In many low- and middle-income countries (LMICs), wastewater 
treatment facilities are either non-existent or incapable of effectively removing ARB, 
ARGs, and antibiotic residues. The role of wastewater in the development and dis-
semination of AMR has been significantly underestimated in both scientific research 
and policy discussions because AMR research has primarily concentrated on clinical 
settings and agricultural practices. A major challenge in addressing AMR in waste-
water systems is the lack of global monitoring and policy frameworks, which limits 
coordinated efforts. Additionally, wastewater surveillance remains an underutilized 
tool for tracking AMR trends, missing a critical opportunity for early intervention. 
Raising awareness about the role of wastewater in AMR is essential for safeguarding 
global health. Strengthening wastewater treatment practices, implementing stan-
dardized monitoring systems, and integrating wastewater-based AMR surveillance 
into public health strategies can help mitigate the crisis.
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1. �Introduction

Nearly a century ago, in the year 1928, the Penicillium was observed on a contami-
nated petri dish by Alexander Fleming [1]. It was later purified by Norman Heatley, 
Howard Florey, Ernst Chain, and colleagues at Oxford, in the development of penicil-
lin as a drug [2]. The development of antibiotics has been a key milestone in medicine. 
The use of antibiotics following patient diagnosis enabled the commencement of a 
treatment-focused approach to patient care to kill the bacteria that caused the illness. 
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Besides focusing on treating infectious diseases, antibiotics made modern medical 
procedures such as organ transplant, cancer treatment, and open-heart surgery 
possible to perform. This breakthrough significantly contributed to the reduction of 
hospitalization time and ensured the survival of more lives. However, bacteria may 
develop resistance and survive exposure to the antimicrobial that is designed to kill 
them and to stop their growth, thereby causing the ineffective of the antimicrobial. It 
has become a problem in recent years because misuse of antimicrobials has accelerated 
the growth and spread of resistance, but there are no novel drugs to combat these new 
superbugs. AMR is a critical global health challenge that poses a threat to the effective 
treatment of infectious diseases and challenges decades of medical advancement. The 
review on AMR reported by Jim O’Neill predicted that based on the increasing pattern 
without urgent action in tackling the drug-resistant infection globally, there will be 10 
million deaths attributable to AMR in the year 2050 [3]. AMR has resulted in patients 
staying in the hospital for extended periods of time to treat common illnesses and 
surgery procedures, which raises medical costs [4]. It is widely acknowledged and 
understood that overuse and misuse of antibiotics can lead to the phenomenon of 
resistance. AMR has been linked to increasing morbidity, mortality, and economic 
burden worldwide. According to the World Health Organization (WHO), AMR is 
responsible for an estimated 1.27 million deaths annually, with the highest burden 
observed in LMICs where access to quality healthcare and sanitation is limited [5].

Antibiotics have certainly been a blessing to civilization; they not only have medic-
inal uses, but they are also used in various applications, including animal husbandry 
and animal production as preventive measures and feeding in many low-income and 
developing countries for decades [6]. The consequences of AMR extend far beyond 
healthcare settings, posing risks to food security, agriculture, water sources, and envi-
ronmental sustainability [7–9]. The environment, particularly wastewater systems, 
has emerged as a significant reservoir and conduit for the dissemination of antimicro-
bial-resistant bacteria (ARB) and antimicrobial-resistant genes (ARGs). Untreated 
or inadequately treated wastewater from hospitals, pharmaceutical industries, and 
agricultural runoff facilitates the proliferation of AMR, creating a feedback loop that 
amplifies the spread of resistance globally [10–12].

Wastewater is increasingly recognized as a significant but often overlooked contribu-
tor to the global AMR crisis. Wastewater receives bacteria from various human, industrial, 
and agricultural activities. These bacteria, including both harmless and pathogenic 
types, often carry antimicrobial ARGs, making wastewater a critical reservoir and mix-
ing ground for resistance. It plays a dual role: on the one hand, as a potential mitigator 
through treatment processes; on the other hand, if not properly managed, it can serve as 
a pool and pathway for ARB and ARGs [13]. While significant attention has been paid to 
the misuse of antimicrobials in human health and agriculture, wastewater’s role as a key 
contributor to the development and spread of AMR has been relatively underexplored 
by researchers until recent years. Wastewater acts as a critical interface where resistant 
microorganisms, antimicrobial residues, and environmental factors converge, thus 
creating hotspots for resistance evolution. In this context, the roles and limitations of the 
wastewater in the AMR crisis will be discussed in this chapter, Figure 1.

2. �The roles of wastewater to the ecosystems

Wastewater has emerged in many new developments in urban and suburban areas. 
Effluents from various anthropogenic activities, such as agricultural activities, animal 
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farming, the pharmaceutical industry, domestic sewage, and hospital effluents, con-
tribute to environmental pollution and the dissemination of antimicrobial resistance. 
Effluents from these sectors often contain a mixture of organic and inorganic matter, 
as well as heavy metals, which can significantly impact the environment [14]. Organic 
matter typically includes biodegradable substances like plant or animal waste, while 
inorganic matter may include non-biodegradable compounds such as salts and 
minerals. Heavy metals like mercury, lead, cadmium, and arsenic are particularly 
concerning due to their toxicity, persistence in the environment, and potential to 
bioaccumulate in living organisms.

These effluents also carry a variety of microorganisms, including bacteria, some of 
which can play a dual role in environmental impact. While certain bacteria contribute 
to bioremediation by breaking down organic matter or immobilizing heavy metals, 
others may harbor ARGs, posing a significant public health threat. Effluent discharge 
can act as a reservoir and vehicle for the spread of ARB into natural ecosystems, 
exacerbating the global challenge of AMR [15]. The persistence and proliferation of 
AMR in effluent-affected environments highlight the need for stringent monitoring, 
advanced treatment technologies, and sustainable management practices to mitigate 
ecological and health risks.

2.1 A route for antimicrobial-resistant genes and antimicrobial-resistant bacteria

Wastewater serves as a critical reservoir and mixing ground for ARB and antimi-
crobial residues, collecting contaminants from diverse sources. Hospitals contribute 
significantly through effluents containing high concentrations of resistant pathogens 

Figure 1. 
Role of wastewater in the AMR crisis in the environment.
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due to the use of antibiotics in treating infections. Similarly, households release 
residual antibiotics into wastewater systems, often as a result of improper disposal or 
excretion of medications [16]. Agriculture also plays a role, with runoff from farms 
introducing antibiotic residues and resistant bacteria into the system. These diverse 
inputs converge in wastewater treatment plants (WWTPs), creating an environ-
ment where bacteria from different origins interact. This environment facilitates the 
exchange of resistance genes through horizontal gene transfer (HGT), a key mecha-
nism driving the spread of antimicrobial resistance.

Unfortunately, standard wastewater treatment processes are often inadequate in 
completely removing ARGs and ARB. Despite improvements in technology, many 
treatment plants fail to fully neutralize these contaminants, leading to their release 
into natural water bodies or recycled water used for irrigation or industrial purposes. 
This incomplete elimination not only perpetuates the environmental dissemination of 
resistance but also creates a feedback loop where resistant bacteria re-enter the human 
and animal populations through water reuse [17].

Due to a lack of adequate treatment infrastructure, wastewater including ARGs, 
ARBs, and antibiotic residues has been released directly into rivers, lakes, or agri-
cultural land. This unregulated release amplifies the spread of antimicrobial resis-
tance and underscores the need for global investment in wastewater management. 
Moreover, the presence of co-selective agents such as heavy metals, biocides, and 
disinfectants in wastewater can further enhance the persistence and evolution of resis-
tance. These agents create selective pressure, allowing resistant bacteria to thrive and 
increasing the likelihood of resistance spreading within microbial communities [18].

2.2 Wastewater as horizontal gene transfer (HGT) hotspot

Wastewater treatment plants (WWTPs) and untreated sewage act as critical 
hotspots for HGT, facilitating the exchange and proliferation of AMR genes among 
microorganisms. This process is driven by the remarkable genome plasticity of 
bacteria, enabled by mechanisms such as conjugation, transformation, and transduc-
tion, which allow microbes to adapt, evolve, and survive in antibiotic-contaminated 
environments, Figure 2 [19].

In wastewater systems, several factors amplify the development and spread of 
AMR. The high bacterial density in these environments brings diverse microbial 
communities into close contact, enhancing genetic exchange, including the transfer 
of plasmids carrying resistance genes. Selective pressures from contaminants such as 
antibiotic residues, heavy metals, and disinfectants further accelerate this process by 
promoting the survival and proliferation of resistant strains [20].

Biofilms, common in wastewater systems, provide a protective matrix for bacteria, 
fostering HGT and shielding microbes from harsh conditions, while also trapping 
contaminants that create microenvironments with elevated selective pressure [21]. 
Additionally, the dynamic environmental stressors in WWTPs, such as fluctuating 
pH, temperature, and oxygen levels, can activate mobile genetic elements like inte-
grons and transposons, further enhancing HGT [22]. Opportunistic pathogens such 
as Pseudomonas aeruginosa, Escherichia coli, and Acinetobacter baumannii, often pres-
ent in wastewater, are particularly adept at acquiring and spreading resistance genes.

Unfortunately, standard wastewater treatment processes frequently fail to com-
pletely eliminate ARB and ARGs, allowing their release into natural water bodies [18]. 
This incomplete treatment perpetuates AMR dissemination and creates a dangerous 



5

Flushed and Forgotten: Antimicrobial Resistance from Wastewater Perspective
DOI: http://dx.doi.org/10.5772/intechopen.1009584

feedback loop where resistant bacteria re-enter human and animal populations, 
exacerbating the global AMR crisis.

2.3 Wastewater leading to environmental dissemination of resistance

The environmental dissemination of AMR is a critical consequence of wastewater 
management practices. Treated and untreated wastewater often acts as a vector for the 
release of ARB and ARGs into natural ecosystems. These microorganisms and genetic 
elements can persist in the environment, where they interact with native microbial com-
munities and spread to humans, animals, and plants through multiple pathways.

From the wastewater treatment plant outlet, the treated or untreated wastewater 
is released into the natural ecosystems [23]. One of the primary ways wastewaters 
contribute to AMR dissemination is through its discharge into natural water bodies, 
including rivers, lakes, and oceans. While WWTPs aim to remove contaminants, 
standard processes are often insufficient to eliminate ARB and ARGs completely. 
As a result, these resistant microorganisms are introduced into aquatic ecosystems, 
where they can survive and proliferate. Wildlife, such as fish and birds, that rely on 
these water sources can become carriers of resistant bacteria, further extending the 
spread of AMR. Additionally, when untreated or partially treated wastewater is used 
for irrigation, it directly contaminates agricultural soil, where resistance genes can 
persist and propagate in the soil microbiota. Over time, these ARGs can integrate into 
microbial populations in the environment, creating long-term reservoirs of resistance 
that are challenging to control [24].

The wastewater that enters the ecosystems has become the exposure pathway for 
humans. The release of ARB and ARGs into the environment poses significant risks to 
human health through various exposure pathways. Direct exposure can occur during 
recreational activities such as swimming or fishing in contaminated water bodies. 
Similarly, individuals working in agriculture may come into contact with resistant 
bacteria while using reclaimed wastewater for irrigation or handling soil amended 
with wastewater-derived biosolids [25].

Indirect exposure also poses a major concern. Crops irrigated with reclaimed 
wastewater may absorb resistant bacteria or ARGs, introducing them into the food 
chain. This contamination is particularly problematic for raw or minimally processed 
foods, such as fruits and vegetables, which may be consumed without sufficient cook-
ing to neutralize the resistant bacteria [26]. Groundwater contamination is another 
critical pathway. Resistant bacteria and ARGs can leach from wastewater discharge 

Figure 2. 
Horizontal gene transfer (HGT) is the process by which genetic information is transferred between organisms. 
The three main mechanisms of HGT in bacteria are transduction, transformation, and conjugation.
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sites or agricultural fields irrigated with reclaimed water, infiltrating groundwater sys-
tems that serve as drinking water sources for many communities. This indirect route 
exposes populations to AMR through a resource that is essential for daily life [27].

The broader implications of the dissemination of AMR through wastewater high-
light the interconnectedness of human, animal, and environmental health in line with 
the “One Health” perspective. Addressing these pathways requires a multidisciplinary 
approach that includes strengthening wastewater treatment processes, regulating the 
use of reclaimed water for agriculture, and improving surveillance of resistant bacte-
ria and genes in the environment. Without intervention, the environmental spread of 
AMR will continue to pose significant risks to ecosystems, food security, and public 
health on a global scale.

2.4 Reuse of wastewater: A double-edged sword

In water-scarce regions, the reuse of treated wastewater is becoming a critical 
solution to address water shortages. Treated wastewater is commonly repurposed for 
agricultural irrigation and in some cases, even as a source of drinking water. While 
this practice alleviates water scarcity and supports sustainable water management, 
it also introduces significant public health concerns due to the incomplete removal 
of ARGs, ARB, and antibiotic residues during wastewater treatment. These con-
taminants can persist in reclaimed water, increasing human exposure to resistance 
pathways [28].

The reuse of treated wastewater for agricultural irrigation represents a significant 
pathway for human exposure to ARGs and ARB. Crops irrigated with reclaimed water 
can become contaminated with resistant bacteria, particularly on their surfaces or in 
the soil where they grow. These resistant microorganisms can subsequently be trans-
ferred to humans through the consumption of raw or undercooked produce. In some 
cases, ARGs can persist in soil microbiota, creating a long-term reservoir of resistance 
genes that can further propagate through the food chain [27].

In regions where treated wastewater is used for drinking water, the risks are even 
more direct. Despite treatment, trace levels of ARGs, ARB, and antibiotic residues 
may remain, posing a potential threat to public health. Chronic exposure to these 
contaminants through drinking water, even at low concentrations, can exert selection 
pressure on human microbiota, promoting the emergence and persistence of resistant 
strains [29].

The practice of balancing sustainability and safety from the reuse of treated 
wastewater is undeniably crucial for addressing water scarcity, especially in arid 
regions where freshwater resources are limited [30, 31]. However, the current gaps in 
treatment processes necessitate urgent attention to minimize the risks associated with 
AMR. To strike a balance between sustainability and safety, it is essential to invest 
in advanced and cost-effective wastewater treatment technologies that specifically 
target ARGs and antibiotic residues. Additionally, robust monitoring systems should 
be implemented to assess the quality of reclaimed water and its potential impact on 
human and environmental health.

Public awareness campaigns and policy interventions are also needed to promote 
safe practices in wastewater reuse. By addressing the challenges associated with AMR 
in reclaimed water, water-scarce regions can continue to benefit from wastewater 
reuse while safeguarding public health and the environment [32].

Due to the limitations of current treatment technologies, conventional wastewater 
treatment processes primarily focus on the removal of organic pollutants, pathogens, 
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and suspended solids to meet safety and regulatory standards. However, these 
systems often fail to effectively eliminate ARGs, ARB, and antibiotic residues. ARGs, 
which are encoded on mobile genetic elements such as plasmids and transposons, are 
particularly challenging to remove because they can persist in bacterial DNA even 
after treatment [33]. Similarly, ARBs often survive the disinfection process, while 
low concentrations of antibiotics remain in treated water due to their stability and 
resistance to degradation.

Advanced treatment technologies, such as membrane filtration, advanced oxida-
tion processes, and ozonation, have shown promise in targeting ARGs and antibiotic 
residues [34]. However, these methods are often prohibitively expensive for wide-
spread implementation, especially in LMICs. Consequently, treated wastewater that 
retains these contaminants is frequently reused in agriculture or aquifer recharge, 
inadvertently contributing to the dissemination of AMR [31].

2.5 Pool of antibiotic residues and co-selective agents

Antibiotic residues and co-selective agents play a significant role in the persistence 
and proliferation of AMR in wastewater environments. These agents, often present in 
wastewater from diverse sources, create selective pressures that promote the survival 
and spread of ARB and ARGs. Their influence extends beyond the direct effects 
of antibiotics, encompassing other contaminants like heavy metals, biocides, and 
disinfectants that contribute to the evolution of resistance [35].

Wastewater systems frequently contain sub-inhibitory concentrations of antibiot-
ics, which, although insufficient to kill bacteria outright, are capable of selecting for 
resistant strains. These residual antibiotics originate from various sources, including 
hospitals, pharmaceutical manufacturing facilities, agricultural runoff, and even 
household waste [14]. Antibiotics excreted by humans and animals often enter waste-
water systems unchanged and maintain their biologically active properties. Even in 
the absence of direct therapeutic use, the presence of these residual antibiotics exerts 
selection pressure on microbial populations. Sub-inhibitory concentrations encour-
age bacterial survival mechanisms, such as efflux pump activation or mutations that 
confer resistance [36]. Over time, this environment fosters the persistence of resistant 
bacteria, increasing the prevalence of ARGs within the wastewater microbiome.

In addition to antibiotics, other co-selective agents in wastewater environments 
contribute to the proliferation of AMR. These agents, including heavy metals, bio-
cides, and disinfectants, create additional selective pressures that indirectly promote 
resistance [35]. Heavy metals, such as mercury, copper, and zinc, frequently enter 
wastewater systems through industrial discharges, mining activities, and agricultural 
runoff. Importantly, resistance to heavy metals is often genetically linked to ARGs 
on the same mobile genetic elements, such as plasmids or integrons. This genetic 
co-localization allows the selective pressure exerted by heavy metals to co-select 
for antibiotic resistance, even in environments where antibiotic concentrations are 
minimal or absent [37].

Biocides and disinfectants used in wastewater treatment plants, such as chlorine, 
quaternary ammonium compounds, and hydrogen peroxide, can also contribute 
to the selection of resistant strains [38]. These agents, while intended to eliminate 
harmful pathogens, create a selective environment for bacteria that possess intrinsic 
or acquired resistance mechanisms [39]. For instance, bacteria that can withstand 
oxidative stress caused by disinfectants are more likely to survive and propagate 
[40]. Moreover, exposure to biocides can induce cross-resistance, where resistance 
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to biocides also enhances resistance to antibiotics and further complicates the efforts 
to control AMR in wastewater systems. Traditional wastewater treatment processes 
are often inadequate in addressing these contaminants, underscoring the importance 
of advanced treatment technologies such as adsorption, advanced oxidation, and 
membrane filtration to target residual antibiotics and heavy metals effectively [41].

Additionally, stricter regulations on industrial and agricultural discharges, 
coupled with improved waste management practices, can help reduce the influx of 
co-selective agents into wastewater systems [42]. Monitoring and quantifying the 
levels of antibiotics, heavy metals, and other co-selective agents in wastewater are 
also essential for understanding their role in AMR dynamics and developing tar-
geted interventions. By addressing the combined impact of antibiotic residues and 
co-selective agents, it is possible to reduce the selective pressures that drive AMR in 
wastewater systems and minimize the risks to public health and the environment.

2.6 �Wastewater causing the amplification of resistance in low- and middle-income 
countries (LMICs)

The issue of AMR is particularly pronounced in LMICs, where numerous factors 
converge to amplify resistance and accelerate its spread. Limited access to advanced 
wastewater treatment technologies, inadequate healthcare infrastructure, and 
unregulated antibiotic use have created an environment where wastewater acts as a 
significant driver of AMR [43]. This burden disproportionately affects vulnerable 
populations, posing severe risks to public health and the environment.

In many LMICs, wastewater treatment facilities are either non-existent or inca-
pable of effectively removing ARB, ARGs, and antibiotic residues [43]. Untreated or 
inadequately treated wastewater is often discharged directly into rivers, lakes, and 
other natural water bodies, which then become reservoirs for AMR. This untreated 
discharge not only spreads resistance but also contaminates drinking water supplies, 
irrigation systems, and aquatic ecosystems, creating feedback loops of resistance 
amplification [44]. For example, in some urban areas of LMICs, sewer systems 
directly release untreated sewage into the environment, creating hotspots for HGT 
among microorganisms. This scenario is particularly problematic in densely popu-
lated regions where microbial densities in wastewater are high, increasing the likeli-
hood of gene exchange and the proliferation of resistance traits [45].

The widespread misuse and overuse of antibiotics in LMICs significantly contrib-
ute to AMR amplification. Antibiotics are frequently used not only to treat human 
infections but also as prophylactic agents in livestock and aquaculture, as growth 
promoters in animal feed, and as disease preventatives in crops. In many cases, these 
practices are carried out without proper veterinary or medical oversight, leading to 
the unchecked use of sub-therapeutic doses of antibiotics, which are known to be 
selected for resistant bacterial strains [46].

In addition, inadequate pharmaceutical waste management exacerbates the prob-
lem. Many pharmaceutical manufacturing plants in LMICs discharge untreated or 
partially treated wastewater containing high concentrations of antibiotics and other 
pharmaceutical residues [47]. These effluents create localized hotspots of extreme 
selective pressure, promoting the emergence and spread of highly resistant bacterial 
strains.

Poor sanitation and hygiene practices in LMICs further compound the problem 
by facilitating the spread of resistant bacteria. Open defecation, improper waste 
disposal, and inadequate access to clean water create conditions where human and 
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animal waste mix freely with the environment, enhancing the dissemination of AMR 
[48]. Additionally, limited access to healthcare infrastructure means infections are 
often treated inappropriately, with patients receiving suboptimal antibiotic regimens 
or counterfeit medications. These systemic challenges are exacerbated by a lack 
of public awareness regarding AMR. In many LMICs, antibiotics are sold over the 
counter without a prescription, leading to self-medication and improper use [49]. 
Combined with limited government oversight and enforcement of antibiotic use 
regulations, these practices accelerate the development and spread of AMR in both 
human and environmental settings.

The agricultural sector in LMICs is another major contributor to the amplifica-
tion of AMR. Runoff from farms that use antibiotics for livestock or crop protection 
carries residues and resistant bacteria into nearby water bodies [50]. This agricultural 
runoff mixes with human and industrial waste in wastewater systems, creating 
environments rich in selective pressures and co-selective agents, such as heavy metals 
and biocides, which further enhance resistance evolution. Additionally, irrigation 
systems in water-scarce regions often rely on untreated or partially treated wastewa-
ter, inadvertently introducing ARGs and ARB into the soil and crops. Consumption 
of these contaminated crops provides another pathway for resistance to enter human 
and animal populations, creating a cyclical pattern of resistance dissemination.

Effectively addressing AMR in LMICs requires a comprehensive and multi-faceted 
approach that targets the root causes and unique challenges faced by these regions. One 
of the key strategies is improving wastewater treatment infrastructure, which is often 
inadequate or non-existent in LMICs. Investments in affordable and efficient technolo-
gies, such as constructed wetlands, decentralized treatment systems, and advanced 
filtration methods, are critical. These solutions should be tailored to the specific 
environmental, economic, and technical contexts of LMICs to ensure sustainability 
and effectiveness in curbing the spread of antimicrobial-resistant bacteria and genes.

Another essential component is regulating antibiotic use across human health, 
veterinary, and agricultural sectors. Strict enforcement of prescription policies and 
the reduction of over-the-counter antibiotic sales can minimize misuse and overuse, 
which are major drivers of resistance. In parallel, public awareness campaigns are vital 
to educate communities about the risks of inappropriate antibiotic use and promote 
responsible practices. This dual approach of regulation and education can help shift 
behaviors and reduce the development of resistance.

Improving sanitation and hygiene is equally important in limiting the spread of 
AMR. Access to clean water and proper sanitation facilities, coupled with hygiene 
education, can significantly reduce the transmission of resistant bacteria within com-
munities. Strengthening these basic public health measures not only addresses AMR 
but also improves overall health outcomes, particularly in regions where infectious 
diseases are prevalent.

Finally, encouraging global collaboration is imperative to support AMR mitiga-
tion efforts in LMICs. International funding and technical assistance are needed to 
build capacity, enhance infrastructure, and implement effective surveillance systems. 
Global policies and agreements, such as the WHO’s Global Action Plan on AMR, 
should emphasize the unique challenges faced by LMICs, ensuring that these regions 
are prioritized in global AMR initiatives. By fostering cooperation and resource-
sharing, the international community can help bridge the gap between LMICs and 
high-income countries in the fight against AMR. Through these integrated strategies, 
LMICs can make significant strides in combating AMR, reducing its impact on public 
health, and contributing to global efforts to address this growing crisis.
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3. �Challenges in tackling AMR from wastewater system

3.1 Lack of global monitoring and policy frameworks

One of the most significant barriers to addressing AMR in wastewater systems 
is the lack of robust global monitoring and policy frameworks. Despite growing 
evidence that wastewater plays a pivotal role in the emergence, persistence, and 
dissemination of ARB and ARGs, regulatory efforts have lagged behind scientific 
understanding. This regulatory gap weakens the potential to mitigate AMR effectively 
and leaves a critical pathway for resistance largely unaddressed [51].

The insufficient regulation of wastewater-related AMR has been a major limi-
tation for the monitoring to be done. Globally, there are few binding policies or 
guidelines that specifically mandate the monitoring and management of ARGs, ARB, 
or residual antibiotics in wastewater [52]. While some countries have introduced 
regulations to control antibiotic use in clinical and agricultural settings, wastewater 
has largely been overlooked as a significant contributor to AMR dissemination [53]. 
For example, while many nations enforce standards for removing organic pollutants 
and pathogens in treated wastewater, these standards rarely account for ARGs, ARB, 
or co-selective agents like heavy metals and biocides. This lack of regulation is further 
complicated by disparities in resources and infrastructure across countries [54]. High-
income countries may have the capacity to invest in advanced wastewater treatment 
technologies and monitoring systems, but LMICs often struggle to meet even basic 
wastewater treatment standards. Without clear international guidelines or incentives, 
the global effort to tackle AMR remains fragmented and ineffective.

Research on AMR has historically focused on clinical and agricultural settings, as 
these are well-known sources of antibiotic use and resistance. This is known knowl-
edge gaps in wastewater research that need to be filled by scientists. Hospitals and 
farms are recognized hotspots for AMR, and significant resources have been allocated 
to understanding and mitigating resistance in these contexts. However, wastewater 
systems, which act as convergence points for clinical, agricultural, and municipal 
waste, have not received comparable attention.

The lack of global monitoring and policy frameworks for wastewater-related AMR 
has far-reaching consequences. Without standardized monitoring, it is difficult to assess 
the scale of the problem or measure the effectiveness of interventions. This absence of 
data also hampers international collaboration, as countries lack a common baseline for 
comparison or coordinated action. Moreover, the failure to recognize wastewater as a 
key player in AMR dissemination allows resistant bacteria and genes to persist in treated 
water, re-enter natural ecosystems, and spread through food and water supplies. This 
unregulated dissemination poses a direct threat to human and animal health, particularly 
in vulnerable communities that rely on untreated or inadequately treated water sources.

Moving toward global action to combat the AMR crisis in the context of waste-
water requires a comprehensive, coordinated, multi-sectoral approach that bridges 
regulatory and knowledge gaps. Governments, international organizations, and 
research institutions must collaborate to develop policies that integrate wastewater 
monitoring into broader AMR management strategies. These policies should establish 
clear standards for the presence of ARGs, ARB, and antibiotic residues in treated 
wastewater. They should also include enforceable guidelines for the effective removal 
of these contaminants through appropriate treatment processes. Standardization of 
these regulations across countries is essential to ensure consistency and enable global 
comparisons of wastewater-related AMR data.
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In tandem, increased funding and resources are critical for advancing research 
on AMR dynamics in wastewater systems. Research should explore the interactions 
between resistant bacteria, antimicrobial residues, and co-selective agents such as heavy 
metals and disinfectants, which may accelerate resistance development. Studies must 
also focus on identifying hotspots for HGT in wastewater environments, a key mecha-
nism by which resistance spreads between bacterial populations. Furthermore, evaluat-
ing the efficacy of advanced treatment technologies, such as membrane bioreactors, 
advanced oxidation processes, and biochar filters in diverse settings, will help establish 
best practices for wastewater management tailored to local needs and capacities.

Equally important are public awareness campaigns and capacity-building initia-
tives aimed at empowering local governments, public health officials, and communi-
ties. These efforts are especially critical in LMICs, where infrastructure and expertise 
for managing wastewater-related AMR are often limited. Educational programs 
can help communities understand the risks of AMR and the role of wastewater in 
its spread, fostering support for policy changes and infrastructure investments. 
Capacity-building initiatives should include training programs for wastewater treat-
ment operators and public health professionals, as well as the provision of tools and 
resources to implement and monitor AMR mitigation strategies effectively [55].

A major barrier to progress is the lack of international and national regulations 
specifically targeting AMR in wastewater. While the role of wastewater as a reservoir and 
dissemination pathway for AMR is well-documented, policies mandating the monitoring 
of ARGs, ARB, or antibiotic residues in wastewater remain scarce. Similarly, knowledge 
gaps persist, as research has predominantly focused on clinical and agricultural sources 
of AMR, often neglecting wastewater’s critical role in the AMR crisis [56]. Expanding 
the scope of research to include wastewater as a key ecological reservoir and conduit for 
resistance is crucial to understanding and addressing the full scale of the problem. By 
bridging regulatory and knowledge gaps and fostering international collaboration, the 
global community can make significant strides in mitigating wastewater-related AMR. 
Such efforts will safeguard both environmental and public health, ensuring a more sus-
tainable approach to combating one of the most pressing health challenges of our time.

3.2 Missed surveillance opportunity

Wastewater-based epidemiology (WBE) has emerged as a promising tool for 
monitoring public health trends, including the spread of infectious diseases such 
as COVID-19. By analyzing sewage samples, researchers can track the prevalence 
of pathogens and assess public health risks on a community-wide scale. Despite its 
demonstrated success in infectious disease surveillance, the application of WBE for 
tracking AMR remains significantly underutilized [57]. Considering the potential of 
wastewater for AMR monitoring is another opportunity to be explored. Wastewater 
contains a wealth of information about the ARB and ARGs present within a popula-
tion [58]. It provides a non-invasive, cost-effective means of monitoring resistance 
trends at the community level, offering insights into emerging resistance hotspots, the 
prevalence of specific ARGs, and the effectiveness of public health interventions [59].

Unlike traditional clinical surveillance methods that rely on patient samples from 
healthcare facilities, wastewater sampling captures data from entire communities, 
including individuals who do not seek medical care. This broad coverage makes 
wastewater an invaluable resource for identifying resistance patterns that might 
otherwise go unnoticed [60]. Furthermore, WBE can be used to detect resistance in 
pathogens of environmental and agricultural origin, providing a more comprehensive 
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understanding of AMR dynamics across sectors. Despite its potential as a powerful 
tool for AMR monitoring, the adoption of WBE faces several significant challenges 
that limit its widespread application. These challenges span technical, infrastructural, 
and policy-related domains, each requiring targeted interventions to unlock the full 
potential of WBE in addressing the AMR crisis.

One of the primary challenges is the lack of standardized protocols for detecting and 
quantifying ARGs and ARB in wastewater. Current methodologies vary widely across 
studies and regions, leading to inconsistencies in the data collected. This lack of standard-
ization not only hinders the comparability of results but also affects the reliability and 
reproducibility of findings. Establishing globally recognized guidelines and protocols 
for sample collection, analysis, and reporting is essential to overcome this barrier and 
facilitate collaboration among researchers, public health agencies, and policymakers.

Another major hurdle is the complexity of wastewater samples. Wastewater is a 
highly heterogeneous matrix, containing a mixture of human, animal, and environ-
mental microbiota, along with various chemical contaminants such as antibiotics, 
heavy metals, and other pollutants. Isolating and identifying specific ARGs or ARBs 
within this complex environment require advanced analytical tools, such as next-gen-
eration sequencing and quantitative Polymerase Chain Reaction (qPCR), along with 
highly trained personnel [61, 62]. The technical expertise and sophisticated equip-
ment needed for these processes can be a significant barrier, particularly in regions 
with limited resources. The challenge of limited infrastructure is particularly acute in 
LMICs. Many of these regions lack the laboratory facilities, equipment, and trained 
personnel required to implement and sustain wastewater surveillance programs 
[62]. Even where infrastructure exists, it may not be equipped to handle the specific 
demands of AMR monitoring. Addressing this gap requires substantial investments in 
capacity-building, including the provision of funding, the development of accessible 
technologies, and the establishment of training programs to build local expertise.

In addition to technical and infrastructural challenges, policy and regulatory 
gaps have also hindered the integration of WBE into public health surveillance 
systems. Few policies mandate the use of wastewater monitoring for AMR, and the 
absence of clear regulatory frameworks means that its implementation is often left to 
isolated research initiatives rather than being incorporated into coordinated public 
health strategies. Without strong policy support, including funding mechanisms 
and enforcement strategies, the potential of WBE to inform AMR mitigation efforts 
remains largely untapped.

Overcoming these challenges requires a coordinated and multidisciplinary 
approach. Collaboration between governments, academic institutions, public health 
organizations, and the private sector is essential to develop standardized methods, 
improve infrastructure, and establish robust policies for wastewater-based AMR 
monitoring. By addressing these barriers, WBE can become an invaluable tool in the 
global fight against antimicrobial resistance.

Benefits of integrating WBE into AMR surveillance frameworks have the potential 
to transform how resistance is monitored and managed. One significant advantage of 
WBE is its ability to enable early detection of emerging threats. By analyzing waste-
water, it is possible to identify new resistance genes or strains in a community before 
they become widespread, allowing for timely and proactive interventions to contain 
their spread. This early warning capability is critical in mitigating the risks associated 
with rapidly evolving AMR.

Another major benefit is the cost-effectiveness of WBE as a public health tool. 
Collecting and analyzing wastewater samples is far less resource-intensive compared 
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to traditional methods that rely on individual clinical or agricultural samples. This 
makes WBE an efficient option for large-scale surveillance, particularly in resource-
limited settings where extensive individual testing may be impractical or cost-pro-
hibitive [57]. Additionally, WBE supports real-time monitoring of AMR trends. By 
providing near real-time data, WBE enables health authorities to track the impact of 
interventions, monitor resistance trends, and adjust antibiotic usage policies accord-
ingly. This dynamic and timely feedback is invaluable for designing effective public 
health responses to AMR.

Finally, the integration of WBE into global surveillance networks could create a 
unified platform for tracking AMR across regions and borders. Such networks would 
facilitate international collaboration, enabling coordinated efforts to combat resis-
tance on a global scale [63]. By pooling data and resources, countries could address 
AMR more effectively, particularly in areas where resistance poses a significant threat 
to public health. Overall, WBE offers a promising, scalable, and impactful approach 
to revolutionizing AMR surveillance and supporting global efforts to combat this 
critical health challenge.

The way forward to harness the full potential of WBE for AMR surveillance, 
concerted efforts are needed to overcome existing challenges. Investments in research 
and technology development are critical for advancing analytical techniques and 
standardizing methodologies [64]. Policymakers should recognize the value of waste-
water monitoring and integrate it into national and international AMR action plans.

Additionally, cross-sectoral collaboration between public health agencies, envi-
ronmental scientists, and wastewater management authorities is essential for building 
robust surveillance systems. Public-private partnerships could play a pivotal role in 
funding and implementing these initiatives, particularly in resource-limited settings. 
By leveraging the untapped potential of wastewater as a surveillance tool, we can gain 
deeper insights into the spread of AMR, identify resistance hotspots, and implement 
targeted interventions to mitigate the global threat of antimicrobial resistance.

4. �Why scientists have overlooked wastewater’s role in AMR?

The role of wastewater in the development and dissemination of AMR has been 
significantly underestimated in both scientific research and policy discussions. This 
oversight stems from a combination of historical focus, technical challenges, and 
fragmented policy frameworks that have marginalized the environmental dimensions 
of AMR.

For decades, historically AMR research has primarily concentrated on clinical 
settings and agricultural practices. In healthcare, the misuse and overuse of antibiot-
ics in treating human infections have been identified as major contributors to the 
emergence of resistant strains [46]. Similarly, in agriculture, the use of antibiotics for 
livestock growth promotion and disease prevention has received significant attention 
due to its role in driving resistance in pathogens [8]. This narrow focus has inadver-
tently sidelined the environmental dimension of AMR, particularly wastewater’s 
role as a reservoir and dissemination pathway. Wastewater systems, which collect 
contaminants from hospitals, households, and farms, are critical interfaces for the 
convergence of ARB, ARGs, and co-selective agents. However, their significance has 
been largely overlooked in favor of more traditionally studied sources.

The highly complex and heterogeneous nature of wastewater systems poses 
significant challenges to studying their role in AMR. Wastewater contains a diverse 
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mix of microbial communities, residual antibiotics, heavy metals, biocides, and other 
pollutants, all of which interact in ways that are difficult to disentangle. This complex-
ity makes it challenging to isolate and quantify the specific contributions of wastewa-
ter to the development and spread of AMR [22]. For instance, distinguishing between 
resistance genes originating from human pathogens versus environmental bacteria 
requires advanced analytical tools and expertise. Additionally, wastewater’s dynamic 
nature, characterized by fluctuations in temperature, pH, and contaminant concen-
trations, adds another layer of complexity to studying its impact on AMR [22, 65].

Until recently, the tools and methodologies required to study AMR in wastewater 
were either unavailable or insufficiently advanced. Traditional microbiological tech-
niques were limited in their ability to detect and quantify ARGs and ARB in complex 
environmental samples. The advent of modern technologies, such as next-generation 
sequencing (NGS) and metagenomics, has revolutionized our ability to analyze the 
microbial composition of wastewater and identify resistance genes [66]. However, 
these technologies are resource-intensive and require specialized expertise, which lim-
its their accessibility, particularly in low-resource settings. The historical lack of such 
capabilities contributed to the underrepresentation of wastewater in AMR research.

AMR mitigation efforts have traditionally been siloed across different domains, 
including healthcare, agriculture, and environmental management. This fragmen-
tation has led to the exclusion of wastewater from many AMR action plans. For 
example, while healthcare policies often focus on improving antibiotic stewardship 
and surveillance within hospitals, agricultural regulations target the use of antibiotics 
in livestock. These policies rarely address the environmental pathways through which 
resistance can spread, such as wastewater discharge into natural ecosystems. The lack 
of integration between these sectors has perpetuated the oversight of wastewater’s 
critical role in the AMR crisis [67].

To rectify this oversight, it is essential to adopt a more holistic and integrated 
approach to AMR research and mitigation [68]. Policymakers must recognize wastewa-
ter systems as key contributors to the resistance cycle and include them in national and 
international AMR action plans. Investments in advanced technologies for monitoring 
and treating wastewater are crucial for mitigating its impact on resistance dissemina-
tion. Additionally, fostering interdisciplinary collaboration between microbiologists, 
environmental scientists, and public health experts can help bridge the knowledge gaps 
and create a more comprehensive understanding of wastewater’s role in AMR [68]. By 
addressing these challenges, the scientific community can unlock the untapped poten-
tial of wastewater research in combating the global threat of antimicrobial resistance.

5. �Conclusions

The role of wastewater in the AMR crisis is critical yet underappreciated and 
“forgotten” acting as a reservoir, amplifier, and dissemination pathway for ARB and 
ARGs. It bridges the gap between environmental, agricultural, and clinical sources of 
resistance, creating hotspots where resistance can evolve and spread. This overlooked 
contributor plays a dual role, both as a potential mitigator when effectively treated 
and as a risk multiplier when treatment is inadequate or absent.

Addressing this challenge requires a multi-pronged approach. First, improved 
wastewater treatment technologies must be developed and implemented, incorporat-
ing advanced methods such as membrane filtration, advanced oxidation processes, and 
biological treatments specifically designed to remove ARB and ARGs. Second, stricter 
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regulations should be established to control the release of untreated or partially treated 
wastewater from hospitals, pharmaceutical industries, and agricultural sources, with 
enforceable standards for antimicrobial residues and resistant organisms. Third, 
expanded surveillance systems are necessary to monitor the prevalence and spread of 
AMR within wastewater and the environment, enabling early detection and targeted 
interventions.

Furthermore, raising awareness about the role of wastewater in the AMR crisis 
is essential to drive investment and innovation in this area. Collaborative efforts 
between governments, industries, researchers, and public health organizations are 
required to prioritize wastewater management within broader AMR mitigation strate-
gies. Recognizing wastewater’s central role is not only vital for addressing the current 
crisis but also for safeguarding global health, environmental sustainability, and food 
security in the face of growing antimicrobial resistance.
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