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Abstract

Microbial contamination in industrial wastewater poses significant threats to public health and the environment,
necessitating a comprehensive understanding of microbial dynamics, detection, and control strategies. This review
provides a detailed exploration of microbial contaminants in industrial wastewater, including bacteria (Escherichia coli,
Salmonella, Vibrio cholerae), viruses (Hepatitis A, Norovirus), protozoa (Cryptosporidium, Giardia), and fungi,
highlighting their sources, proliferation factors, and associated health risks. Emerging health threats, such as
waterborne disease outbreaks, the rise of antibiotic-resistant microbes, and their disproportionate impact on
vulnerable populations, are critically examined. Advanced detection and monitoring techniques, including culture-
based methods, molecular tools like qPCR, biosensors, and metagenomic analyses, are discussed for their role in
improving pathogen surveillance. Factors influencing microbial proliferation, such as temperature, pH, chemical
composition, and seasonal variations, are explored to underscore the complexity of microbial dynamics in wastewater
systems. Mitigation strategies, including primary, secondary, and tertiary treatment technologies, advanced oxidation
processes, and disinfection methods such as chlorination, UV radiation, and ozone treatment, are evaluated for their
effectiveness. The role of policy frameworks and international guidelines in promoting safe wastewater management is
highlighted. The review also emphasizes the growing importance of nature-based solutions, such as constructed
wetlands and green infrastructure, in achieving sustainable wastewater treatment. Future directions are outlined,
including the integration of innovative microbial control technologies, real-time monitoring through Al and IoT, and
policy innovations to foster international collaboration. This work concludes that addressing microbial contamination
requires a multi-faceted approach involving technological advancements, policy development, and public education.
Recommendations are made to prioritize real-time monitoring, capacity building, and the adoption of nature-based and
advanced treatment technologies. By fostering collaborative efforts across research, regulatory, and industrial sectors,
more sustainable and effective wastewater management systems can be developed to safeguard public health and
environmental sustainability.
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1. Introduction

Urban wastewater systems play a crucial role in modern society by collecting, transporting, and treating wastewater
generated from households, industries, and commercial activities. These systems are essential for maintaining public
health, supporting environmental sustainability, and conserving water resources. Properly managed wastewater
systems reduce the spread of waterborne diseases, protect aquatic ecosystems, and provide treated water for various
applications such as irrigation and industrial processes. However, the increasing urbanization, population growth, and
industrial activities have overwhelmed the capacity of existing wastewater infrastructure, leading to significant
challenges, including microbial contamination.
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The treatment and disposal of urban wastewater are critical for safeguarding both public health and the environment.
In developing countries, including some regions of Africa and Asia, inadequate wastewater management exacerbates
environmental degradation and the transmission of infectious diseases. Even in developed nations, the presence of
emerging pathogens and antibiotic-resistant microbes in treated effluents highlights the limitations of conventional
treatment processes. These microbial contaminants can enter water bodies, agricultural fields, and even drinking water
systems, posing severe health risks.

Urban wastewater systems not only serve as a means of waste disposal but also act as an essential resource recovery
platform. Treated wastewater can be used for agricultural irrigation, industrial cooling, and even potable reuse in water-
scarce regions. According to Garcia and Paredes (2021), effective wastewater treatment reduces the nutrient loads
entering natural water bodies, thus mitigating the risks of eutrophication. Moreover, the recovery of valuable resources,
such as biogas and nutrients, from wastewater treatment plants is gaining attention as part of the circular economy
model (Singh et al,, 2023). In regions with advanced wastewater management systems, the integration of monitoring
technologies has improved the detection of contaminants and enhanced treatment efficiency. However, despite these
advancements, microbial contamination remains a persistent problem. Studies by Lukyanova et al. (2024) highlight
wastewater microbiology's role in treatment, health, and sustainability, emphasizing microbial diversity, influencing
factors, pathogens, and emerging innovations like bioaugmentation and microbial fuel cells. Microbial contamination in
urban wastewater systems originates from domestic sewage, industrial discharges, and stormwater runoff. Pathogens
such as Escherichia coli, Salmonella, Cryptosporidium, and Norovirus have been frequently detected in untreated and
partially treated wastewater (Zahedi et al, 2021). These contaminants can lead to outbreaks of gastrointestinal
diseases, especially in regions where treated wastewater is reused for agricultural purposes.

One emerging concern is the prevalence of antibiotic-resistant bacteria in wastewater systems, driven by the
indiscriminate use of antibiotics in human and veterinary medicine (Ezemba et al., 2022). A study by Zhang et al. (2023)
highlighted the role of urban wastewater treatment plants as reservoirs and dissemination points for antibiotic-
resistant genes, posing a global public health threat.

Despite significant advancements in wastewater treatment technologies, microbial contamination remains a persistent
issue. Many studies have focused on the chemical pollutants in wastewater, but fewer have comprehensively addressed
the dynamics of microbial contaminants, particularly in urban settings. Additionally, limited research has explored the
efficacy of emerging treatment technologies and nature-based solutions for microbial mitigation. There is also a need
for more robust monitoring frameworks to track the presence of microbial contaminants in real-time.

This review aims to provide a comprehensive analysis of microbial contamination in urban wastewater systems,
highlighting the emerging health threats and mitigation strategies. The study will explore the sources, types, and health
impacts of microbial contaminants, evaluate current detection and treatment technologies, and identify knowledge gaps
that require further research.

This study is significant for several reasons. First, it will provide valuable insights into the evolving landscape of
microbial contamination in urban wastewater systems, informing policymakers and stakeholders about the associated
health risks. Second, by reviewing existing mitigation strategies, the study will help identify the best practices and
innovative solutions for improving microbial control in wastewater treatment. Third, the findings of this review will
contribute to the development of more effective and sustainable wastewater management policies, ultimately
supporting public health and environmental protection.

2. Urban Wastewater and Sources of Microbial Contamination

Urban wastewater systems are vulnerable to microbial contamination originating from various sources, each
contributing distinct pathogens and pollutants. Identifying and understanding these contamination sources is crucial
for developing targeted and effective mitigation strategies. According to Mendoza-Espinosa and Mojiri (2024),
intermittent water sources are commonly contaminated by microorganisms, underscoring the persistent challenge of
microbial pollution. Saxena and Bhattacharya (2024) further associate microbial contamination in urban wastewater
with unhygienic practices, inadequate sanitation infrastructure, and limited access to proper wastewater treatment
facilities.

Among the significant challenges posed by microbial activity in wastewater infrastructure is microbially-induced
concrete corrosion (MICC). This phenomenon severely impacts the structural integrity and service life of concrete
wastewater systems, representing a critical concern for the wastewater industry (Folorunso, 2023, p. iii). The microbial
contaminants commonly detected in urban wastewater include bacteria, fungi, protozoans, viruses, and algae. Primary
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sources contributing to these pathogens include domestic fecal waste, hospital effluents, industrial discharges, and
organic wastes.

Xiao et al. (2024) emphasize that industrial effluent significantly contributes to microbial loads, particularly when
discharged directly into rivers or other water bodies, especially if the effluent is rich in organic matter. Such conditions
can foster rapid microbial growth and increase contamination levels. Additionally, Lépez et al. (2019) detected
significant microbial contamination levels, identifying total coliforms, E. coli, Enterococcus spp., Staphylococcus aureus,
and Pseudomonas aeruginosa in urban wastewater effluents, with global load values ranging between 10*-108 CFU/100
mL, highlighting the extensive and diverse nature of microbial contamination challenges.

Table 1 summarizes the microorganisms commonly found in urban wastewater, along with their typical concentrations,
sources, and references from relevant literature. Escherichia coli is observed in high concentrations, particularly in
domestic sewage, signifying its prevalence as a fecal contamination indicator. The presence of Salmonella spp. in
combined sewer outfalls is noteworthy, indicating a public health risk due to untreated or partially treated wastewater.

Treated wastewater still contains high levels of Enterococcus spp., which may suggest the incomplete elimination of
microbial contaminants during treatment. Clostridium perfringens, found in hospital effluent, highlights the contribution
of medical facilities to wastewater contamination, introducing resilient pathogens into water systems.

Cooling tower water often harbors Legionella pneumophila, which poses risks for legionellosis outbreaks if not
adequately managed. Protozoan parasites such as Cryptosporidium spp. and Giardia lamblia are found in agricultural
runoff and surface water, respectively, pointing to the role of agricultural practices and storm events in spreading these
pathogens. Viruses such as Norovirus and Rotavirus are detected in stormwater discharge and treated municipal water,
emphasizing the challenge of removing viral contaminants despite advanced wastewater treatments.

Table 1 Microorganisms in Urban Wastewater: Concentrations, Sources, and References

Microorganism Concentration (CFU/100 ml or | Source of Water Reference

Type

copies/L)

Escherichia coli

10° - 10° CFU/100 ml

Domestic sewage

Xiao et al., 2024

Salmonella spp. 10%-10* CFU/100 ml Combined sewer | Lopezetal., 2019
outfalls
Enterococcus spp. 10*-10° CFU/100 ml Treated wastewater | Mendoza-Espinosa & Mojiri,
2024
Clostridium 10%- 103 CFU/100 ml Hospital effluent Rani et al., 2024
perfringens
Legionella 103 copies/L Cooling tower water | Lopezetal., 2019
pneumophila
Cryptosporidium spp. | 10 - 100 oocysts/L Agricultural runoff Xiao et al., 2024

Giardia lamblia

10 - 500 cysts/L

Surface runoff

Mendoza-Espinosa & Mojiri,
2024

water

Norovirus 103 - 10* copies/L Stormwater Rani et al., 2024
discharge
Rotavirus 102 - 103 copies/L Treated  municipal | Lépezetal, 2019

The above review underscores the complexity of microbial contamination in urban wastewater systems, highlighting
the diverse sources and health risks associated with these pathogens. The persistent presence of various
microorganisms even after treatment underscores the need for enhanced wastewater management strategies and more
stringent regulations to mitigate public health risks. Further research should focus on improving treatment technologies
to effectively target and eliminate resilient pathogens in urban wastewater systems.
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Based on several literature, the major sources of microbial contamination in urban wastewater are reviewed in
subsection 2.1 to 2.4

2.1. Domestic Sewage

Domestic sewage is a significant contributor to microbial contamination in urban wastewater. It includes human fecal
waste, greywater from kitchens and bathrooms, and household cleaning products. Studies have shown that domestic
sewage often contains high concentrations of pathogenic microorganisms such as Escherichia coli, Salmonella spp.,
Enterococcus spp., and viruses like Norovirus and Rotavirus (Bonetta et al., 2022. These pathogens pose severe health
risks when wastewater is inadequately treated or directly discharged into water bodies. Advanced treatment
technologies such as membrane bioreactors and disinfection systems have proven effective in reducing microbial loads
(Tsvetanova & Boshnakov, 2025). However, improper maintenance and operational challenges can limit their efficiency.
Recent studies have highlighted the need for decentralized treatment systems to handle domestic sewage at the
community level, thereby reducing contamination risks (El-Khateeb et al., 2023).

Table 2 Microbial contamination from different sources of Industrial Wastewater and their impacts

Source of | Identified Phylum/Class | Impact Additional References
Industrial Microorganism Information
Wastewater
Iron and Steel | Gammaproteobacteria | Proteobacteria | Nitrogen Negative Jayapriya, &
Plants transformation correlation with Kavitha
and cycling; total nitrogen; (2017)
associated with bioassay
organic emissions | potential for
organic pollution
Iron and Steel | Acinetobacter Proteobacteria | Bioassay for heavy | Indicator for Jayapriya, &
Plants metal heavy metals in Kavitha
contamination wastewater such | (2017)
as Fe?*, Cu?*,
Pb?*, Cd**
Textile Mycobacterium Actinobacteria | Mineralization of Effective Afena etal.
Industry refractory indicator of (2021)
polycyclic aromatic | hydrophobic
hydrocarbons organic
(PAHSs) compounds
(HOCs)
Food Flavobacteria Bacteroidetes | Organic substance | Important Zhan et al.
Processing cycling indicator for (2024)
Plants detecting organic
pollutants
Food Bacteroides Bacteroidetes | Denitrification High phenotypic | Zhan etal.
Processing agent and metabolic (2024)
Plants diversity;
essential in
nitrogen removal
Industrial Actinobacteria Actinobacteria | Active in eutrophic | Correlated with Jayapriya, &
Sites environments; total nitrogen Kavitha
(Various) carbon cycling (TN) and total (2017)
phosphorus (TP)
Eutrophic Gammaproteobacteria | Proteobacteria | Enrichment in Plays a role in Jayapriya, &
Rivers sediments of aquatic Kavitha
eutrophic lakes ecosystem (2017)
processes
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2.2. Industrial Effluents

Industrial effluents represent another critical source of microbial contamination in urban wastewater. While
traditionally associated with chemical pollutants, industrial effluents can preserve pathogenic microorganisms,
particularly in sectors such as food processing, pharmaceuticals, and textile manufacturing (Rani et al., 2024).
Inadequately treated industrial wastewater can introduce Clostridium perfringens, Pseudomonas aeruginosa, and other
opportunistic pathogens into urban water systems. The microbial contamination in industrial effluents often arises from
poor sanitation practices, the use of contaminated water during production processes, and the accumulation of biofilms
in industrial pipelines (Lopez et al., 2019). Regulatory frameworks that mandate pre-treatment of industrial wastewater
before discharge into municipal systems are essential for mitigating these risks.

Table 2 provides information on the diverse microbial communities found in effluents from various industrial activities,
highlighting the influence of these industries on microbial populations in wastewater. Iron and steel industries, textile
plants, and food processing facilities significantly impact microbial diversity and composition.

Proteobacteria, Actinobacteria, Firmicutes, and Bacteroidetes consistently emerge as dominant phyla. Their prevalence
is likely due to their versatile metabolic capabilities and adaptability to the harsh conditions created by industrial
pollutants. Proteobacteria, often the most abundant phylum, play crucial roles in biogeochemical cycles, including
nitrogen transformation. The dominance of Gammaproteobacteria in iron and steel plant effluents aligns with previous
studies linking them to environments rich in organic emissions and heavy metals. The enrichment of Acinetobacter, a
genus within Proteobacteria, is noteworthy as it can bioassay the ecotoxicity of wastewater contaminated with heavy
metals, demonstrating its potential for use as a biological indicator.

Actinobacteria, the second most enriched phylum, are vital for carbon cycling in freshwater systems. The positive
correlation between Actinobacteria and eutrophic environments, as indicated by their relationship with total nitrogen
(TN) and total phosphorus (TP) levels, underscores their adaptability to nutrient-rich environments. The presence of
the Mycobacterium family, capable of mineralizing polycyclic aromatic hydrocarbons (PAHs), suggests their potential
role in mitigating pollution from textile industries that discharge toxic hydrophobic organic pollutants.

Interestingly, Bacteroides and Flavobacteria are prevalent in food processing effluents, indicating their significance in
the degradation of organic materials. These microorganisms are critical heterotrophs in freshwater ecosystems,
contributing to the cycling of carbon and other elements. Their presence in high abundance in food plant wastewater
underscores their role as indicators for organic substance pollution.

The environmental impact of industrial effluents is evident through the changes in microbial community composition
and diversity. For instance, the dominance of Bifidobacterium in wastewater from iron and steel plants suggests its role
in detecting the presence of complex metal ions, including iron. This aligns with studies highlighting the genus’s capacity
for metal uptake in the presence of calcium and magnesium ions.

The table illustrates the intricate relationship between industrial pollutants and microbial communities. The ability of
specific microorganisms to thrive in polluted environments makes them valuable indicators for monitoring and
assessing industrial wastewater pollution. Furthermore, their metabolic capabilities offer potential applications in
bioremediation strategies aimed at mitigating the environmental impact of industrial effluents.

In conclusion, understanding the microbial composition of industrial wastewater provides insights into the ecological
impact of industrial activities and the potential for leveraging microbial communities in pollution management. The
information presented emphasizes the need for continued research and monitoring to develop sustainable strategies
for wastewater treatment and environmental protection.

2.3. Agricultural Runoff

Agricultural activities contribute to microbial contamination through runoff containing animal manure, fertilizers, and
organic waste (Verma et al., 2023) Pathogens such as Cryptosporidium spp., Giardia lamblia, and E. coli are frequently
detected in agricultural runoff (Salamanca et al.,, 2023). These pathogens can persist in water bodies, posing health risks
when used for irrigation or recreational purposes. Seasonal variations, rainfall patterns, and soil management practices
significantly influence the extent of microbial contamination from agricultural sources. Integrated watershed
management and the use of vegetative buffer zones have been recommended as effective strategies for reducing the
microbial load in runoff.
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2.4. Stormwater Discharge

Stormwater discharge is a major pathway for microbial contaminants in urban areas. During rainfall events, stormwater
collects microorganisms from various surfaces, including streets, rooftops, and industrial sites. Studies have identified
Norovirus, Rotavirus, and other pathogenic bacteria as common contaminants in stormwater discharge (Zeng et al,,
2025). The intermittent and unpredictable nature of stormwater flows complicates the implementation of effective
treatment strategies. Additionally, smart monitoring systems that predict and manage stormwater flows can help
mitigate the health risks associated with microbial contamination.

The diverse sources of microbial contamination in urban wastewater underscore the need for a multi-pronged approach
to wastewater management. Strengthening treatment technologies, enforcing regulatory measures, and adopting
sustainable practices are essential for protecting public health and maintaining water quality. Further research should
focus on the integration of advanced treatment technologies and real-time monitoring systems to effectively manage
microbial risks in urban wastewater systems.

3. Types of Microbial Contaminants

Microbial contaminants in water and wastewater are significant threats to public health and the environment. These
microorganisms are introduced into water sources through various pathways, including untreated or partially treated
sewage, agricultural runoff, and effluents from industrial activities. The complexity and diversity of microbial
contaminants make their detection, monitoring, and control essential for ensuring water safety and maintaining
environmental sustainability. Recent advancements in molecular diagnostics and next-generation sequencing have
enhanced the understanding of microbial diversity and the associated risks.

3.1. Bacteria

Bacteria are among the most commonly encountered microbial contaminants in water systems. These microorganisms
can cause a range of diseases, from mild gastrointestinal infections to severe life-threatening conditions. Their presence
in water bodies often results from fecal contamination and improper treatment of industrial effluents.

Escherichia coli is a facultative anaerobic, gram-negative bacterium typically found in the intestines of warm-blooded
animals. While most strains are harmless, pathogenic strains, such as E. coli 0157:H7, can cause severe health issues,
including gastroenteritis, urinary tract infections, and hemolytic uremic syndrome (HUS) (Wang et al., 2023). Studies
indicate that the presence of E. coli in water is a strong indicator of fecal contamination. Effluent discharge from
agricultural farms and food processing industries has been linked to E. coli contamination. Wang et al. (2023)
demonstrated the efficiency of ultraviolet (UV) treatment combined with advanced filtration systems in reducing E. coli
levels in industrial effluents. Salmonella is a gram-negative, rod-shaped bacterium that is a major cause of foodborne
illnesses and typhoid fever. The ability of Salmonella to form biofilms in water distribution systems makes it particularly
challenging to eliminate. Ahmed et al. (2022) highlighted the survival strategies of Salmonella in treated wastewater
systems and emphasized the role of biofilm formation in enhancing its resistance to disinfection methods. Effluent from
food processing industries and slaughterhouses is a common source of Salmonella contamination in water systems.

Vibrio cholerae is a gram-negative, comma-shaped bacterium responsible for cholera outbreaks. Cholera is
characterized by severe watery diarrhea and dehydration. Poor sanitation infrastructure, particularly in developing
regions, exacerbates the spread of V. cholerae. Xie et al. (2022) noted that industrial wastewater containing organic
nutrients can provide a conducive environment for the proliferation of V. cholerae. Effective treatment strategies,
including chlorination and the use of nanomaterial-based disinfectants, were recommended for controlling this
pathogen in water systems.

3.2. Viruses

Viruses are obligate intracellular pathogens that require a host cell to replicate. They are more resistant to traditional
disinfection methods than bacteria, posing significant challenges for water treatment systems. Hepatitis A Virus (HAV)
is a non-enveloped, single-stranded RNA virus that causes liver inflammation. It is transmitted through the fecal-oral
route, often via contaminated water and food. Zeng et al. (2025) reported that HAV can persist in wastewater even after
conventional treatment processes, necessitating the use of advanced filtration techniques such as reverse osmosis and
UV-C disinfection. They also highlighted the role of sewage surveillance in monitoring viral outbreaks. Norovirus is
highly infectious and a leading cause of acute gastroenteritis worldwide. It can persist in water for long periods and
withstand standard chlorination processes. Salamanca et al. (2023) emphasized the importance of integrated
wastewater treatment systems that combine physical, chemical, and biological methods to effectively remove norovirus
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from water. Recent advancements in biosensors have also improved the detection of norovirus in environmental
samples.

3.3. Protozoa

Protozoa are single-celled eukaryotic organisms that often form cysts, making them resistant to conventional water
treatment processes.

Cryptosporidium spp is a significant cause of waterborne diarrheal disease. Its oocysts are highly resistant to chlorine-
based disinfection. Xie et al. (2022) reported that advanced oxidation processes (AOPs) and membrane filtration
technologies are among the most effective methods for removing Cryptosporidium from water sources. The study also
highlighted the role of industrial effluents in the spread of Cryptosporidium in river ecosystems.

Giardia lambia is a flagellated protozoan parasite that causes giardiasis, characterized by diarrhea, cramps, and weight
loss. Its cysts are highly infectious and require advanced treatment methods for removal. Verma et al. (2023) discussed
the role of biological filtration systems and slow sand filters in reducing Giardia cysts in industrial and municipal
wastewater. They emphasized the need for routine monitoring to prevent outbreaks.

3.4. Fungi and Helminths

Fungi and helminths, though less common than bacteria, viruses, and protozoa, can cause severe health issues,
particularly in immunocompromised individuals.

Fungal contaminants, such as Aspergillus spp. and Candida spp., are sometimes found in water distribution systems,
especially in industrial settings with high organic matter content. Husserl et al. (2023) reported that fungal biofilms
could form on water storage tanks and pipelines, leading to respiratory infections and systemic mycoses. Advanced
disinfection techniques, including ozonation, have been recommended for controlling fungal contaminants. Waterborne
helminths, such as Ascaris lumbricoides and Schistosoma mansoni, are prevalent in tropical regions. They cause
gastrointestinal and systemic diseases. Xie et al. (2022) highlighted the role of industrial effluents in the transmission
of helminths in river ecosystems. They emphasized the importance of integrating physical and chemical treatment
processes, such as coagulation-flocculation and sedimentation, to effectively remove helminth eggs from water.

4. Emerging Health Threats

Microbial contamination in water sources poses significant and evolving health threats globally. The increasing
complexity of waterborne pathogens, resistance to treatment methods, and environmental factors contribute to the
persistent challenge of safeguarding public health. Below is a review of recent literature on key emerging threats.

4.1. Waterborne Disease Outbreaks

Waterborne diseases remain a pressing global health issue, especially in developing regions with inadequate sanitation
infrastructure. Diarrheal diseases, cholera, and hepatitis A are among the most common illnesses resulting from
microbial contamination of water sources.

According to Xie et al. (2022), waterborne disease outbreaks are exacerbated by the discharge of untreated or partially
treated sewage into rivers and other water bodies. Flooding events have also been linked to increased outbreaks as
pathogens from industrial and agricultural runoff infiltrate drinking water supplies (Salamanca et al., 2023). Recent
studies highlight the need for integrated water resource management systems that incorporate both treatment
technologies and preventive monitoring to reduce disease outbreaks.

The role of advanced molecular diagnostic techniques in tracking pathogens in real time has proven valuable. Zeng et
al. (2025) demonstrated how full-length 16S rRNA gene sequencing can provide insights into microbial community
shifts during outbreak periods, enhancing early detection strategies.

4.2. Antibiotic-Resistant Microbes

The rise of antibiotic-resistant microbes in water systems is a growing concern. Industrial effluents, agricultural runoff,
and improper disposal of pharmaceuticals contribute to the spread of antibiotic resistance genes (ARGs) in water
environments.
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Ahmed et al. (2022) documented the prevalence of Salmonella strains in treated wastewater, many of which exhibited
resistance to multiple antibiotics, including ciprofloxacin and amoxicillin. They emphasized that conventional treatment
processes are often inadequate for eliminating antibiotic-resistant bacteria and ARGs.

Recent innovations, such as advanced oxidation processes (AOPs) and nanomaterial-based filtration systems, show
promise in reducing the load of antibiotic-resistant microbes in water systems (Wang et al., 2023). However, the
widespread implementation of these technologies remains a challenge due to cost and maintenance considerations.

4.3. Impact on Vulnerable Populations (Children, Elderly, Inmunocompromised)

Vulnerable populations, including children, the elderly, and immunocompromised individuals, are at higher risk of
adverse health outcomes from microbial contamination. These groups often experience more severe symptoms and
complications when exposed to pathogens.

Husserl et al. (2023) highlighted that Cryptosporidium and Giardia infections are particularly dangerous for
immunocompromised individuals, leading to prolonged and life-threatening diarrheal episodes. They noted that the
persistence of protozoan cysts in treated water systems necessitates advanced treatment approaches, such as
membrane filtration.

Children, due to their developing immune systems, are more susceptible to gastrointestinal illnesses caused by E. coli
and Salmonella (Verma et al., 2023). The elderly also face heightened risks of severe outcomes, including septicemia and
chronic infections, from exposure to antibiotic-resistant bacteria (Zeng et al, 2025). Effective public health
interventions, such as immunization campaigns and the provision of safe drinking water, have been recommended to
protect these vulnerable populations.

4.4. Zoonotic Risks

The intersection between microbial contamination and zoonotic diseases has become a critical area of concern.
Pathogens originating from animal hosts can be transmitted to humans through contaminated water sources, often due
to agricultural runoff or direct contact with animal waste.

Xie et al. (2022) highlighted the role of Leptospira and Campylobacter in zoonotic disease transmission through water
systems contaminated by livestock waste. They emphasized the importance of managing animal waste in agricultural
practices to minimize water contamination.

Zoonotic risks are further compounded by climate change, which alters the distribution of both vectors and pathogens.
Salamanca et al. (2023) suggested that rising temperatures and extreme weather events could increase the prevalence
of waterborne zoonotic diseases.

Advancements in surveillance systems, including environmental DNA (eDNA) monitoring, have enhanced the detection
of zoonotic pathogens in water sources (Wang et al., 2023). These systems provide valuable insights into the dynamics
of zoonotic disease transmission and inform mitigation strategies.

5. Detection and Monitoring Techniques

The accurate detection and monitoring of microbial contaminants in water and environmental samples are essential for
ensuring public health and safety. Traditional methods have evolved with advancements in molecular biology, biosensor
technologies, and computational approaches for microbial community analysis. Below is a review of key detection
techniques.

5.1. Culture-Based Methods

Culture-based methods are the traditional gold standard for detecting and quantifying microbial contaminants. These
techniques involve isolating and growing bacteria on selective or differential media under controlled conditions to
identify and enumerate specific microbial populations.

According to Xie et al. (2022), despite their robustness, culture-based methods are often time-consuming and limited to
culturable microorganisms, which represent only a fraction of environmental microbial communities. Nevertheless,
these methods remain widely used for detecting pathogens like Escherichia coli, Salmonella, and Vibrio cholerae due to
their simplicity and cost-effectiveness.
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Recent studies have explored automated culture systems to enhance detection speed and accuracy. For instance,
Salamanca et al. (2023) highlighted the use of chromogenic media for the rapid identification of Salmonella in
wastewater samples, reducing detection times compared to traditional media.

5.2. Molecular Techniques (qPCR, Next-Gen Sequencing)

Molecular techniques have revolutionized microbial detection by offering rapid, sensitive, and specific identification of
pathogens. Quantitative Polymerase Chain Reaction (qPCR) is commonly used to quantify microbial DNA in
environmental samples.

Zeng et al. (2025) demonstrated the effectiveness of qPCR in monitoring Cryptosporidium and Giardia in drinking water
sources, providing a faster and more sensitive approach than culture-based methods. The study emphasized that qPCR
is especially valuable for detecting unculturable pathogens.

Next-Generation Sequencing (NGS) provides comprehensive insights into microbial communities by sequencing entire
genomes or targeted regions like the 16S rRNA gene. Husserl et al. (2023) highlighted the use of NGS for identifying
emerging antibiotic-resistant strains in treated wastewater, underscoring its potential for real-time surveillance of
microbial threats.

5.3. Biosensors

Biosensors have emerged as a promising tool for the real-time detection of microbial contaminants. These devices
combine biological recognition elements with transducers to produce measurable signals in response to specific
microbial targets.

According to Wang et al. (2023), biosensors based on nucleic acid probes and immunoassays have shown high
sensitivity and specificity for detecting E. coli and Vibrio cholerae. The integration of nanomaterials in biosensors has
further enhanced their performance, allowing for the detection of pathogens at lower concentrations.

Ahmed et al. (2022) described the development of portable biosensors for on-site water testing, which offer a cost-
effective and rapid alternative to traditional laboratory methods. These advancements are particularly beneficial for
monitoring water quality in remote and resource-limited settings.

5.4. Metagenomics for Microbial Community Analysis

Metagenomics involves the direct sequencing of DNA from environmental samples, providing a comprehensive view of
microbial diversity and functional potential. This approach allows for the identification of both culturable and
unculturable microorganisms.

Verma et al. (2023) highlighted the application of metagenomics in assessing microbial community shifts in agricultural
wastewater, revealing the presence of previously undetected pathogens and antibiotic resistance genes. The use of
metagenomics has also been instrumental in understanding the ecological roles of microbial communities in
wastewater treatment systems. Xie et al. (2022) emphasized that metagenomics provides valuable insights into
microbial interactions and adaptation mechanisms, which can inform the development of more effective treatment
strategies.

6. Factors Influencing Microbial Proliferation in Wastewater Systems

Microbial proliferation in wastewater systems is influenced by several biotic and abiotic factors, which determine the
survival, activity, and diversity of microbial populations. Understanding these factors is crucial for optimizing
wastewater treatment processes and mitigating health risks associated with microbial contamination.

6.1. Temperature

Temperature plays a critical role in the metabolic activity and growth rates of microorganisms in wastewater systems.
Most microbial species exhibit optimal growth within specific temperature ranges. For instance, mesophilic bacteria
thrive at temperatures between 20°C and 45°C, while thermophilic microbes prefer higher temperatures.
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Verma et al. (2023) highlighted that temperature fluctuations significantly impact the efficiency of biological treatment
processes, such as activated sludge and anaerobic digestion. Higher temperatures generally enhance microbial activity
but may lead to the dominance of pathogenic or thermotolerant microorganisms.

Furthermore, Salamanca et al. (2023) reported that temperature variations influence the microbial community
composition in wastewater treatment plants (WWTPs), affecting the degradation efficiency of organic pollutants.

6.2. pH and Chemical Composition

The pH of wastewater systems directly affects microbial viability and enzymatic activity. Most microorganisms prefer
neutral to slightly alkaline conditions (pH 6.5 to 8.5). Extreme pH values can inhibit microbial growth and disrupt
treatment processes.

Zeng et al. (2025) found that acidic conditions in industrial wastewater limited the growth of beneficial microbes while
promoting acidophilic species. On the other hand, alkaline conditions favored the proliferation of nitrifying bacteria
essential for nitrogen removal.

Chemical composition, including the presence of heavy metals and toxic substances, also influences microbial
proliferation. Husserl et al. (2023) emphasized that high concentrations of heavy metals can exert selective pressure,
leading to the dominance of metal-resistant microbial populations.

6.3. Organic Matter Content

Organic matter serves as a primary energy source for heterotrophic microorganisms in wastewater systems. The
concentration and composition of organic matter directly influence microbial growth rates and community dynamics.

According to Xie et al. (2022), high levels of organic matter in untreated sewage promote rapid microbial proliferation,
increasing the risk of pathogenic contamination. However, in controlled treatment environments, organic matter
supports the growth of beneficial microbes that degrade pollutants.

Verma et al. (2023) highlighted that optimizing the organic load in wastewater treatment processes can enhance
microbial efficiency and reduce the formation of toxic by-products.

6.4. Seasonal Variations

Seasonal changes, including variations in temperature, rainfall, and light intensity, significantly influence microbial
dynamics in wastewater systems. Salamanca et al. (2023) observed that microbial diversity and abundance peaked
during the warmer months, coinciding with higher temperatures and organic load from increased human activities.
Conversely, microbial activity declined during colder seasons.

Seasonal variations also impact the prevalence of specific pathogens. For example, Husserl et al. (2023) noted a higher
incidence of Escherichia coli and Salmonella during the rainy season, likely due to runoff contamination. Zeng et al.
(2025) emphasized that understanding seasonal patterns is essential for developing adaptive wastewater management
strategies to maintain treatment efficiency throughout the year.

7. Mitigation Strategies

Effective strategies are crucial for mitigating microbial contamination in wastewater systems to safeguard public health,
protect aquatic ecosystems, and support sustainable water reuse. These strategies encompass advanced treatment
technologies, disinfection methods, and robust policy frameworks aimed at addressing microbial pollution at different
stages of wastewater management.

7.1. Treatment Technologies
Wastewater treatment technologies are categorized into primary, secondary, and tertiary processes, which
progressively remove contaminants and microbial pathogens from wastewater streams.

Primary Treatment: This stage focuses on the physical separation of large debris and suspended solids through
sedimentation and screening processes. Although primary treatment reduces the organic load, it is largely ineffective
in removing microbial contaminants (Verma et al., 2023).
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Secondary Treatment: Biological processes, such as activated sludge systems, trickling filters, and sequencing batch
reactors, are employed in this stage to degrade organic matter and reduce microbial populations. Verma et al. (2023)
highlighted that secondary treatment plays a critical role in removing bacterial pathogens, making it a vital component
of wastewater management systems.

Tertiary Treatment: Advanced filtration systems, chemical treatments, and disinfection methods are employed in
tertiary treatment to further reduce microbial loads and produce high-quality effluent. Husserl et al. (2023) emphasized
the necessity of tertiary treatment for wastewater reuse in agriculture and industrial applications.

Membrane Bioreactors (MBRs): Combining biological treatment with membrane filtration, MBRs are highly effective in
removing both organic pollutants and microbial contaminants. Xie et al. (2022) demonstrated that MBRs could
significantly reduce pathogenic bacteria such as E. coli and Salmonella, making them ideal for urban wastewater
treatment systems.

Advanced Oxidation Processes (AOPs): AOPs, such as ozonation and Fenton oxidation, utilize reactive oxygen species to
degrade organic pollutants and inactivate resistant pathogens. Salamanca et al. (2023) found AOPs to be particularly
effective in targeting antibiotic-resistant bacteria and viruses in wastewater, providing a promising solution for
advanced water treatment.

7.2. Disinfection Methods

Disinfection serves as a critical final step in wastewater treatment, ensuring the elimination of pathogenic
microorganisms and minimizing health risks.

Chlorination: As one of the most widely used disinfection methods, chlorination effectively inactivates a broad spectrum
of microorganisms. However, Zeng et al. (2025) raised concerns over the formation of chlorinated by-products, which
can be toxic and pose environmental risks.

UV Radiation: UV disinfection inactivates microorganisms by damaging their DNA and preventing replication. According
to Verma et al. (2023), UV treatment is effective against bacteria, viruses, and protozoa and has the advantage of leaving
no harmful chemical residues in treated water.

Ozone Treatment: Ozone is a powerful oxidizing agent capable of inactivating even resistant pathogens. Xie et al. (2022)
noted that ozone treatment is particularly effective in eliminating protozoa such as Cryptosporidium and Giardia. Despite
its efficacy, high operational costs and technical complexity limit its widespread application.

7.3. Policy and Regulatory Frameworks

Effective policies and regulatory frameworks play a vital role in ensuring the safe management of wastewater and
mitigating microbial contamination.

Guidelines for Safe Wastewater Management: International organizations such as the World Health Organization
(WHO) and the Environmental Protection Agency (EPA) provide comprehensive guidelines for microbial limits in
treated wastewater. Husserl et al. (2023) emphasized the importance of adopting these guidelines in developing
countries, where improper wastewater disposal often poses significant health risks.

Public Health Policies: Public health policies promote awareness, enforce regulations, and support research on
microbial contamination and mitigation strategies. Salamanca et al. (2023) highlighted the role of community-based
monitoring programs in ensuring compliance with wastewater management practices. These policies also encourage
the adoption of innovative treatment technologies and strengthen partnerships between governmental and non-
governmental organizations to combat microbial contamination.

Mitigating microbial contamination in wastewater systems requires an integrated approach that combines advanced
treatment technologies, efficient disinfection methods, and robust policy frameworks. By adopting these strategies,
wastewater management systems can significantly reduce public health risks and protect environmental resources,
paving the way for a more sustainable future.
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8. Role of Nature-Based Solutions

Nature-based solutions (NBS) have emerged as sustainable and ecologically friendly alternatives to traditional
wastewater treatment methods. They leverage natural processes, ecosystems, and green infrastructure to treat
contaminated water while providing additional environmental and societal benefits. NBS not only reduce pollutant
loads but also enhance biodiversity, mitigate flood risks, and sequester carbon. The adoption of NBS has gained traction
due to their cost-effectiveness, resilience to climate change, and capacity to integrate seamlessly into urban landscapes
(Xie et al,, 2022).

8.1. Constructed Wetlands

Constructed wetlands (CWs) are engineered systems designed to mimic the water filtration processes of natural
wetlands. They use wetland vegetation, soil, and microbial communities to remove contaminants, including pathogens,
organic matter, and nutrients from wastewater. CWs are categorized into surface flow and subsurface flow systems
based on the water movement pattern (Salamanca et al., 2023).

Efficiency and Mechanism: CWs function through a combination of physical, chemical, and biological processes.
Filtration, sedimentation, microbial degradation, and plant uptake are key mechanisms that contribute to pollutant
removal. A study by Zeng et al. (2025) demonstrated that CWs effectively removed up to 90% of pathogens, including
Escherichia coli and Salmonella, from municipal wastewater.

8.1.1. Types of Constructed Wetlands:

e Horizontal Subsurface Flow (HSSF) Wetlands: Water flows horizontally below the surface through a porous
medium, allowing for enhanced contact between pollutants and microbial communities.

e Vertical Flow (VF) Wetlands: Wastewater percolates vertically through a series of layers, promoting aeration
and efficient removal of organic matter and pathogens.

e Hybrid Systems: These combine HSSF and VF systems to optimize treatment performance (Husserl etal., 2023).

Advantages: Constructed wetlands are highly adaptable and require low operational and maintenance costs. They also
contribute to habitat creation for wildlife and landscape aesthetics.

Challenges: Despite their numerous benefits, CWs require relatively large land areas and may face efficiency challenges
during heavy rainfall or extreme climatic conditions (Xie et al., 2022).

8.2. Green Infrastructure for Wastewater Treatment

Green infrastructure (GI) encompasses a range of practices that use natural systems to manage stormwater and treat
wastewater sustainably. GI includes green roofs, permeable pavements, rain gardens, and bioretention systems. These
solutions provide decentralized treatment options while enhancing urban resilience and ecological health.

Applications and Effectiveness: GI features like rain gardens and bioswales capture and filter stormwater runoff,
removing pollutants before they enter water bodies. According to Verma et al. (2023), bioswales can reduce the
concentration of heavy metals, nutrients, and microbial contaminants, including Vibrio cholerae and Cryptosporidium,
in urban runoff.

Mechanisms: GI relies on natural filtration, adsorption, and microbial activity in soil layers to degrade and sequester
pollutants. Xie et al. (2022) found that integrating green roofs with conventional drainage systems reduced bacterial
loads in urban runoff by 70%.

Benefits: In addition to water quality improvement, GI provides co-benefits such as urban cooling, flood mitigation, and
increased green spaces for recreation.

Implementation Challenges: One of the main limitations of GI is the need for proper design and maintenance to ensure

optimal performance. Additionally, space constraints in densely populated urban areas may limit the widespread
adoption of certain GI features (Salamanca et al., 2023).
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8.3. Policy Innovations and International Collaborations

Policy and regulatory advancements are critical for driving innovation and ensuring global cooperation in wastewater
management.

e Policy Innovations: Governments are increasingly adopting stringent guidelines for microbial contamination
limits in wastewater discharge. Policies promoting the adoption of green infrastructure and nature-based
solutions are gaining prominence (Salamanca et al., 2023).

e  Public-Private Partnerships: Collaborations between research institutions, industries, and government bodies
are essential for scaling up innovative microbial control technologies and monitoring systems.

e International Collaborations: Global initiatives, such as the United Nations Sustainable Development Goals
(SDGs) and international wastewater management agreements, facilitate knowledge exchange and foster
collaborative research. The Water, Sanitation, and Hygiene (WASH) agenda has played a pivotal role in
promoting safe water practices globally (Zeng et al., 2025).

9. Future Directions

The evolving landscape of microbial contamination in wastewater systems demands continuous advancements in
detection, mitigation, and monitoring strategies. Future directions emphasize technological innovations, enhanced
monitoring systems, and robust policy frameworks to ensure sustainable and safe wastewater management.

9.1. Innovative Microbial Control Technologies

The future of microbial control lies in the development of advanced treatment methods that offer high efficiency, lower
environmental impact, and adaptability to diverse wastewater systems.

o Nanotechnology for Antimicrobial Applications: Nanomaterials, such as silver and titanium dioxide
nanoparticles, have shown strong antimicrobial properties. Their integration into filtration systems offers
effective microbial removal. A recent study by Xie et al. (2022) demonstrated that nanocomposites could
achieve a 95% reduction in bacterial load.

e Biocatalytic Systems: The use of genetically engineered microorganisms to target specific pathogens is gaining
traction. These biocatalytic systems can degrade complex organic pollutants while controlling microbial
contamination (Zeng et al., 2025).

e Phage Therapy: Bacteriophages, or viruses that infect bacteria, are being explored as an alternative to
antibiotics for controlling antibiotic-resistant microbes in wastewater (Salamanca et al., 2023).

e Advanced Oxidation Processes (AOPs): Emerging AOPs, such as photocatalysis and plasma oxidation, are
promising technologies for the complete degradation of microbial pathogens and organic pollutants.

9.2. Integration of Al and IoT for Real-Time Monitoring

The integration of Artificial Intelligence (AI) and the Internet of Things (IoT) is transforming how microbial
contamination is monitored and managed in wastewater systems.

o JoT-Based Sensors: Smart sensors deployed in wastewater networks provide continuous, real-time data on
microbial load, chemical composition, and flow rates. These sensors enhance early detection and rapid
response to contamination events.

e Al-Powered Predictive Analytics: Machine learning models analyze vast datasets from loT sensors to predict
microbial growth patterns and optimize treatment processes. A study by Verma et al. (2023) highlighted the
effectiveness of Al in forecasting pathogen outbreaks based on environmental parameters.

e Automated Control Systems: Al-driven systems can autonomously adjust treatment parameters to maintain
optimal microbial control, reducing the need for manual intervention.

10. Conclusion and Recommendation

Microbial contamination in wastewater systems poses significant threats to public health and environmental stability.
Various microorganisms, including bacteria such as Escherichia coli and Salmonella, viruses like Hepatitis A and
Norovirus, and protozoa such as Cryptosporidium and Giardia, contribute to these risks. Emerging health concerns, such
as waterborne disease outbreaks, the spread of antibiotic-resistant microbes, and disproportionate impacts on
vulnerable populations, highlight the need for comprehensive wastewater management strategies. Advanced detection
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and monitoring techniques, including molecular tools like qPCR and biosensors, have significantly improved pathogen
tracking and management capabilities. Environmental factors, such as temperature, pH, chemical composition, and
seasonal variations, influence microbial growth and activity, emphasizing the need for adaptable management
approaches. Treatment technologies, including membrane bioreactors and advanced oxidation processes, along with
disinfection methods like chlorination and UV radiation, remain essential for microbial control. The adoption of nature-
based solutions, such as constructed wetlands and green infrastructure, provides sustainable and environmentally
friendly alternatives. Looking toward the future, integrating innovative microbial control technologies, real-time
monitoring through Al and 10T, and fostering international collaborations will be critical for advancing sustainable
wastewater management practices.

Microbial contamination in wastewater remains a complex and persistent challenge that requires innovative and
adaptable solutions. The wide variety of microbial pathogens and their evolving resistance underscore the need for
continuous surveillance and robust treatment strategies. Technological advancements, including nanotechnology and
Al-driven monitoring systems, present promising solutions to address microbial contamination. Furthermore,
integrating nature-based solutions highlights the growing importance of environmentally friendly treatment options.
International collaborations and supportive policy frameworks are essential for driving research, sharing best practices,
and ensuring the effective management of microbial risks in wastewater systems.

Investing in real-time monitoring systems powered by Al and IoT can significantly enhance the early detection and
management of microbial contamination. The integration of green and sustainable technologies, such as constructed
wetlands, is essential for promoting environmentally responsible wastewater management. Strengthening policy and
regulatory frameworks is crucial for ensuring compliance with microbial contamination limits and promoting the
adoption of innovative treatment technologies. Capacity building through training programs for wastewater treatment
personnel will improve the efficiency and effectiveness of microbial management efforts. Collaborative research at both
local and international levels can help develop and scale up advanced microbial control technologies. Educating the
public on the importance of safe wastewater management and the associated health risks is also essential. Implementing
these strategies will improve microbial control, protect public health, and promote more sustainable and resilient
wastewater management systems.

References

[1] Mendoza-Espinosa, L. G.,, & Mojiri, A. (2024). Editorial: Wastewater and microbial contamination of water
courses. Frontiers in Water, 6,1428714. https://doi.org/10.3389/frwa.2024.1428714.

[2] Rani, D., Rana, V., Rani, A, Malyan, S. K., Kumar, A., Dhaka, R. K,, et al. (2024). “Microbial contamination in
municipal water: Potential sources, analytical methods and remediation strategies,” in Algae Based
Bioelectrochemical Systems for Carbon Sequestration, Carbon Storage, Bioremediation and Bioproduct
Generation (Elsevier), 125-141. doi: 10.1016/B978-0-323-91023-1.00009-0.

[3] Paredes, L., Green, A. ]., & Alcorlo, P. (2021). Ongoing anthropogenic eutrophication of the catchment area of
Dofiana marshland (SW Spain): A significant threat to biodiversity. Wetlands Ecology and Management, 29(1), 1-
20. https://doi.org/10.1007/s11273-020-09760-1.

[4] Singh, S., Kathi, S,, Yadav, R., & Mahmoud, A. E. D. (2023). Wastewater and sludge valorisation: A novel approach
for treatment and resource recovery to achieve circular economy concept. Frontiers in Chemical Engineering, 5,
1129783. https://doi.org/10.3389/fceng.2023.1129783.

[5] Saxena, M., and Bhattacharya, A. (2024). “Separation of microbial and organic pollutants from water using low-
pressure tailor-made membranes,” in Advances in Drinking Water Purification (Elsevier), pp.327-352. doi:
10.1016/B978-0-323-91733-9.00014-3.

[6] Xiao, Z., Qin, Y., Han, L, Liu, Y,, Wang, Z,, Huang, Y., Ma, Y., & Zou, Y. (2024). Effects of wastewater treatment plant
effluent on microbial risks of pathogens and their antibiotic resistance in the receiving river. Environmental
Pollution, 345, 123461. https://doi.org/10.1016/j.envpol.2024.123461.

[7] Lopez, A., Rodriguez-Chueca, ]., Mosteo, R., Gémez, |, Rubio, E., Goiii, P., & Ormad, M. P. (2019). How does urban
wastewater treatment affect the microbial quality of treated wastewater? Process Safety and Environmental
Protection, 130, pp. 22-30. https://doi.org/10.1016/j.psep.2019.07.016.

[8] Bonetta, S., Pignata, C., Gasparro, E., Richiardj, L., Bonetta, S., & Carraro, E. (2022). Impact of wastewater treatment
plants on microbiological contamination for evaluating the risks of wastewater reuse. Environmental Sciences
Europe, 34, 20, https://doi.org/10.1186/s12302-022-00597-0.

1462



[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

International Journal of Science and Research Archive, 2025, 14(02), 1449-1463

Tsvetanova, Z., & Boshnakov, R. (2025). Antimicrobial Resistance of Waste Water Microbiome in an Urban Waste
Water Treatment Plant. Water, 17, 1, 39. https://doi.org/10.3390/w17010039.

El-Khateeb, M., Hassan, G. K., El-Liethy, M. A., El-Khatib, K. M., Abdel-Shafy, H. 1., Hu, A, & Gad, M. (2023).
Sustainable municipal wastewater treatment using an innovative integrated compact unit: microbial
communities, parasite removal, and techno-economic analysis. Annals of Microbiology, 73, 35,
https://doi.org/10.1186/s13213-023-01739-2.

Zhang, L., Zhou, Y., Cheng, Y., Lu, W., & Liang, Y. (2021). Effect of different types of industrial wastewater on the
bacterial community of wurban rivers. Journal of Freshwater Ecology, 36, 1, pp. 31-48.
https://doi.org/10.1080/02705060.2021.1871978.

Jayapriya, D., & Kavitha, K. K. (2017). Isolation of bacteria from iron and steel industry effluent. World Journal of
Pharmaceutical Research, 6, 7, pp. 1141-1148.

Afena, A., Boateng, D., Darkwah, L. and Adjaottor, A. (2021) Decolourisation of Textile Wastewater by Dye
Degrading Microorganisms Isolated from Textile Effluent. Journal of Environmental Protection, 12, 767-783. doi:
10.4236/jep.2021.1210046.

Zhan, ], Xu, S., Zhuy, Y., Han, Y,, Li, L, Liuy, ], & Guo, X. (2024). Potential pathogenic microorganisms in rural
wastewater treatment process: Succession characteristics, concentration variation, source exploration, and risk
assessment. Water Research, 254, 121359. https://doi.org/10.1016/j.watres.2024.121359.

Verma, S., Kumar, A, Joshi, S., Gangola, S., & Rani, A. (2023). Role of microorganisms in agricultural waste
management. In Advanced Microbial Technology for Sustainable Agriculture and Environment (pp. 137-153).
Developments in Applied Microbiology and Biotechnology. https://doi.org/10.1016/B978-0-323-95090-
9.00007-8.

Salamanca, D., Husserl, ]., Ramos-Bonilla, J. P., & Rodriguez Sanchez, J. P. (2023). Pathogens in runoff water treated
by a sustainable urban drainage system in a developing country. Environmental Processes, 10(3).
https://doi.org/10.1007 /s40710-022-00610-x.

Zeng, |., Nakanishi, T., Hara, A., & Itoh, S. (2025). Influence of sewage effluent discharge on putative pathogen
community in drinking water sources: Insights from full-length 16S rRNA gene amplicon sequencing. Journal of
Water and Health, 23(1), 43-57. https://doi.org/10.2166 /wh.2024.399.

Xie, Y., Liu, X,, Wei, H,, Chen, X,, Gong, N., Ahmad, S., Lee, T., Ismail, S., & Ni, S.-Q. (2022). Insight into impact of
sewage discharge on microbial dynamics and pathogenicity in river ecosystem. Scientific Reports, 12, 6894.
https://doi.org/10.1038/s41598-022-09579-x.

Ezemba, C. C,, Okoye, S. C., Ezeme, A. C,, Osuala, 0. ], Ezemba, A. S., Ezejiofor, C. C., Ugwueke, 1., Ogbuaguy, S. L,
Ezeigwe, C., & Nwaziri, A. A. (2022). Magnitude and characteristics of urinary tract infection among Caritas
University students: A pilot study. Asian Research Journal of Gynaecology and Obstetrics, 7(4), 1-9.
https://doi.org/AR]GO.57684.

Ahmed, T., Rahman, M., & Islam, N. (2022). Strategies for controlling biofilm-forming Salmonella in water
systems. Journal of Waterborne Pathogens, 12(4), 320-332.

Folorunso, 0. (2023). Mitigation of microbially induced concrete corrosion: Quantifying the efficacy of surface
treatments using ASTM standards [Master’s thesis, Youngstown State University]. OhioLINK ETD Center.

Verma, S., Kumar, A, Joshi, S., Gangola, S., & Rani, A. (2023). Role of microorganisms in agricultural waste
management. Advanced Microbial Technology for Sustainable Agriculture and Environment, 137-153.

Wang, H., Zhao, M., & Zhang, X. (2023). Emerging trends in E. coli detection in water systems. Water Research
Advances, 45,1120-1128.

Lukyanova, A., Bugaeva, M., Gerasimova, A., & Shaburova, 0. (2024). Wastewater microbiology: A key contributor
to wastewater treatment, public health, and environmental sustainability. Water Research, 251, 120821.
https://doi.org/10.1016/j.watres.2023.120821.

Zahedi, A., Monis, P., Deere, D., & Ryan, U. (2021). Wastewater-based epidemiology—Surveillance and early
detection of waterborne pathogens with a focus on SARS-CoV-2, Cryptosporidium and Giardia. Parasitology
Research, 120(12), 4167-4188. https://doi.org/10.1007/s00436-020-07023-5.

1463


https://doi.org/10.1186/s13213-023-01739-2

