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Abstract

Background: Wastewater occupies a critical nexus at the confluence of human activity,
environmental change, and microbial evolution. This review synthesizes the emerging role of
wastewater as a mirror of community health and a driver of microbial and resistome restructuring
across environmental compartments. Wastewater systems harbor diverse biological and chemical
markers, including pathogens, antimicrobial resistance genes (ARGs), pharmaceuticals, and
nutrients, reflecting dynamic population health, agricultural practices, and socioeconomic activities.
Advanced metagenomic approaches reveal that wastewater treatment plants (WWTPs) are global
hotspots for the selection and spread of resistant bacteria, mobile genetic elements, and opportunistic
pathogens, even after secondary or tertiary treatment. Main Body: The reuse of treated wastewater
for irrigation enhances soil fertility and crop yields, particularly in water-scarce regions, but also
facilitates the introduction and persistence of ARGs and contaminants in soils, crops, and food animal
microbiomes. Downstream, this microbial restructuring influences nutrient cycling, crop
productivity, animal gut health, and economic resilience—ultimately affecting food safety,
pharmaceutical efficacy, and international trade dynamics. The multilevel interactions highlighted in
this review support a One Health framework, integrating human, animal, and environmental
perspectives for comprehensive risk assessment and management. Wastewater-based surveillance
now emerges as a valuable, cost-effective tool for early warning of antimicrobial resistance trends
and for informing policy interventions beyond conventional clinical monitoring. However, balancing
the resource benefits of wastewater reuse with the risks posed by microbial contaminants and
resistance determinants remains a major challenge. Conclusion: This review advocates multi-faceted
actions: optimizing WWTP operations and effluent quality; guiding agricultural and livestock
practices using reclaimed-water profiles; implementing robust microbiome and resistome
surveillance; and harmonizing policy frameworks at local and global scales. Collaborative efforts are
needed to transform wastewater from a source of risk into a strategic resource for resilient agriculture,
sustainable water management, and global public health in the face of escalating water scarcity and
antimicrobial resistance. Bringing together mechanistic microbiome insights, quantitative risk
modeling, and translational policy guidance, this synthesis highlights wastewater’s pivotal role in
shaping environmental microbiomes and resilience within rapidly changing socioecological systems.

Keywords: wastewater microbiome; resistome; ARGs; one health; metagenomics; agricultural
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Background:
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Wastewater acts as a true mirror of the community, much like a collective “urine sample” that
captures the clinical, economic, and environmental fingerprints of a population [1,2]. It contains a
wealth of biological and chemical markers—from pathogens, antimicrobial resistance genes, and
pharmaceuticals to nutrient loads, industrial chemicals, and environmental contaminants —reflecting
human health, consumption patterns, and socio-economic activities. By analyzing these signals,
wastewater-based epidemiology can reveal public health trends, track infectious disease outbreaks,
monitor the spread of antimicrobial resistance, and assess the impact of societal behaviors on
environmental quality, offering a non-invasive and cost-effective surveillance tool for entire
populations.

Beyond human health, wastewater provides valuable insights into livestock farming,
agricultural practices, and aquaculture performance, detecting veterinary drugs, pesticides, and
ecological stressors that shape food safety and environmental sustainability. This evidence can
forecast future challenges—such as emerging zoonoses, ecosystem degradation, and resource
scarcity —enabling policymakers to design targeted interventions for improved environmental
management. Integrating these findings within the One Health framework bridges human, animal,
and ecosystem health, promoting strategies that simultaneously enhance disease control, safeguard
food systems, and protect natural resources for a resilient future.

The preceding insights have been the center of attention in much of the literature, where most
studies examine specific links in isolation —for example, wastewater and Antibiotic Resistance Genes
(ARGs) dissemination, wastewater and pathogen burdens, or wastewater and nutrient cycling —yet
the evidence now points to an integrated picture in which these threads interact across environmental
compartments and sectors. This review connects wastewater-driven microbial restructuring to
outcomes in agriculture, livestock, trade, human health, and pharmaceuticals. In soils, ARG-enriched
effluents and biosolids can shift nutrient cycling, reduce fertility, and depress crop yields. In animals,
exposure to resistant dysbiotic microbiota can weaken gut function, lower feed conversion efficiency,
and raise production costs. Pharmaceuticals are part of the same loop. Active ingredients and co-
selecting contaminants in wastewater can accelerate resistance, shortening the useful lifespan of
antibiotics and inflating research and development (R&D) and stewardship costs.

The review’s contribution is to link pooled wastewater surveillance to targeted interventions
that protect soil fertility and yields, improve animal conversion rates, safeguard trade integrity, and
slow resistance pressure on the pharmaceutical pipeline—turning monitoring into practical risk
management across sectors. It also combines mechanistic evidence, metagenomic surveillance, and
quantitative risk assessments across municipal, industrial, and agricultural contexts to derive
actionable indicators and intervention points, with attention to low- and middle-income countries
and high-income countries (LMIC-HIC) contrasts and feasibility.

Main Text

1. Wastewater as a Mirror of Community Health and Sustainability:

Wastewater represents a complex mixture of human and animal waste, detergents,
pharmaceuticals, and microorganisms, placing it at the interface between human society and the
environment [3-13]. The wastewater microbiome, composed of bacteria of environmental, animal,
and human origin, frequently carries ARGs, making it a valuable proxy for assessing community
health [2,14-18]. Monitoring raw sewage is particularly advantageous as it provides pooled
signatures from large populations and therefore enables large-scale AMR surveillance with fewer
resources than traditional clinical monitoring [1,2,19-21]. By complementing clinical data,
wastewater surveillance reflects regional resistance trends and can serve as an early warning system
for the appearance or spread of rare resistance determinants [20-25].

Beyond its health implications, wastewater management also has critical economic and
sustainability dimensions. With escalating water scarcity, particularly in arid and semi-arid regions,
reclaimed water or treated wastewater (TWW) has become indispensable for irrigation [26-32].
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Reusing wastewater conserves freshwater supplies, improves soil fertility, enhances crop yields, and
sustains agricultural productivity through nutrient supplementation [26,33-45]. However, its safety
is strongly determined by microbial quality [26,32]. Conventional treatment does not eliminate ARGs,
antibiotic-resistant bacteria (ARB), heavy metals, or pathogens, and irrigation with TWW can increase
the prevalence of ARGs in soil ecosystems [46-54]. This dissemination pathway poses considerable
health risks through the food chain and places constraints on sustainable reuse initiatives [18,49—
51,55-58].

Wastewater can thus be conceptualized as a mirror of community health and economics: its
microbial and chemical signatures reflect not only the burden of infection and resistance within
populations but also the vulnerabilities of agriculture, livestock, pharmaceuticals, and trade [59-61].
Wastewater-associated microbiomes shape food safety, enhance livestock productivity, and influence
the effectiveness and lifespan of pharmaceuticals, thereby serving as key determinants of national
economic outcomes [62,63]. Recognizing wastewater as a reservoir for economic risk offers an
integrative perspective that complements the health-centric emphasis in most AMR surveillance
initiatives.

Through globalization, contaminated goods, human travel, and shipping trade routes serve as
vectors of microbiome restructuring. ARGs harbored in wastewater-derived organisms can thus
disseminate worldwide, undermining localized mitigation efforts. This dimension underscores
wastewater not only as a community-level mirror but also as a lens into the globalized vulnerability
of health systems and economies.

2. Microbial Dynamics in Wastewater Treatment Plants:

Untreated wastewater represents a complex and ubiquitous microecosystem that functions both
as a source and reservoir for diverse microorganisms. It provides valuable insights into ambient
environmental bacteria, human gut microbiota, and pressing issues such as antibiotic resistance
[54,64,65]. Untreated and partially treated wastewater can contain pathogenic microorganisms that
pose potential risks to public health. Wastewater treatment plants (WWTPs) play a critical role in
mitigating these risks by reducing pathogen loads and antibiotic resistance dissemination [66,67].
These aspects highlight the vital importance of studying microbial communities in wastewater to
optimize treatment processes, safeguard environmental and public health, and advance sustainable
water management.

Wastewater treatment systems are crucial in removing pollutants to mitigate the adverse effects
of human activities [66,68]. Biological wastewater treatment is the most widely used method,
exploiting intricate microbial communities to convert harmful pollutants into less toxic or inert
compounds, making it the cornerstone of wastewater purification [68,69] . Among biological
treatments, activated sludge systems are the most common and widely implemented worldwide [70].
These systems harbor diverse and dynamic microbial populations responsible for key functions such
as organic matter degradation, nitrification, and denitrification [66]. They consist of activated sludges,
typically dominated by Proteobacteria, Nitrospirae, Bacteroidetes, and Actinobacteria, while
anaerobic digesters are populated by Firmicutes, Cloacimonetes, Proteobacteria, and archaeal taxa
[16,18,54,71]

The composition and metabolic activity of these communities are critical determinants of
treatment efficacy, influencing effluent quality and environmental protection. Furthermore, the
dynamics and resilience of microbial communities contribute to system stability and recovery from
disturbances, which is essential for reliable operational performance [66].

WWTPs are complex ecosystems where physicochemical parameters play a critical role in
shaping the microbial community structure and function. Factors such as pH, temperature, dissolved
oxygen (DO), nutrient concentrations (e.g., nitrogen (N), phosphorus (P)), organic load (Biochemical
Oxygen Demand (BOD), Chemical Oxygen Demand (COD)), and the presence of metals and other
chemical contaminants directly influence microbial diversity, abundance, and metabolic activities
within these systems [69,72-74].
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pH is a major environmental parameter affecting microbial growth and enzymatic activities.
Optimal pH ranges in treatment reactors promote the proliferation of beneficial bacteria responsible
for nutrient removal, while deviations can lead to community shifts favoring acid- or alkali-tolerant
organisms, potentially impairing treatment efficiency [75]. Similarly, nutrient availability,
particularly N and P species, influences microbial community assembly by selecting for taxa capable
of specific metabolic pathways such as nitrification and denitrification [73].

Organic matter concentration, expressed as BOD or COD, serves as a carbon and energy source
for heterotrophic microbes. High organic loads typically increase microbial biomass and diversity,
but can also create anaerobic niches, promoting growth of facultative or obligate anaerobes, which
may affect the overall process stability [69]. Metals and emerging contaminants, present either
naturally or due to industrial discharge, can exert selective pressure, altering microbial community
composition by inhibiting sensitive taxa and enriching metal-resistant or opportunistic bacteria [73].

Antibiotics at sub-inhibitory levels create selective pressure that maintains ARGs and promotes
horizontal gene transfer (HGT) within microbial communities [7,76,77]. Additionally, heavy metals,
biocides, and other emerging contaminants further contribute to co-selection of resistance, while
mobile genetic elements (MGEs) like plasmids, integrons, and transposons serve as effective vectors
for ARG mobility within complex microbial ecosystems [54,78]. WWTPs are increasingly seen as
hotspots for the selection, growth, and spread of ARGs and ARB in urban water systems [7,49,79,80].
Their microbial communities are influenced by high biomass levels, abundant nutrients, and selective
pressures caused by the presence of antibiotic and metal residues [18,46,54]. Although secondary
treatment reduces overall microbial loads by one to two log-units and lowers ARG abundance, many
resistance determinants remain — and some even become more prevalent — during processes like
anaerobic digestion [81-87]. However, restructuring driven by selective pressure also increases
resistome risks. The buildup and persistence of ARB and ARGs during treatment processes, and their
subsequent spread into soil, crops, animals, and humans, pose serious health and economic threats
[88,89]. Therefore, microbial changes in wastewater are a double-edged sword: while partly necessary
and beneficial, they also carry the risk of resistance amplification that requires careful management
and mitigation.

It is important to recognize that microbial restructuring in wastewater systems is not inherently
negative. Beneficial restructuring underpins the very purpose of treatment plants, where microbial
consortia are directed toward removing pollutants, suppressing pathogens, and stabilizing effluents
[90,91]. Wastewater irrigation can, under controlled conditions, enhance soil fertility, nutrient
cycling, and even crop productivity, while ameliorating degraded soils [92].

Beyond pollutant removal, these microbial communities provide ecological services such as
nutrient recycling, biogas generation, and hold potential for innovative biotechnological applications,
including resource recovery [68,70,93]. Monitoring microbial community structure and function
enables early detection of treatment failures, pathogen emergence, and antibiotic resistance spread,
thereby directly supporting operational management and public health protection [94].

Given these interactions, monitoring and managing physicochemical conditions in WWTPs are
vital not only for optimizing treatment performance but also for mitigating associated public health
risks. Advanced molecular tools such as high-throughput sequencing coupled with physicochemical
analyses provide comprehensive insights into community-environment relationships, enabling more
targeted intervention strategies.

3. Impactful Overview of the Restructuring of Microbial Communities and
ARGs:

3.1. Public Health Implications:

The growing emphasis on environmental sustainability highlights an urgent global need to
secure safe and uncontaminated water resources. Wastewater, continuously discharged from
municipal and industrial sources, contains a complex and dynamic mixture of chemical contaminants
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and diverse microbial populations whose unpredictable interactions contribute significantly to public
and ecological health risks [95]. Epidemiological studies and risk assessments emphasize that
inadequately TWW acts as a reservoir for pathogenic microorganisms responsible for diseases such
as cholera, typhoid, dysentery, and hepatitis, posing serious public health threats [96]. Globally,
diarrhea accounts for an estimated 829,000 deaths annually, with approximately 361,000 of these
occurring in children under five years of age [97]. For instance, in the United States alone, waterborne
infections impose an estimated annual economic burden of approximately $1 billion, reflecting
significant healthcare costs and productivity losses [98] (Figure 1A).
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Figure 1. This figure illustrates the cyclical nature of wastewater treatment and its multifaceted impacts on
environmental and agricultural systems. Central to the diagram is the wastewater treatment (WWT) cycle,
highlighting how wastewater microbial communities and antimicrobial resistance genes (ARGs) interact with
various ecological and human health components. Panel A shows the restructuring of the gut microbiome
influenced by downstream exposure to wastewater effluents, potentially altering host health. Panel B shows the
impact on aquaculture. Panel C highlights the impact on livestock feed conversion ratios (FCR), indicating a
decline potentially linked to altered microbial communities and resistome expansion. Panels D and E depict the
effects on soil quality and crop variability, respectively, demonstrating how reclaimed water usage can modify
plant-associated microbial ecosystems with implications for soil fertility and crop productivity. Panel F
underscores the economic consequences through the spread of ARGs, reflected in the declining return on
investment (ROI) in pharmaceutical development, driven by increasing antimicrobial resistance. Panel G
illustrates the global transmission of ARGs, emphasizing international connectivity and the widespread
dissemination  of  resistance  determinants. Created in  BioRender. @ Gamal, A. (2025)

https://BioRender.com/9npege3.

Beyond microbial pathogens, wastewater contains a growing number of emerging chemical
contaminants, including pharmaceuticals, endocrine-disrupting compounds, microplastics, and
personal care products, which pose chronic health and environmental risks through bioaccumulation
and ecotoxicity [99,100].These contaminants are often resistant to conventional wastewater treatment
processes and can lead to subtle yet significant adverse effects on human health and aquatic biota
[101,102].
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Wastewater also plays a critical role in the global dissemination of antibiotic resistance,
identified by the WHO and the European Center for Disease Prevention and Control (ECDC) as a
pressing public health challenge of the 21st century [103]. This issue is particularly acute in LMIC,
where inadequate sanitation and unsafe water supplies exacerbate infectious disease prevalence and
facilitate the spread of resistant microbes [104]. The widespread and often inappropriate use of
antibiotics further accelerates the emergence of microbial resistance in affected populations.
Consequently, effective stewardship of antibiotic administration in clinical settings, alongside
strategies minimizing environmental release, is essential for mitigating the proliferation of resistance
genes [104]. ARGs and ARBs persist through HGT mechanisms within microbial communities,
facilitating their environmental dissemination [105,106].

The dissemination of ARGs and ARB from wastewater into human populations occurs through
multiple environmental routes [107,108]. Irrigated crops, the application of sewage sludge and
manure, contamination of livestock, exposure of fish in aquaculture, and the use of contaminated
groundwater and surface water all provide direct pathways [8,109]. Once ingested, resistant bacteria
or their genetic material can transfer into the human gut microbiota through horizontal gene transfer,
thereby amplifying resistance potential in human populations [8,110].

Within both environmental and human microbial communities, HGT mechanisms actively
facilitate the dissemination of resistance genes [105,106]. Antibiotic resistance is widely
acknowledged as a significant global public health threat; however, the distribution, diversity, and
fate of ARGs and ARBs within wastewater systems remain poorly understood [111]. The emergence
and spread of multidrug-resistant (MDR) bacteria are further driven by the clinical administration
and environmental presence of advanced-generation antibiotics, underscoring the interconnected
challenges of antibiotic use and environmental contamination [105].

Vulnerable populations, including children, immunocompromised individuals, and
communities with limited access to safe sanitation, face disproportionate health burdens from
wastewater-related pathogens and antibiotic resistance, driving social inequities in public health
outcomes [112,113]. Addressing these disparities is crucial for advancing global health equity and is
aligned with achieving the Sustainable Development Goals (SDGs), particularly Goal 6 on clean water
and sanitation.

WWTPs process large volumes of sewage daily, containing elevated levels of specific nutrients,
chemicals, metals, and bacteria derived from hospital, human, and animal sources [114]. They
represent critical interfaces where public health risks converge due to the influx of pathogenic MDR
bacteria [105,106]. WWTPs are considered the primary source of hotspots for ARB, ARGs, and
associated MGEs [115]. Although the concentrations of ARGs and ARBs are markedly reduced in
TWW compared to untreated influent, wastewater treatment processes in WWTPs do not fully
eliminate them, resulting in their release and spread into environmental recreational waters [116].
Moreover, the treated effluents from WWTPs are frequently reused for irrigation, agriculture, and, in
some cases, as sources of drinking water, presenting additional pathways for human and
environmental exposure [117].

Environmental persistence of ARGs and ARBs extends beyond wastewater treatment plant
effluents, with resistant genes and bacteria detected in soils, surface waters, and fauna, posing
ecological risks and potential reservoirs for further resistance spread [14,46]. These dynamics
highlight the need to consider environmental reservoirs in antibiotic resistance management
strategies.

AMR constitutes a critical global crisis that transcends medical boundaries, impacting multiple
sectors worldwide. The World Health Organization (WHO) has identified AMR among the top ten
threats to global public health. Current estimates attribute approximately 1.27 million deaths
annually directly to drug-resistant infections, with millions more affected indirectly. Without urgent
intervention, this figure could escalate to 10 million deaths per year by 2050 [113]. The projected
economic burden is equally profound, with anticipated global losses exceeding $100 trillion by mid-
century due to healthcare expenditures, impacts on agriculture, and diminished productivity [118].
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These alarming trends underscore the imperative for comprehensive strategies addressing AMR on
a global scale.

The implications extend beyond clinical infections. The human gut microbiota, often described
as a metabolic organ, performs essential functions in digestion, immune defense, detoxification, and
neuroendocrine regulation [119-124]. Disruptions to microbial balance, whether induced by resistant
strains or environmental pollutants, are increasingly associated with chronic non-communicable
diseases [120,125]. Dysbiosis has been linked with obesity, metabolic syndrome, cardiovascular
disease, psychiatric disorders, and even certain cancers, such as colorectal carcinoma [120,126-128]
(Figure 1A). Given these associations, wastewater-derived ARGs and ARB serve not only as a direct
infectious disease risk but also as a potential contributor to broader public health problems. The
infiltration of ARGs and ARB into agriculture and aquaculture systems represents a key route for the
dissemination of resistance elements beyond wastewater treatment infrastructure [49,129-131].
Application of wastewater effluents and biosolids to agricultural land introduces resistance directly
into soils and food crops, and aquaculture species are exposed to these determinants via
contaminated water bodies (Figure 1B). Marine bacteria from farming sites have been found to harbor
ARGs, highlighting the universal reach of this process [1,2].

Sewage thus provides a powerful sentinel tool for public health monitoring. By capturing
community-level microbial and resistance patterns, wastewater-based surveillance complements
traditional clinical systems and offers anticipatory insights into resistance burdens, including
emerging gene variants that may otherwise remain undetected until established in clinical settings
[2,132,133].

Collectively, Quantitative microbial risk assessments (QMRAs) and predictive models
increasingly provide data-driven insights into exposure risks, infection probabilities, and economic
impacts of wastewater-associated hazards, informing policy and operational decisions to safeguard
public health.

3.2. Economic Implications, Food Digestion Efficiency, Aquaculture, Soil

Livestock production systems are particularly vulnerable. Animal productivity is intimately
linked to the structure, diversity, and function of the gut microbiome, which is responsible for
nutrient absorption, immune regulation, and energy metabolism [134]. Recent research provides
robust evidence that the composition and function of the gut microbiome significantly influence
animal production traits, especially feed efficiency and productivity outcomes [134-136]. The gut
microbiota, widely known as a "forgotten organ,” forms a complex ecosystem whose metabolic
activities underlie both animal health and productive performance [137,138]. Fermentation of fiber
and resistant starch by gut microbes generates short-chain fatty acids (SCFAs), including acetate,
propionate, and butyrate, which are central to maintaining host energy balance and regulating
digestive processes [139]. Optimal animal performance is dependent on the maintenance of a
dynamic and beneficial microbial balance.

Experimental studies further underscore this relationship. For example, fecal microbiota
transplantation (FMT) experiments in poultry demonstrate that early-life transfer of microbiota from
high-efficiency donors can significantly improve feed conversion in recipients, directly linking
microbial composition to productive efficiency [140]. In ruminants, the rumen microbiome is
fundamental in the breakdown of complex polysaccharides such as cellulose, and distinct community
structures have been associated with either favorable feed efficiency and higher SCFA production, or
increased methane emissions and reduced conversion rates [141]. Heritable features of the rumen
microbial community, measured by indices such as Residual Feed Intake (RFI), also show clear
connections with feed utilization efficiency [142] (Figure 1C).

This link has direct national economic implications. Lower feed conversion rates in poultry and
ruminants translate into reduced egg, milk, and meat production. Countries relying heavily on
imported feed or livestock often note that the same breeds achieve higher productivity in their
country of origin compared to local environments [143]. Such disparities suggest that environmental
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predisposing factors, including water microbiome exposure and ARG contamination, play critical
roles in shaping gut microbial efficiency [139]. Wastewater-linked ARG dissemination to farms may
therefore diminish productivity and weaken national agricultural economies.

In aquaculture, resistant bacteria not only increase fish mortality but also compromise export
opportunities. Marine bacteria harboring ARGs can enter seafood supply chains, triggering trade
restrictions and undermining competitiveness in global markets [144]. These processes demonstrate
that wastewater restructuring is not confined to local health outcomes but directly intersects with
international trade and economic resilience.

Soil-plant interactions also extend this risk. Irrigation with ARG-rich wastewater alters the soil
microbiome, not only enriching resistance but also modifying nutrient cycling [26]. Disrupted
microbial processes can impair absorption of key elements such as N, P, or trace minerals while
enhancing uptake of others [26,145]. This imbalance selects certain crops over others and may reduce
agricultural biodiversity and resilience under climate stress (Figure 1D, 1E).

Soil-plant-animal interactions form another pivotal axis of risk and opportunity. The use of
reclaimed wastewater for irrigation changes the soil microbiome, often increasing microbial biomass
and stimulating nutrient cycling processes, particularly those involving N transformations that
support crop productivity [33,146]. However, these beneficial dynamics can be undermined when
restructuring is driven by selective pressures from contaminants such as antibiotics and heavy
metals, facilitating the amplification and spread of ARGs through environmental compartments and
ultimately into animal hosts [109].

It is vital to recognize that not all microbial restructuring is inherently harmful; context
determines consequence. Beneficial restructuring is harnessed in engineered systems—such as the
intentional shifts within WWTPs that remove organic and biological pollutants—and in agricultural
contexts where irrigation with nutrient-rich water supports crop growth [33,147]. Similarly, targeted
dietary or prebiotic interventions can purposefully modulate the animal gut microbiome toward
improved energy regulation and metabolic health [134-136,148]. By contrast, restructuring becomes
detrimental when it escalates the abundance of resistance mechanisms or favors the dominance of
pathogenic taxa[89]. WWTPs, when exposed to high concentrations of antibiotics and heavy metals,
can become hotspots for enhanced ARG and ARB propagation, with documented instances of
increased abundance of resistant Acinetobacter species in effluents [149-151]. The environmental
dissemination of these communities not only perpetuates resistance in soils and plants but may also
contribute to dysbiosis in the animal gut, compromising overall animal health and production
efficiency.

The enrichment and dissemination of ARGs contribute directly to global economic and societal
costs. Rising resistance shortens the useful lifespan of existing antibiotics, escalates healthcare
expenses, and drives intensive investment in drug Ré&D [144,152] (Figure 1F).

The pharmaceutical sector bears one of the heaviest burdens. Every new antibiotic approved
requires billions of dollars in R&D investment; yet the global circulation of wastewater-derived ARGs
accelerates the obsolescence of these agents [152] (Figure 1G). Each time a resistance gene already
present in wastewater nullifies a new antibiotic, the effective “life span” of that drug in the market is
shortened [8,9,153]. This not only squanders resources but also diverts funds away from other health
innovations, reducing long-term sustainability of biomedical R&D.

In livestock sectors, AMR reduces productivity through uncontrolled infections, elevating
mortality and undermining conversion efficiency [144]. On a broader scale, contaminated agricultural
produce poses risks to international trade stability as resistant bacteria enter global food chains
[109,144]. The need for advanced wastewater treatment systems and tighter waste control policies
further increases financial burdens for municipalities, industries, and agricultural sectors.

In summary, the interplay between wastewater-derived resistance, agricultural practices, and
animal gut health is central to understanding the economic and biological consequences of the
wastewater resistome. While many forms of microbial restructuring are beneficial and crucial for
maintaining ecosystem services and productivity, anthropogenically driven restructuring events—
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especially those linked to contamination and selective pressures—carry significant risks, including
environmental contamination, amplification of resistance, and reduced animal health and
productivity. Appreciating the context-dependent effects of microbial restructuring is essential for
designing strategies that maximize benefits while minimizing hazards within integrated “One
Health” frameworks.

4. Approaches for Characterization of Wastewater Microbial Communities:

Traditional methods for analyzing microbial diversity in WWTPs, including physiological
profiling, plate counts, and fatty acid analysis, have limitations, primarily because they rely on
culture-dependent techniques that capture only a fraction of the microbial diversity present[68,154—
156] . The advent of culture-independent molecular methods, especially high-throughput
sequencing, has revolutionized our understanding by enabling direct examination of
Deoxyribonucleic acid (DNA) from environmental samples, revealing a far greater diversity and
complexity of microbial taxa, including many previously uncultured organisms [70]. These advances
have greatly improved knowledge of microbial interactions and their functional roles in both natural
ecosystems and engineered wastewater treatment systems [157,158]. Unlike cultivation-based
techniques, metagenomics sequences nucleotide fragments directly extracted from wastewater,
capturing both cultivated and uncultivated organisms, and thus facilitating a more accurate
characterization of community structure and ecological roles [73].

Numerous global studies underscore this progress [159-166]. Dueholm et al. conducted the most
comprehensive bacterial community analysis to date across 740 WWTPs, documenting 1,530 species
from 966 genera and elucidating their roles in key functions such as nitrification, polyphosphate
accumulation, and glycogen storage [159]. Similarly, Cao et al. characterized microbial diversity in
eight Chinese WWTPs, identifying 51 bacterial phyla and categorizing dominant genera based on
functional potential, including denitrifiers, fermenters, and nitrite-oxidizing bacteria [160]. Studies
by Chen et al. and Gao et al. further reveal microbial diversity and functional gene profiles in diverse
WWTP settings, highlighting the crucial role of these communities in pollutant degradation and
biogeochemical cycling [161,162].

The characterization of bacterial communities in complex environments such as wastewater
cannot be reliably performed using culture-based methods, as these capture only a limited fraction
of the microbial diversity due to the specific growth requirements of many organisms. Instead,
sequencing-based approaches have become the standard for microbial community analysis,
providing a culture-independent and high-resolution view of diversity. Among these, shotgun
metagenomic sequencing offers comprehensive coverage of microbial genomes, facilitating both
taxonomic and functional insights; however, it is often limited by its higher cost and computational
demands [167]. Alternatively, sequencing of the 16S ribosomal Ribonucleic acid (16S rRNA) gene
remains widely used given its cost-effectiveness and established bioinformatic frameworks. This can
be done either by targeting the full-length 16S rRNA gene using long-read platforms such as PacBio
or Oxford Nanopore, or by amplifying specific hypervariable regions via short-read platforms like
INlumina, with the latter being the most common due to affordability and high throughput [168-172].
The 16S rRNA gene contains nine hypervariable regions (V1-V9), each differing in its ability to
resolve bacterial taxa [173-175]. The choice of which region to amplify plays a critical role in
determining taxonomic resolution and community composition outcomes [175]. For example, studies
often target regions such as V3-V4 or V4 alone because they provide a balance between read length
compatibility with Illumina sequencing and classification accuracy [176]. Notably, a comparative
study evaluating V2-V3 versus V3-V4 regions using paired-end Illumina MiSeq reads demonstrated
that the V2-V3 region delivers higher resolution at lower taxonomic ranks, such as genus and species
levels, which is crucial for detailed microbial community analyses [177]. Despite these findings, the
selection of hypervariable regions in many studies remains influenced by convention rather than
empirical evaluation tailored to the studied environment or community [169-171,178-181].
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Several factors determine the optimal hypervariable region for microbial community profiling,
including the desired taxonomic resolution at lower ranks, the ecological niche and structure of the
microbial community, the reference databases employed for taxonomic assignment, and the
constraints posed by specific sequencing platforms [176,182]. For example, some regions perform
better for particular environments, such as soil, gut, or wastewater microbiomes, due to differences
in community complexity and dominant taxa [182]. Reference databases such as SILVA, Greengenes,
and the Ribosomal Database Project (RDP) also vary in the coverage and curation of sequences
corresponding to different hypervariable regions, impacting classification reliability [183].
Furthermore, Illumina-based short-read technology limits amplicon length to about 250-300 bp per
read, favoring shorter regions, while long-read sequencing technologies can recover near full-length
16S sequences, enhancing phylogenetic resolution but at increased cost and lower throughput [184].

Despite the critical importance of hypervariable region selection, there remains a paucity of
systematic studies comparing their performance across diverse environmental settings, particularly
in applied contexts like wastewater treatment systems, where microbial community function is
highly relevant. This methodological gap means that many studies may overlook biases or limitations
intrinsic to their chosen region, potentially affecting the interpretation and reproducibility of
microbial diversity and functional potential analyses. Highlighting these limitations and advocating
for environment-specific evaluation of hypervariable regions is essential before discussing the
ecological roles and significance of bacterial communities in wastewater environments.

Addressing the AMR challenge requires comprehensive monitoring and interventions aligned
with the One Health paradigm. Wastewater surveillance offers a cost-effective tool for dual
assessment of population-level resistance (using influent samples) and environmental dissemination
risk (using effluent samples) [2,185]. Systematic monitoring of ARG abundance, MGE prevalence,
and selective pressures, supported by metagenomics, quantitative Polymerase Chain Reaction
(qPCR), and culture-based assays, provides the foundation for early detection and targeted response.

5. Water Scarcity as a Driver for Wastewater Treatment and Reuse:

The SDGs represent the latest worldwide effort to encourage collaboration between
governments, businesses, and organizations at all levels, all with the aim of elevating living standards
for billions of people everywhere. These goals serve as a bold and comprehensive roadmap for better
“people, planet, and prosperity” through 2030 [186]. Among the 17 objectives, the sixth SDG stands
out: it's dedicated to making sure everyone has safe water and reliable sanitation in a sustainable
way. Reaching even part of this target would lead to major improvements for societies around the
globe, since access to clean water is fundamental to economic progress, health, and protecting the
environment [187].

In 2000, the Millennium Development Goals (MDGs) aimed to reduce by half the number of
people without reliable access to safe drinking water and sanitation by 2015. While ambitious, these
goals didn’t address critical issues like water quality or proper wastewater management, which
ultimately limited their effectiveness [188]. The SDGs closed this gap with Goal 6, which focuses on
securing clean water and sanitation for all through sustainable practices. This goal highlights the
importance of treating more wastewater, increasing recycling, and ensuring safe reuse of water
worldwide. By taking these steps, not only does the supply of clean water grow, but there are also
significant improvements in sanitation and wastewater management [187].

Clean water, effective sanitation, and responsible wastewater management are all
fundamentally linked. For any community, big or small, ensuring safe water means also addressing
how waste is handled, treated, and disposed of. Without strong systems for sanitation and
wastewater treatment, it's impossible to provide genuinely clean water for people or maintain a
healthy environment [187]. Water management's heart is a delicate balance between technical
solutions and community engagement.

Water scarcity now affects billions worldwide and is intensifying due to population growth,
climate change, and poor resource management. Treating and reusing wastewater is vital for
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conserving limited water supplies, protecting public health, and building resilience against mounting
shortages and waterborne disease [187,189].

Water shortage is not solely a result of natural factors, but also a consequence of human
activities. Currently, over 700 million people live in areas experiencing chronic water shortages, a
situation that is projected to worsen [187,189,190]. The United Nations forecasts that by 2025, nearly
1.8 billion people will face water scarcity [191,192]. Climate change, exacerbated by human actions,
is a significant contributor, pushing more than half the global population into regions with limited
water supply [190,192,193]. Sub-Saharan Africa is particularly at risk, with estimates suggesting that
between 70 and 250 million people there could encounter severe water shortages [190,194-196].

Water scarcity is a complex global issue intensified by climate change-driven alterations in the
water cycle, groundwater depletion, and pollution, which collectively reduce freshwater availability
and threaten ecosystems and human well-being[197]. These environmental stresses cascade into
profound social and economic impacts, undermining food security, livelihoods, and development,
especially in vulnerable populations. Agriculture, as the dominant water consumer, is particularly
affected, placing global food production and poverty reduction efforts at risk [198-203]. Addressing
these interconnected challenges requires sustainable water management and equitable access to
safeguard health, ecosystems, and socio-economic progress.

Water management critically shapes economic and social well-being, as inadequate access to
safe water and sanitation constrains productivity, reinforces poverty, and deepens inequality
[204,205]. Sen’s entitlement approach underscores that scarcity stems not only from limited supply
but from unequal accessibility and affordability, often leading to competition and conflict over rights
[202,206,207]. Water insecurity undermines health, livelihoods, and education, particularly among
marginalized groups, contributing to preventable diseases and lost opportunities [200,208,209].
Reliable access enhances well-being, boosts school attendance, empowers women, and supports
economic growth, whereas scarcity reduces life expectancy, raises healthcare costs, and weakens
productivity across generations [210-223].

LMICs, such as Egypt, face significant challenges in wastewater treatment and reuse due to rapid
population growth, limited water resources, and increasing water demand from various sectors, such
as agriculture, municipal, and industrial activities. The country’s water scarcity is exacerbated by
environmental pollution caused by the uncontrolled discharge of untreated or partially TWW into
water bodies, which affects lakes, rivers, drainage systems, and ultimately groundwater quality
[224,225]. Many municipal wastewater treatment processes in Egypt are traditional and have limited
capacity and efficiency. There is a need to evaluate and develop modern and effective wastewater
treatment technologies suitable for Egyptian conditions [224]. Atalla ef al. (2025) provided the first
detailed characterization of microbial communities in Egyptian WWTPs, revealing functional
limitations and pathogen persistence linked to current treatment inefficiencies[226]. Sludge
management remains underdeveloped, with high contaminant loads and insufficient investment
delaying progress in wastewater infrastructure and water quality improvement [224,227-229].

Using untreated or insufficiently treated wastewater for irrigation and other purposes poses
serious microbial, chemical, and environmental hazards, threatening farmers' health and
contaminating groundwater [225,230]. The reuse of TWW is hindered by a lack of stringent water
quality standards, inadequate regulatory frameworks, and limited monitoring capacity to ensure
compliance and public safety. Social acceptance of TWW reuse is low, and public education efforts
are necessary to mitigate perceptions and encourage responsible usage [231]. Additionally, there is a
growing concern about environmental impacts, such as the accumulation of pollutants in soils and
aquifers. Studies show that mixing TWW with fresh water is a strategy to reduce contamination risks
[225].

Wastewater treatment and reuse in developing countries remain critical yet complex challenges
due to environmental, technical, economic, and social factors. Addressing these issues requires
improved infrastructure investments, adoption of innovative technologies, policy reforms, public
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education, and careful management to safeguard public health and environmental sustainability
while mitigating acute water scarcity [224,225,229,231].

Given the urgency of water scarcity and environmental health concerns in developing countries,
concerted efforts from governments, industries, and communities are essential to overcome existing
barriers and realize the full potential of wastewater treatment and reuse.

6. Overview of Wastewater Treatment Processes and Effluent Quality:

The typical wastewater treatment approaches encompass several main stages, including
primary treatment, secondary (biological) treatment, disinfection, and sludge treatment. The
processes implemented at major WWTPs begin with bar screening, which mechanically removes
large floating or suspended solids, such as plastics, from the influent stream. This is followed by grit
and oil removal, where wastewater passes through grit chambers, while oils and greases are skimmed
from the surface. In primary settling tanks, a significant portion of settleable organic and inorganic
solids is removed by sedimentation, along with floating materials [75,232,233].

Biological treatment then takes place. Among the various treatment stages, biological treatment
is especially crucial as it transforms organic pollutants into stable compounds. Common biological
methods used include biological filters, rotating biological contactors, activated sludge, extended
aeration, and oxidation ponds. The activated sludge process is the most widely used due to its high
efficiency; it involves recycling settled sludge to maintain microbial activity and optimize treatment
performance [75].

The biomass generated in the biological treatment stage is separated into secondary settling
tanks, effectively reducing suspended and organic matter levels. Following this, the treated effluent
is disinfected to minimize microbial contamination before being discharged into the drainage system
[75].

The concept of wastewater effluent quality centers on the degree to which a treatment process
effectively eliminates harmful substances from wastewater before discharge or reuse. High-quality
effluent is achieved by reducing the concentrations of suspended solids, organic matter, nutrients,
and pathogenic microorganisms to levels that are safe for the environment and public health [234-
237].

Robust wastewater treatment is essential not only for preventing the pollution of water bodies
and ecosystems but also for protecting communities from outbreaks of waterborne diseases by
ensuring that pathogens are removed from the effluent. Ultimately, the assurance of effluent quality
represents a fundamental safeguard, promoting environmental sustainability and maintaining public
health through the effective removal of contaminants from TWW [234,235].

Effluent quality is measured through a range of key indicators that reflect its physical, chemical,
and biological characteristics [236-240]. One primary parameter is the BOD, which shows the amount
of oxygen microorganisms need to break down organic matter [235,237,239]. High BOD indicates
significant organic pollution in the effluent [235,237-239]. Another critical measure is COD, which
accounts for the total oxygen required to chemically oxidize both organic and inorganic substances
[235,238].

Nutrient levels, particularly N and P, are important due to their role in promoting
eutrophication in aquatic systems, which can lead to harmful algal blooms and oxygen depletion
[235,237,238]. The content of total suspended solids (TSS) reflects particulate matter that causes
turbidity and can harm aquatic life [235,238,239].

Assessing pathogen presenceis vital, as these microorganisms may pose health risks
[235,237,239]. Common microbial indicators include fecal coliforms, E. coli, and enterococci, and
advanced molecular techniques increasingly aid in their detection and monitoring [235,238,239].
Finally, emerging contaminants like pharmaceuticals, microplastics, and industrial chemicals are
gaining attention due to potentially unknown impacts on ecosystems and human health
[235,238,239,241].
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Together, monitoring these parameters provides a comprehensive evaluation of effluent quality,
ensuring the water is safe for environmental discharge or reuse, and helps guide wastewater
treatment strategies to protect public health and ecosystems.

Effluent quality is governed by a range of standards and regulations designed to protect both
environmental and public health. Globally, several regulatory frameworks set benchmarks for
effluent quality. The Wastewater Engineering: Treatment and Resource Recovery guidelines are
widely accepted in engineering practice, providing design and operational standards for effluent
quality and resource recovery in treatment processes [75]. The EU Council Directive 91/271/EEC
establishes binding standards for the discharge of municipal wastewater within the European Union,
specifying limits for BOD, COD, TSS, N, P, and microbial contaminants for various reuse and
discharge scenarios [242]. The Food and Agriculture Organization (FAO) 1992 guidelines detail
effluent standards for unrestricted and restricted use of TWW in irrigation, emphasizing
concentrations of key parameters such as electrical conductivity (EC), sodium adsorption ratio (SAR),
BOD, and nutrients to ensure crop safety and soil health [243].

In LMICs, such as Egypt, the limits for the discharge of TWW are established by Egyptian Law
48/1982 [244]. This law prescribes the maximum allowable concentrations for key pollutants such as
BOD, COD, TSS, nutrients, heavy metals, and pathogens, although its biological guidance is limited
to fecal and total coliform indicators. Its guidelines are regularly referenced in research evaluating
compliance at Egyptian WWTPs [245,246].

International frameworks, such as those established by the EU Council Directive 91/271/EEC,
the FAO 1992 guidelines, and recommendations from the World Health Organization, often require
or recommend monitoring for specific pathogens such as E. coli and enterococci, in addition to
general coliforms, for more robust public health protection [242-244]. By incorporating direct
pathogen measurements, these standards aim to address the risks posed by a broader range of
waterborne microbes and provide more comprehensive safeguards for downstream uses and
communities. These differences matter practically because broader and more specific microbial
monitoring can better prevent disease outbreaks and ensure safer reuse or discharge of treated
wastewater, thereby enhancing public health outcomes.

Despite treatment, effluents and biosolids remain significant reservoirs of resistance [78].
Resistance determinants against multiple classes of antibiotics, including fluoroquinolones,
tetracyclines, beta-lactams, macrolides, sulfonamides, aminoglycosides, glycopeptides, and
carbapenems, are commonly detected [54,247]. Opportunistic pathogens such as Acinetobacter
baumannii and other Acinetobacter species frequently dominate effluents and display resistance
profiles enriched compared to the influent [248,249]. The quantities of resistant bacteria released are
substantial, with effluents containing an estimated 10°-102 Colony Forming Unit (CFU) per
inhabitant equivalent per day, of which up to 10 may be resistant [49,250]. The continuous
environmental release of this microbial load enriches the environmental resistome and poses an
ongoing risk for the clinical emergence of resistance.

7. Global Perspectives on Wastewater Treatment, Reuse, and Sustainable
Management Strategies:

Proactively implementing effective solutions is crucial to mitigating the severe impacts of water
scarcity. Among the most promising approaches is wastewater treatment, which transforms a
potential pollutant into a valuable resource. Proper treatment and reuse of wastewater can
significantly alleviate pressure on freshwater supplies, support agricultural productivity, and
safeguard public health [251].

The extensive use of freshwater in everyday activities generates a significant volume of
wastewater. Wastewater is a complex term encompassing a wide range of compositions. Essentially,
it consists of about 99% water, with the remaining 1% primarily suspended solids [252]. The sources
of wastewater are diverse, and its composition varies constantly, posing challenges for effective
management. There is no universally accepted definition for wastewater; it is generally described as
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water discharged from domestic, industrial, commercial, and institutional operations [253,254].
Traditionally, wastewater is classified as either domestic wastewater (commonly known as sewage)
or industrial wastewater, although municipal wastewater usually combines both types [255].

Household water, used in sinks, showers, bathtubs, dishwashers, toilets, and washing
machines, is typically directed through a network of pipes to sewage treatment facilities [194,196,256].
Wastewater generated by industrial activities, including manufacturing and cooling processes,
frequently contains chemicals and suspended solid materials [195]. Commercial entities, such as
hotels and restaurants, generate considerable volumes of wastewater, which require effective
treatment to enable their safe reuse or disposal [251]. Regardless of its origin, wastewater can be
defined as water that has been altered physically, chemically, or biologically, making it unsafe for its
intended uses [257].

Effective wastewater management is crucial not only for protecting public health and the
environment but also for conserving precious water resources, making TWW an asset for sustainable
water use in agriculture, industry, and communities.

Significant advances have been made in wastewater treatment technologies, alongside concerted
efforts to promote the reuse of TWW in response to growing global water demand. The proliferation
of WWTPs accelerated notably after the introduction of the first large-scale activated sludge process
in Finland in the early 1970s [258]. Historically, wastewater treatment has primarily focused on
removing organic pollutants, such as BOD and COD, as well as nutrients like N and P, and TSS to
mitigate environmental pollution [259]. Nonetheless, treatment performance exhibits substantial
variability across countries and regions, influenced by differing global, regional, national, and
economic contexts [253]. The selection of sustainable wastewater treatment technologies remains a
highly complex endeavor, necessitating the integration of economic, environmental, and social
considerations in the design and construction of WWTP systems [260].

The complexity of WWTP construction further demands attention to factors such as governance
structures, technical requirements, and effluent quality standards when choosing suitable
technologies [261,262]. Additionally, the rising industrial interest in resource recovery has become a
pivotal consideration in the development of new WWTPs [263]. Green wastewater treatment
technologies have recently emerged, aiming to seamlessly integrate sustainability with ecological and
environmental objectives. New treatment facilities must be robust, sustainable, efficient, and reliable
to adequately serve communities [264]. While numerous remediation technologies exist to treat
wastewater and facilitate water reuse [255]Challenges persist in identifying and deploying
technologies that maximize resource recovery [265]. Advanced treatment methods are increasingly
expected to improve effluent quality by targeting emerging pollutants such as microplastics [266].
With continuous technological innovation and enhanced management practices, a paradigm shift is
underway in the wastewater reuse sector, beginning with the conceptualization of wastewater as a
valuable renewable resource [265].

Preventive strategies demand action across key sectors. In pharmaceutical manufacturing,
regulating emissions, mandating effluent treatment, and pursuing environmentally safer drug
designs are essential [1,267]. In animal production, the worldwide ban of antibiotics for growth
promotion and stricter regulation of prophylactic use are critical measures, supported by coordinated
WHO-Office International des Epizooties (OIE)-FAO monitoring frameworks [144,152]. Agricultural
irrigation with reclaimed wastewater should be based on stringent microbial safety criteria, and
advanced treatment (e.g., ozonation, activated carbon) should be incorporated to minimize
environmental release of ARGs and ARB [50,267]. Additional approaches, such as vaccine
development targeting resistant pathogens or the exploration of bacteriophage therapies, may further
reduce dependency on antibiotics [144].

Innovation should include vaccines blocking ARG HGT between bacteria or at least interrupting
plasmid transmission pathways [144]. This complements pathogen-targeted vaccines and provides a
forward-looking strategy to preserve drug efficacy. Likewise, designing antibiotics with reduced
environmental persistence could help mitigate ARG selection pressures within WWTDPs.
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These strategies are closely aligned with the United Nations SDGs. Ensuring effective treatment
and reuse of wastewater contributes directly to SDG 6 (Clean Water and Sanitation) while combating
diseases and AMR supports SDG 3 (Good Health and Well-being) [185]. Agricultural safeguards and
sustainable microbiome management also advance goals relating to food security, life on land, and
sustainable economies [145].

Effective wastewater treatment and reuse present vital opportunities to alleviate water scarcity
while protecting public health and supporting SDGs.

The reuse of TWW is widely recognized as a sustainable response to increasing water scarcity,
offering significant opportunities to supplement freshwater supplies, especially in agriculture,
industry, and environmental management. Internationally, several organizations have established
guidelines and standards to ensure that wastewater reuse is carried out safely and effectively,
balancing resource recovery with public health and environmental protection.

The WHO is a leading authority on health-related aspects of wastewater reuse [268]. Its
guidelines emphasize a risk-based framework, focusing on treatment requirements, microbial quality
standards, and continuous monitoring to minimize human health risks [268,269]. WHO advocates
tailoring treatment levels and reuse practices according to the intended application, ranging from
unrestricted agricultural irrigation to non-potable urban uses, thereby promoting safe and socially
acceptable reuse [270]. These guidelines underscore the importance of coupling technological
solutions with community engagement and governance structures to ensure sustainable
implementation.

The FAO provides detailed standards that address the quality requirements of TWW for
agricultural reuse [271]. These standards consider parameters such as microbial contamination,
salinity, heavy metals, and organic pollutants to protect soil health, crop safety, and food quality
[271,272]. The FAQO distinguishes between unrestricted and restricted use scenarios, allowing
flexibility to accommodate varying local conditions and water scarcity challenges [243]. Studies
highlight the critical need to control salts and emerging contaminants to minimize negative impacts
on crops and soils, especially in arid environments [233,271].

In the European Union, the Urban Wastewater Treatment Directive sets legally binding effluent
quality requirements that protect water bodies and human health [273]. The directive stipulates limits
for BOD, COD, nutrient levels, pathogenic microorganisms, and emerging pollutants, reflecting an
integrated approach to safeguarding environmental and public health [274,275]. The directive also
includes provisions on monitoring and reporting to ensure compliance, and supports various reuse
scenarios, particularly irrigation and industrial applications [242]. Recent assessments reveal
challenges in fully meeting these standards due to emerging contaminants and the need for advanced
tertiary treatments [273,274].

Contemporary frameworks promoted by the International Water Association (IWA) and the
United Nations Environment Program (UNEP) advocate for a circular water economy paradigm,
where wastewater is valorized as a renewable resource. These frameworks encourage the adoption
of innovative treatment technologies, resource recovery methods, including energy and nutrient
capture, and integrated water management approaches [276,277]. They emphasize that wastewater
reuse should be embedded within broader sustainability and climate resilience strategies, fostering
collaboration among stakeholders and enabling policy innovation [278,279].

Collectively, international recommendations promote a holistic, risk-informed approach that
balances maximizing water reuse benefits with minimizing risks to human health and ecosystems.
Tailoring these guidelines to national and local socio-economic and environmental contexts is
essential to develop effective regulatory frameworks and infrastructure for TWW reuse. This
approach is particularly relevant for water-scarce countries like Egypt, where TWW reuse holds
promise for augmenting water supplies while ensuring safety and sustainability.

8. Actionable Strategies for Stakeholders and Application of Review Insights:
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As illustrated in Figure 2, the integrative analysis of wastewater treatment data strongly
supports a systems-based approach to microbiome management, antimicrobial resistance mitigation,
and sustainable agricultural development. Stakeholders—including microbiologists, agrarian
scientists, public health officials, and policymakers—are encouraged to leverage the following key
action points derived from this framework:

e Develop and implement probiotic-enriched products and evidence-based livestock feeding
strategies to reinforce community microbiome resilience and improve feed conversion, reducing
antibiotic reliance and resistance pressure.

e  Establish site-specific, reclaimed-water quality—guided soil fertility programs and select locally
optimized wastewater treatment technologies to safeguard agricultural productivity and
environmental health.

e  DPrioritize crop management protocols that integrate microbiome and resistome surveillance,
enabling adaptive, data-driven decision-making for yield and safety.

e  Utilize wastewater signals for drug discovery prioritization as well as trade and travel control
measures to intercept emerging resistance threats at both local and international levels.

e Initiate vaccination = campaigns targeting key ARGs-transmission mechanisms and
employ epidemiological mapping informed by wastewater data to identify disease hotspots and
direct resources where most needed.

e Advocate for the restructuring and harmonization of guideline policies by international bodies,
grounding regulatory frameworks in robust, real-world wastewater analytics to address the
dynamic nature of resistance transmission and environmental change.

Wastewater Treatment Data Analysis
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Figure 2. This diagram summarizes the key insights revealed by wastewater treatment data analysis and their
implications for environmental, agricultural, pharmaceutical, and global health strategies. At the top,
wastewater treatment analysis generates actionable information that cascades into seven core domains identified
below. Probiotic-enriched products and evidence-based livestock ration formulation are highlighted as
interventions to promote resilient microbiomes and improve feed conversion, enhancing agricultural efficiency
and food safety. Adjacent is the guidance of soil fertility programs by reclaimed-water quality profiles, together
with the selective use of wastewater technologies matched to local site-specific conditions—both supporting
sustainable soil management and environmental health. Optimization of crop management practices,
underscoring the value of microbiome-informed approaches for maximizing crop yield and plant health.
Wastewater signals also inform drug discovery strategies, while trade and travel controls are shown as
mechanisms for regulating the spread of emerging contaminants and resistance determinants across regions.
Vaccination efforts targeting antimicrobial resistance gene (ARG) transmission blockers, alongside

epidemiological mapping, are presented as critical public health tools for controlling disease hotspots and
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mitigating the mobility of resistant pathogens. Finally, the diagram calls attention to the need for dynamic
restructuring of international policies—driven by real-world wastewater analytics and constructed by
policymakers—to better address global challenges linked to resistance, water reuse, and microbial health.
Altogether, this integrative framework links wastewater data to multidisciplinary solutions, illustrating how
microbial surveillance and evidence-based interventions can support One Health goals, inform guideline
development, and drive progress across interconnected sectors. Created in BioRender. Gamal, A. (2025)
https://BioRender.com/cky394i.

Implementing these multi-dimensional strategies will help bridge fundamental scientific
research and real-world policy, fostering global progress toward One Health goals, effective
antimicrobial stewardship, and resilient food systems.

Conclusion:

Wastewater microbiomes play a crucial role as sentinels for the spread of antimicrobial
resistance, emerging pathogens, and environmental stressors. Wastewater treatment plants not only
help remove pollutants but also act as hotspots for the persistence and dissemination of resistance
genes and opportunistic microbes. Recycling wastewater for irrigation can enhance soil quality and
crop productivity, yet may also introduce antibiotic resistance genes and contaminants. This
highlights the importance of balancing the benefits of wastewater reuse with robust microbial
monitoring and risk management measures. A One Health approach—integrating human, animal,
and ecological health—is essential to address the interconnected challenges outlined in this review.
Effective interventions, advanced treatment, and harmonized policies are needed to ensure water
safety, food security, and health equity. Leveraging surveillance of wastewater microbial dynamics
and resistomes will bolster public health preparedness and advance sustainable development.
Turning wastewater from a risk into a strategic resource requires cross-disciplinary collaboration and
context-sensitive solutions.
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