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ARTICLE INFO ABSTRACT

Keywords: A focus on water quality has intensified globally, considering its critical role in sustaining life and
Infectious disease o ecosystems. Wastewater, reflecting societal development, profoundly impacts public health.
Wastewater-based epidemiology Wastewater-based epidemiology (WBE) has emerged as a surveillance tool for detecting outbreaks

Public health
Surveillance tool
Sewage

Virus

early, monitoring infectious disease trends, and providing real-time insights, particularly in
vulnerable communities. WBE aids in tracking pathogens, including viruses, in sewage, offering a
comprehensive understanding of community health and lifestyle habits. With the rise in global
COVID-19 cases, WBE has gained prominence, aiding in monitoring SARS-CoV-2 levels world-
wide. Despite advancements in water treatment, poorly treated wastewater discharge remains a
threat, amplifying the spread of water-, sanitation-, and hygiene (WaSH)-related diseases. WBE,
serving as complementary surveillance, is pivotal for monitoring community-level viral in-
fections. However, there is untapped potential for WBE to expand its role in public health sur-
veillance. This review emphasizes the importance of WBE in understanding the link between viral
surveillance in wastewater and public health, highlighting the need for its further integration into
public health management.
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Abbreviations

ACE2 angiotensin-converting enzyme 2

HAV hepatitis A

HEV hepatitis E

hAdV human adenovirus

MCTI Ministry of Science, Technology, and Innovation
MPXV  monkeypox virus

NWSS  National Wastewater Surveillance System

NPSs new psychoactive substance

NoV noroviruses

NSAIDs nonsteroidal anti-inflammatory drugs

PEG polyethylene glycol

PHEIC  Public Health Emergency of International Concern
qnrS quinolone antibiotic resistance gene

SWEEP  Surveillance of Wastewater for Early Epidemic Prediction
WaSH  water-, sanitation-, and hygiene

WBE Wastewater-based epidemiology

WWTP  wastewater treatment plant (WWTP)

1. Introduction

Public attention and concern for the environment has become increasingly prominent in recent years, particularly in relation to
water resources, emerging as a significant societal issue [1]. The proportion of the population with access to safely managed sanitation
increased from 47 % to 54 % between 2015 and 2020, despite the global recognition of efforts to improve drinking water facilities [2].
However, current estimates suggest that over 2 billion people lack improved water sources, and more than 3.5 billion lack access to
proper sanitation [3]. Socioeconomic and environmental factors exacerbate this crisis, contributing to the degradation of water and
sanitation infrastructure, especially in developing regions, exposing billions to water, sanitation, and hygiene (WaSH)-related diseases
[4].

The discharge of untreated wastewater in urban areas presents a significant challenge. According to UN-Water, in poor urban
regions, a substantial amount of wastewater is released directly into nearby drainage channels or water bodies without any treatment.
This unprocessed effluent contains household waste, human excrement, hazardous chemicals, and medical refuse, leading to envi-
ronmental contamination, particularly in densely populated residential zones [5]. While access to safe drinking water, sanitation, and
hygiene is vital for improving living standards, it also plays a crucial role in safeguarding both public health and the environment [6].
As countries strive to enhance their sanitation coverage, it is imperative that they minimize the release of untreated sewage into the
environment by harnessing the energy and nutrients contained within it [6].

Water, despite being a recyclable resource, requires effective management to ensure a secure supply and prevent the spread of
pathogenic organisms and contaminants [7]. While advancements in water treatment processes have led to a substantial decrease in
the occurrence of waterborne diseases [8], the discharge of untreated or poorly treated wastewater into water bodies remains a threat
to both water quality and availability, increasing the potential for the spread of pathogens [4,9].

In this context, Wastewater-Based Epidemiology (WBE) serves as a complementary surveillance tool, particularly for monitoring
community-level infectious diseases caused by viruses and other microorganisms [10]. WBE serves as a valuable tool for the timely
identification of potential outbreaks, monitoring temporal and geographical trends in infectious diseases, gathering comprehensive
epidemiological data in specific regions, especially within socially vulnerable areas, and providing real-time insights into the situation
[11]. It is distinguished by its heterogeneous composition of biological materials, including wound materials and various bodily fluids,
such as respiratory and nasal secretions, saliva, urine, feces, and semen from infected individuals (symptomatic, asymptomatic,
presymptomatic, and postsymptomatic) [12].

Conventional public health surveillance strategies rely on the confirmation of suspected cases through clinical, epidemiological, or
laboratory outcomes, which limits the identification of asymptomatic and presymptomatic individuals [10]. Conversely, WBE provides
a methodology to analyze the composition, detect waste, and quantify pathogens in wastewater [13]. Initially, utilized for poliovirus
surveillance [14] and detection of illicit drugs and various chemicals [15], researchers have since applied WBE to screen a wide range
of microorganisms, further expanding its scope during the COVID-19 pandemic [16].

WBE facilitates a real-time assessment of community health status, exposure levels to different substances and microorganisms, and
tracking of pathogen sources by tracing pipelines and delimiting geographic areas [17]. Additionally [18],it is a valuable tool for
issuing early warnings about infectious disease outbreaks through wastewater monitoring, providing epidemiological data for precise
interventions by governments and health entities [17].

Despite its advantages, WBE encounters obstacles such as legal constraints [19], technical adjustments [20], and data variation due
to multiple factors (e.g., rainfall [21], age [22], infection prevalence [23], and waste discharge [24]). Therefore, further under-
standing, refinement, and global collaboration are essential to advance the technical processes involved in WBE [18].
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Policy and regulatory frameworks are crucial for effective WBE programs for infectious disease surveillance [25,26]. The U.S.
National Wastewater Surveillance System (NWSS) exemplifies growing recognition of wastewater monitoring’s importance [27].
Collaboration between federal agencies and global initiatives like Surveillance of Wastewater for Early Epidemic Prediction (SWEEP)
enhances outbreak resilience [28]. Despite WBE’s promise, ethical guidelines are lacking, emphasizing the need for considerations like
privacy protection and responsible data use.

This literature review aims to explore the current state of wastewater monitoring for viral pathogens, highlighting its benefits,
challenges, and applications as a public health tool.

2. Water quality

Sewer networks (SNs), also known as wastewater networks, constitute a fundamental component of urban infrastructure, serving as
conduits for wastewater and stormwater to wastewater treatment plants (WWTPs) for processing or disposal [29]. These networks play
a pivotal role in safeguarding public health and safety, preserving the urban water environment, mitigating the risk of waterborne
diseases, and averting urban floods [30]. However, the efficacy of SNs is increasingly being challenged by a myriad of factors such as
population expansion, climate variations, alterations in pollutant discharge patterns, and evolving human activities [29,31,32].

The ramifications of these challenges on water quality are significant, as underscored by the outbreaks of infectious diseases linked
to extreme weather events, often exacerbated by compromised drinking water supplies and deficiencies in water supply and sanitation
[33,34]. The World Health Organization (WHO) estimates a substantial toll on human lives due to diarrheal diseases attributable to
inadequate water, sanitation, and hygiene (WaSH) practices, particularly in low- and middle-income countries [35,36].

Understanding the intricate interplay between climate change and water quality is paramount. Long-term shifts in temperature,
precipitation patterns, and sea levels can exert profound stressors on water resources, thereby affecting availability and quality [34].
Furthermore, warmer ambient temperatures can influence the survival and proliferation of pathogens in water sources, with

Table 1
Examples of potential human biomarkers from public exposure and lifestyle for public health monitoring through WBE.

Biomarkers Type Description Sample References

Public exposure biomarkers

Triazines Chemicals Pesticides Urine [54-56]
Pyrethroids [54-56]
Organophosphates [54-56]
Phosphorous flame retardants and Industrial chemicals commonly used [57]
plasticizers in consumer goods
Bisphenol A Industrial chemical commonly used [58]
in plastics
N,N-dietil-meta-toluamida Chemical compound present in [60]
insect repellent
Enteroviruses Pathogens Nonenveloped pathogenic virus Wound materials, respiratory and nasal [73]
Norovirus secretions, saliva, urine, feces, and semen [74,75]
SARS-CoV-2 Enveloped pathogenic virus [78]
Monkeypox [76,77]1
Cryptosporidium Enteric protozoan parasites Feces [79]
Giardia
Candida auris Opportunistic fungal pathogen Skin, wounds, blood, sputum, urine and feces [80]
Campylobacter jejuni Pathogen causing bacterial Feces [81]
Campylobacter coli gastroenteritis
Phages of Vibrio cholerae O1 and 0139 Vibrio cholerae phages Feces [82]
CrAssphage Cross-assembly phage [83,84]
Lifestyle Biomarkers
Paracetamol Medications Pain and fever medication Urine [60]
Allopurinol Preventive medication [61]
Ketoprofen NSAIDs/Analgesic (nonopioid) [59,60]
Ibuprofen Urine/feces [59]
Quinolonas and gnrS Antibiotic class and antibiotic [66,671
resistance gene
Caffeine Drugs Psychoactive drug Urine [60,62]
Alcohol Recreational substance Urine [62-65]
Nicotine Stimulant found in tobacco Urine [62-65]
Cocaine Illicit drugs Urine [53,71,
72]
Metafetamina [71,72]
3,4-metilenodioximetanfetamina
(ecstasy)
Mephedrone NPSs derived from methcathinone [68,69]
Methylone
1,4-methylimidazoleacetic acid Metabolites Metabolite of histamine turnover Urine [46]
8-iso-prostaglandin F2« Lipid membrane product [70]

qnrS: quinolone antibiotic resistance gene; NSAIDs: nonsteroidal anti-inflammatory drugs; NPSs: new psychoactive substance.
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implications for public health [37,38].

Addressing these challenges necessitates concerted efforts in wastewater management and treatment. Sustainable Development
Goal (SDG) target 6.3 emphasizes the imperative of reducing the proportion of untreated wastewater discharged into the environment
by 2030, aiming at improving ambient water quality [39]. Effective wastewater management practices are pivotal in curbing water
pollution, given the significant contribution of inadequately treated wastewater to environmental degradation [40].

Wastewater treatment plants (WWTPs) emerge as pivotal players in mitigating water environmental pollution arising from direct
wastewater discharge [41]. However, discharges from various sources, including domestic households, municipalities, and industrial
activities, underscore the persistent challenge of wastewater pollution, necessitating comprehensive treatment measures [42].

3. Wastewater-based epidemiology (WBE)

Integral components of public health involve interventions aimed at safeguarding societal well-being [43]. Infectious disease
surveillance utilizes techniques such as sentinel surveillance, clinical-based surveillance, questionnaires or surveys, hospital admission
data and mortality and morbidity rates [44]. However, bias, long execution time, resource insensitivity, ethical issues, and excessive
cost hinder these methods [17,45]. Moreover, data collection may be limited to only symptomatic patients seeking clinical care,
resulting in underreporting and delayed outbreak identification [16]. In this context, population testing needs to be more strategic and
targeted.

Wastewater acts as a collective fingerprint, reflecting population habits and health [46]. Biomarkers from human excretions,
including metabolites, endogenous chemical substances, and pathogenic microorganisms, can provide data [17]. Consequently,
wastewater has demonstrated its potential as a tool for monitoring human behavior and health [47]. This practice, known as
Wastewater-Based Epidemiology (WBE), involves the sampling, concentration, and systematic analysis of wastewater markers,
enabling the provision of population-scale information regarding activity and exposure in each sewage system-connected area [48].

WBE’s origins date back to the early 20th century, with applications in monitoring typhoid fever in the 1920s [49,50] and
poliovirus in the 1930s and 1980s [14,51]. It was formally introduced in 2001 [52] and later used for monitoring illicit drugs [53].
Since then, WBE has been utilized to assess various indicators (Table 1), such as (1) public exposure products such as pesticides
[54-56], industrial chemicals [57,58] and pharmaceutical products [59-61] and (2) lifestyle products such as caffeine, alcohol, and
tobacco [60,62-65], antibiotics and corresponding resistance genes [66,67], new psychoactive substances [68,69], stress biomarkers
[46,70], illicit drugs [71,72], and infectious disease agents, including viruses [73-78] and protozoa [79].

The effectiveness and potential of WBE, particularly for viral infectious agents, stem from the widespread presence and resilience of
viruses in both untreated and treated wastewater, as well as in receiving water bodies, reflecting the population’s infection pattern [85,
86]. During the global polio eradication program, this method was utilized not only to assess polio circulation in the population but
also to evaluate poliovirus immunization [87,88]. Moreover, it facilitated the prediction of hepatitis A and norovirus outbreaks [74].

The unprecedented crisis caused by the COVID-19 pandemic emphasized the necessity for a comprehensive surveillance tool
capable of quickly and economically monitoring population dynamics for health professionals [44]. Building on its success in
monitoring enteric viruses [74,87,88], WBE was adopted as a supplementary monitoring tool for COVID-19, overcoming logistical and
cost challenges associated with traditional surveillance systems [18,89] and revolutionizing the public health landscape.

Currently, more than 4600 sites across 72 countries have implemented WBE for COVID-19 screening (“COVID-19 WBE Collabo-
rative Dashboard,” 2023). This tool has the potential to aid in government policy decision-making before viral transmission or out-
breaks, thanks to its predictive capabilities [17,90]. This approach has also demonstrated its value in underdeveloped countries, such
as Brazil, which encounter challenges in implementing traditional surveillance systems due to difficulties in conducting widespread
testing and subsequent underreporting of cases [91]. Through WBE, viral shedding from asymptomatic patients, who naturally
contribute to the spread of COVID-19 [92] and are typically not covered by syndromic surveillance, were also detectable [93].
Moreover, owing to its adaptability, the surveillance infrastructure can be swiftly redirected to new and emerging targets [44], as
observed in the California monitoring network (USA), where wastewater underwent routine testing for SARS-CoV-2 and other viruses,
demonstrating its potential for Monkeypox surveillance as well [76].

Despite its various applications and benefits, the global adoption of this tool is limited to regions with centralized sewage collection
and treatment infrastructure [47]. With approximately 3.5 billion people lacking access to safe sanitation services and 419 million
individuals worldwide practicing open defecation [94], the existence of inadequate sanitation systems renders certain populations
susceptible to infectious disease transmission and complicates their detection and monitoring through WBE due to the absence of
accessible composted human waste [18].

Nonetheless, South Africa, with only 57 % of the population having access to a sewage system [47], has implemented a national
wastewater surveillance system for SARS-CoV-2 that is currently operational (https://www.nicd.ac.za/diseases-a-z-index/disease-
index-covid-19/surveillance-reports/weekly-reports/wastewater-based-epidemiology-for-sars-cov-2-in-south-africa/). However,
most WBE studies primarily focus on economically favorable countries or those with adequate or moderate sewage infrastructure [95,
96].

4. Viruses in wastewater
A wastewater treatment plant (WWTP) is a facility that employs a combination of various processes (e.g., physical, chemical, and

biological) to treat incoming wastewater, eliminating pollutants [97]. Currently, there are 109,159 identified WWTPs worldwide,
located in 129 countries (67 % of the world’s countries), receiving substantial amounts of wastewater daily, laden with biomarkers
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[47]. These biomarkers include a variety of microorganisms and/or their RNA/DNA residues, particularly enteric pathogens, providing
insights into the occurrence of infectious diseases in a local catchment area [13,44]. Among these are various viruses frequently
detected in domestic sewage and food industries [13,98]. This diversity of viruses primarily stems from the substantial amount of
human excreta received, which may be influenced by factors such as seasonality, characteristics of the covered population area, and
the prevalence of circulating viruses in the population [99,100].

Viruses are known to be high-risk pathogens, posing a significant threat due to their propensity for mutation and adaptation to new
hosts, particularly RNA viruses [44,101]. According to Murphy (2017), several types of wastewater, such as raw sewage, primary
effluent, secondary effluent, and aerated lagoons, have demonstrated that temperature plays a critical role in the viability of viruses.
Notably, adenoviruses present in primary and secondary effluent exhibited considerable survival times (T99) of up to 58 and 48 days,
respectively, particularly under cold temperatures (4 °C) in the absence of light [102].

Consequently, several viruses have been identified, including pathogenic enteric viruses such as norovirus [74,75], enterovirus [8,
731, adenovirus [103,104], astrovirus [105,106], rotavirus [7,107], hepatitis A virus [108], and hepatitis E virus [109,110]. More-
over, researchers have recently applied this approach to SARS-CoV-2 [111,112] and the reemerging Monkeypox virus [76,113]. These
viruses have the potential to be transmitted from wastewater to human beings through direct contact as well as through the ingestion
or inhalation of aerosols [114]. Table 2 exemplifies some of the viruses found in wastewater.

4.1. Enteric viruses

Enteric viruses are pathogens that infect and replicate within enterocyte cells of the gastrointestinal tract in humans, causing
nonbacterial gastrointestinal infections [99,115]. Infected individuals shed millions of viral particles in their feces (1 0° to 10! viral
particles per gram of feces), as well as in body fluids, which eventually enter the sewage system [86,99]. These agents possess
characteristics that increase their infectious potential, such as stability in acidic environments, a nonenveloped structure, low viral
titers needed to infect a host, and high rate of viral particle shedding [115]. Additionally, these viruses are more resistant to standard
decontamination processes in drinking water and wastewater treatment [116]. This situation makes viral enteric infections a signif-
icant public health concern, contributing to various diseases, particularly diarrhea, which is the second leading cause of death in
children under 5 years old, resulting in an estimated 525,000 deaths annually, mainly due to contaminated food and water sources
[117].

There are several human enteric viruses responsible for gastrointestinal infections, such as adenovirus, astrovirus, norovirus,
hepatitis E virus, enteroviruses, hepatitis A virus, and rotavirus. The most notable among these are the noroviruses (NoV), belonging to
the Caliciviridae family, which are a group of nonenveloped, single-stranded, positive-sense RNA viruses of approximately 7700 nu-
cleotides in length, with a size of 27-30 nm [115,118,119]. These viruses are responsible for millions of cases of acute nonbacterial
gastroenteritis worldwide, with the main genogroups being GI, GII, and GIV [120]. Estimates indicate that noroviruses cause 64,000
hospitalizations due to diarrhea, 900,000 visits to pediatric clinics in industrialized countries, and up to 200,000 deaths of children
under 5 years of age in developing countries [121]. In addition, they account for approximately 700 million episodes of diarrhea
globally, constituting 20 % of all diarrhea cases annually [119]. Symptoms of NoV infection typically include vomiting and diarrhea of
short duration, with an average duration of elimination in feces of up to four weeks but lasting for months in immunocompromised
patients [122,123]. Transmission occurs through contaminated food and from person to person via the fecal-oral route [120,123]. Due
to its ability to survive at different temperatures and resist disinfection with chlorine or alcohol, NoV easily spreads in the environment
[123,124]. Despite its significance, an effective vaccine has not been widely developed, relying primarily on supportive treatment to
reverse dehydration and electrolyte abnormalities [122].

Among viral hepatitides, hepatitis A (HAV) and E viruses are the most common agents of acute viral hepatitis globally and are

Table 2
Identified viruses in wastewater samples.
Virus Location Methodology Type of sample Reference
Norovirus Sweden Real-time gPCR Sewage [74]
Spain Sequencing and phylogenetic Analysis Sewage [75]
Enterovirus Bahrain Conventional PCR Influents and effluents [8]
United States Sequencing Composite wastewater [73]
Adenovirus Italy Real-time qPCR Inflows and outflows [103]
United States Real-time qPCR Wastewater, surface water, and combined sewer overflows [104]
Astrovirus Uruguay Sequencing and phylogenetic analysis Sewage [105]
China Sequencing and phylogenetic analysis Sewage [106]
Rotavirus South Africa Real-time qPCR Final effluents [7]
Iran Real-time gPCR Influent and final effluents [107]
Hepatitis A Argentina Real-time qPCR Wastewater [108]
Hepatitis E France Real-time qPCR Influents and effluents [109]
Italy Real-time qPCR Sewage [110]
SARS-CoV-2 Netherlands Real-time gPCR Sewage [111]
Bangladesh Real-time qPCR Wastewater [112]
Monkeypox Netherlands Real-time qPCR Wastewater [113]
United States Droplet Digital PCR Settled solids and liquid wastewater [76]
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transmitted through the fecal-oral route [125]. In 2015, viral hepatitis accounted for 1.34 million deaths, with 0.8 % and 3.3 % of
deaths attributable to HAV and HEV, respectively [126]. HAV belongs to the Hepatovirus genus of the Picornaviridae family, possessing
a single positive-stranded RNA genome of 7.5 kb and causing only acute infections [127]. Infections associated with HAV primarily
occur in emerging and low-income countries, and in addition to the fecal-oral route, infections can occur between people, with the
latter responsible for most outbreaks in developed countries [127,128]. Despite the availability of a vaccine for HAV, experts estimate
that over 100 million infections occur annually worldwide [129]. Like norovirus, HAV has a high potential for dissemination due to its
high physical resistance to adverse conditions, which is conferred by its highly cohesive capsid [127]. Hepatitis A can range from mild
to severe, with more severe effects in adults, leading to high excretion of viral particles, estimated at 10'! genome copies per gram of
feces shortly before symptom onset [130]. This, coupled with high physical resistance and the excretion of viral particles, highlights
the intrinsic link between oral-fecal transmission and suboptimal sanitation [127].

Hepatitis E virus (HEV), considered the fifth hepatitis virus (after A, B, C, and D), is a nonenveloped virus of approximately 27-40
nm in diameter with a RNA genome with positive single-stranded polarity belonging to the sub-family Orthohepevirinae and genus
Paslahepevirus [131,132]. This virus can be excreted in the feces, coinciding with viremia, appearing a few days before clinical
symptoms, and persisting for 14-21 days [131]. Among the species, researchers have identified eight different genotypes, but only four
(HEV1, HEV2, HEV3, and HEV4) have been described as infecting humans [133]. Genotypes 1 and 2 exclusively infect humans, with
contaminated water as the main route of transmission, leading to large outbreaks of the disease in developing countries; these ge-
notypes only lead to acute viral hepatitis [132,134]. In contrast, genotypes 3 and 4 infect humans through the consumption of meat
products or close contact with infected animals, making them zoonotic and using pigs as the main reservoirs; infections from these
genotypes may result in extrahepatic manifestations or become chronic in immunocompromised patients [125,134]. Large outbreaks
of waterborne hepatitis E viruses have been associated with genotypes 1 and 2 in Africa and Asia, while infections with genotypes 3 and
4 are zoonotic infections of pigs and pork products and cause sporadic cases of hepatitis in industrialized environments [125].

The high levels of excreted nonenveloped enteric infectious agents in stools, along with their insufficient removal from wastewater,
pose a risk of contaminating water bodies, which serve as sources of drinking water and crop irrigation [99,116]. Consequently, the
provision and adequacy of sanitation services, the quality of wastewater treatment, mismanagement of sewage, and various hygiene
practices are inherently linked to infection rates [86,115,116,135]. Viral infections have also been associated with the reuse of
partially treated or untreated wastewater for irrigation purposes, particularly in addressing scarce water supplies [136]. This practice
of using wastewater-derived water for crop irrigation poses risks to the health of farmers and consumers. Furthermore, groundwater
contamination, runoff to surface water, or even exposure to aerosols can affect surrounding communities [136,137].

Several disease outbreaks related to the consumption of vegetables contaminated with enteric viruses have been reported
worldwide. For example, eleven outbreaks of lettuce-related gastroenteritis led to 260 notifications in Denmark, caused by human
norovirus (NoV) [138]. In addition, positive samples for human adenovirus (hAdV) were obtained in four European countries during
the production, processing, and sale phases of fruits [139]. These authors also reported the detection of hAdV in 9.5 % of irrigation
water samples. The main challenge with wastewater-derived water is the Wastewater Treatment Plant’s (WWTP) inability to
completely remove or inactivate the viruses present in sewage [85,137]. Although enteric viruses cannot reproduce in water, they can
survive for extended periods (up to 130 days) and cause infections at low viral titers (1-50 viral infectious units from a tissue culture)
when ingested [8,99,140]. Typically, conventional wastewater treatment systems can eliminate between 50 % and 90 % of the viruses
present in sewage, but the discharged treated water into the aquatic environment still contains a significant viral load [8,99,141].

Microbiological evaluation and monitoring are widely used worldwide to ensure water safety [4]. For this purpose, bacterial in-
dicators such as Escherichia coli and total and fecal coliforms are typically used [142]. However, this tool may not demonstrate the
occurrence of enteric viruses in water, as WWTPs efficiently remove these bacterial indicators, and their persistence in the environ-
ment is shorter than that of the observed enteric viruses [143,144]. Bacteria are more susceptible than certain viruses to disinfection
processes, such as UV treatment and chlorination, which are typically used in wastewater treatment [145,146]. Intrinsic factors of
virus morphology and biochemistry, such as the virus capsid, size, and the capacity to aggregate with solid waste materials in sewage,
can support the survival of the virus during the treatment steps, keeping them potentially infectious [86]. Additionally, they can
remain stable in the environment for extended periods, particularly when associated with solids, which act as potential viral reservoirs
[147]. Goyal et al. (1984) detected human enteric viruses in sediments from sewage sludge 17 months after sludge disposal ended
[148]. Thus, the stability and persistence of enteric viruses in environmental water, even after passing through WWTPs, and their risks
to human exposure through the pollution of drinking water sources, recreational waters, and food [99] make the monitoring of these
viruses in water sources an essential tool for improving public health.

In Italy, monitoring revealed trends in hepatitis E virus over nine years (2011-2019), both in terms of virus occurrence and
circulating genotypes [110]. These authors described the positivity of 74 out of 1374 (5.4 %) sewage samples for HEV in 13 of the 20
Italian regions, of which 56 (75.6 %) and 18 (24.3 %) belonged to the G3 genotype and G1, respectively. In the Campania Region, La
Rosa et al. (2020) detected HAV RNA in 39 out of 463 water samples (20 of them positive in sewage) over four years, with 31 belonging
to the IA genotype and 31 to the IB genotype. Thirteen of the 39 samples were collected during the 2015 HAV outbreak, and 10 of them
were characterized as IA strains, showing 99-100 % nt identity with the epidemic strain (ISS 1 1 N 2015 Hu) isolated from patients
with acute hepatitis in the same region [149]. In France, through wastewater monitoring, a wide range of circulating viral pathogens
were detected, including adenovirus, enterovirus, parechovirus, rotavirus, norovirus, and hepatitis A and E [150].

Thus, sewage analysis is a potentially sensitive tool for tracking viral circulation in the area connected to the WWTP and for
detecting the cocirculation of several different viral lineages [151]. Furthermore, wastewater surveillance may provide an opportunity
for countries that do not have an early warning system for enteric virus outbreaks [152]. In South Africa, researchers detected and
characterized NoV GI and GII from wastewater samples [144]. This study detected NoV in 78 out of 108 samples (61.1 %), with 33 out
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of 54 in the influent and 45 out of 54 in the effluent, demonstrating the existence of at least 16 NoV genotypes circulating in the Free
State and Gauteng.

4.2. SARS-CoV-2

The COVID-19 outbreak, caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), has had a profound global
impact, leading to significant human and economic losses [153]. Researchers have underscored the zoonotic transmission potential of
coronaviruses, highlighting the urgent need for effective surveillance and public health measures [154,155].

The high expression of the angiotensin-converting enzyme 2 (ACE2) receptor, particularly in the lower respiratory tract, has
contributed to the severe respiratory manifestations observed in COVID-19 cases [156,157]. SARS-CoV-2, like SARS-CoV, invades cells
by utilizing the ACE2 enzyme as a receptor in its pathogenic mechanism, leading to a range of clinical presentations, from mild to
severe, often accompanied by a robust immune response [158]. The presence of ACE2 receptors in various organs, including the
respiratory tract, lungs, kidneys, blood vessels, heart, and small intestine, has raised questions about the various clinical presentations
and extrapulmonary manifestations of the disease [155,159]. Gastrointestinal symptoms associated with COVID-19 have prompted
investigations into the detection of SARS-CoV-2 in stool samples, revealing significant viral titers and prolonged shedding of the virus,
even in asymptomatic individuals [160-162].

Furthermore, the high prevalence of asymptomatic cases has underscored the need for comprehensive epidemiological surveillance
strategies to effectively monitor and control the spread of the virus [17]. WBE has emerged as a valuable noninvasive tool for
monitoring the presence of SARS-CoV-2 RNA in sewage, as shown in the examples in Table 3, providing crucial insights into the
dynamics of viral transmission [11,15,163]. Studies conducted in Brazil and Germany have demonstrated a temporal correlation
between measured concentrations of SARS-CoV-2 RNA in wastewater and the subsequent increase in clinical cases, with lead times
ranging from 7 to 14 days [96,164]. Similarly, the relationship between viral titers in wastewater and the corresponding trends in
clinical cases has been observed in Mexico, highlighting the predictive capabilities of WBE in tracking disease dynamics [165].

Despite its potential, standardizing WBE methods for SARS-CoV-2 detection remains a significant challenge [90,175]. The complex
nature of wastewater, coupled with variations in sewage composition and the unique characteristics of SARS-CoV-2 shedding, demand
continued efforts to optimize and refine surveillance strategies [176,177]. Efforts toward standardization are imperative to enhance
the reliability and consistency of wastewater-based surveillance, ensuring its continued effectiveness in addressing current and future
public health challenges posed by viral outbreaks [111].

4.3. Monkeypox

Monkeypox virus (MPXV) is a double-stranded DNA virus measuring 200-250 nm and enveloped in a lipoprotein membrane [178].
It belongs to the genus Orthopoxvirus, Poxviridae family, and Chordopoxvirinae subfamily [179]. Researchers first discovered MPXV in
monkeys in Denmark in 1958 [180]. In 1970, it was first isolated from humans and reported in a 9-year-old child from the Democratic
Republic of Congo [181]. Currently, MPXV remains endemic in West and Central Africa, and the infection has been associated with
zoonotic transmission from small mammals [76]. However, the global monkeypox outbreak of 2022 presented an unusual scenario.
For the first time, the disease emerged in countries that hadn’t previously reported cases and lacked established epidemiological links
to known monkeypox-endemic regions [182].

On July 23, 2022, the monkeypox virus was designated a worldwide health emergency of international significance, affecting
approximately 20,000 people across numerous nations [179,183]. Since then, this zoonotic disease has spread to more than 110
countries beyond Africa, primarily in those not historically considered endemic [113,184].

The World Health Organization (WHO) recognized the global outbreak of monkeypox as a Public Health Emergency of Interna-
tional Concern (PHEIC) on July 23, 2022 [185]. To date, 78,000 cases have been confirmed in 110 locations worldwide (102 with no
history of the disease), resulting in 42 deaths [184,186]. Experts have attributed the MPX outbreak in 2022 to mutations in MPXV,
climate change, and reduced cross-immunity resulting from the absence of smallpox vaccination in the adult/young population,
globalization, and high-risk sexual activity [187].

The infection is a self-limiting condition, with symptoms lasting between 2 and 4 weeks [12]. However, it can occasionally be fatal,
with rates of up to 10 % of cases in endemic countries [188] and 3-6% for the 2022 MPX outbreak [189]. MPXV can occur through
zoonotic or anthroponotic transmission, with the latter considered the main cause of the current outbreak [190]. Transmission occurs
through contact with respiratory droplets, touching characteristic MPX injuries, body fluids, and contaminated objects [191].
Symptomatic cases exhibit main symptoms, including fever, swollen lymph nodes, and localized rashes, which can progress
throughout the body [192]. Patient isolation is recommended to prevent transmission [178], and two vaccines are currently available,
JYNNEOSTM (live, replication-incompetent vaccinia virus) and ACAM2000® (live, replication-competent vaccinia virus) [193].

In human patients, MPXV genomic DNA has been isolated from skin lesions, the nasopharynx, plasma, semen, urine, and feces
samples [179,194]. Among the tested samples, the skin lesions exhibited the highest virus concentration [195]. Therefore, the
diagnosis can involve laboratory methods such as viral isolation, tissue immunohistochemistry, molecular diagnosis, electron mi-
croscopy, and serology [187]. However, these diagnostic methods are costly, and many are not commercially available, especially in
emerging countries [178].

Wastewater surveillance could be a potential approach, given its ability to detect emerging pathogens in small or large communities
at a low cost and through noninvasive means [17]. MPXV can reach the sewage system through domestic water discharged into it,
which contains human excreta and feces, respiratory secretions, saliva, and runoff from skin lesions released during bathing [12].
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Table 3
Wastewater-based epidemiology (WBE) as a surveillance tool for SARS-CoV-2 RNA detection in sewage.
Sampling Virus detection method  Detection results Reference
Country State/City Sample type Method Target gene Positive rate
Bangladesh Dhaka, Sylhet, Chittagong, Mymensingh, Untreated RT-qPCR ORFlabeN 98 % (165/168) [112]
Rajshahi, Khulna, Barisal, Rangpur, wastewater protein
Habigang, Kishorgonj, Brahmanbaria,
Gaibandha e Cox’s Bazar, Cumilla.
Brazil Salvador, Bahia Untreated and RT-qPCR N1 and N2 - [78]
treated wastewater
Nitéroi, Rio de Janeiro Untreated RT-qPCR N2 84,3 % (188/223) [166]
wastewater
ABC Region, Sao Paulo Untreated RT-qPCR N1 and N2 N1.53 % (116/220) N2_34 % (74/ [164]
wastewater 220)
Japan Ishikawa and Toyama prefectures Untreated RT-qPCR N2,N3and 47 % (21/45) [167]
wastewater N protein
Yamanashi Prefecture Untreated RT-qPCR N1 and N2 67 % (88/132) [168]
wastewater
The Amsterdam, Den Haag, Utrecht, Untreated RT-qPCR N1, N2, N3 14/24 (58 %) [111]
Netherlands ~ Apeldoorn, Amersfoort, Schiphol and wastewater and E
Tilburg protein
Mexico Queretaro State, Santiago de Queretaro Ativacted sludge, RT-qPCR RdRP, Sand - [169]
Untreated and N protein
treated wastewater
Australia Brisbane, Queensland Untreated RT-qPCR N protein 22 % (2/9) [170]
wastewater
Spain Region of Murcia Untreated and RT-qPCR N1-N3 Untreated wastewater_83 % (35/ [171]
secondary and 42)/Secondary treated
tertiary treated wastewater_11 % (2/18)/Tertiary
wastewater treated wastewater_0 %(0/12)
Italy Castiglione Torinese, Chieri, Cuneo, Untreated RT-qPCR N1 and N2; - [172]
Govone, Serravalle Sesia, Vercelli, Cerano, wastewater E protein
Novara, Asti, Domodossola, Omegna,
Cossato and Massazza
Portugal Amadora, Lisbon, Oeiras, Loures, Cascais, Untreated RT-qPCR E protein, 48 % (193/404) [173]
Sintra, Vila Nova de Gaia, Guimaraes, wastewater RdRP e N
Pévoa do Lanhoso and Vila Nova de protein
Famalicao
USA Charlotte, North Carolina Untreated RT- N1l and N2 - [174]
wastewater qPCR/RT-
ddPCR

Given the success of WBE in monitoring viral diseases, including during the COVID-19 outbreak, several places worldwide have begun
to monitor MPXV in wastewater, using these data as a complementary epidemiological tool (Table 4). The first report of MPXV in
wastewater occurred in Spain, with samples collected during the week of the first suspected MPX human infection, detecting the
presence of MPXV DNA in 63 out of 312 samples analyzed [196]. MPXV genomic DNA detection was also reported in wastewater
samples from the Rome airport in Italy [77].

In the Netherlands, the detection of MPXV in wastewater influent samples collected from five districts of Amsterdam showed the
presence of MPXV DNA in 43 out of 108 (42 %) samples [113]. These findings also suggest that the concentration in (bio)solids could

Table 4
Implementation of wastewater-based epidemiology for monitoring MPXV worldwide.
Location Primers # of Detection/ Sample Concentration method Detection method Reference
samples Total (%) source
Netherlands G2R_ WA e 108 43/108 (42 solid fraction - qPCR [113]
G2R G %)
Italy N3R, F3Le 20 02/20 (10 %) liquid Precipitation (PEG/NaCl) qPCR and nested [77]
G2R G fraction PCR
Spain G2R WA e 312 63/312 (20 - Aluminum-based adsorption- RT-qPCR [196]
G2R_G %) precipitation
United States G2R_ WA e 287 76/287 (26 solid fraction - RT-PCR [76]
G2R_G %)
- 18 13/18 (72 %) raw sewage Adsorption—elution (AE) and qPCR [197]
polyethylene glycol (PEG) precipitation
Czech G2R_ WA e 24 9/24 (37.5 %) raw Sequencing and [198]
Republic G2R_G wastewater seminested PCR
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Fig. 1. An illustrative representation of the analytical workflow for viral surveillance in wastewater. (a) The process initiates with targeted sam-
pling from a designated location within the wastewater collection system; (b) subsequently, viral concentration is carried out (showing the three
methods most widely used); (c) this is followed by nucleic acids isolation, and (d) the last step involves the detection of viral presence in the
samples. Created with BioRender.com (accessed on November 07, 2023).

provide an opportunity for the detection of the virus genetic material. In another study, Wolfe et al. (2022) detected MPXV DNA in
settled solid samples from 8 out of 9 monitored WWTPs in San Francisco, California, USA. Notably, the viral concentration was 108
higher in the solid fraction of wastewater than in the liquid fraction [76].

Prague’s wastewater tested positive for MPXV, with a total of 9 positive samples during periods featuring 1 to 9 new cases per week,
aligning with a weekly incidence ranging from 0.07 to 0.64 per 100,000 inhabitants [198]. Scherchan et al. (2023) detected MPXV in
untreated wastewater samples from two WWTPs in Baltimore. The findings underscore the potential use of wastewater surveillance as
a supplementary early warning tool for monitoring future Monkeypox outbreaks [197].

Recent studies have demonstrated the potential for monitoring MPXV in wastewater. However, the levels of MPXV, in comparison
to SARS-CoV-2, are lower in wastewater, potentially contributing to reduced sensitivity in detection [12]. Thus, the choice of the best
approach, from sample collection to molecular detection, which could enhance sensitivity and reduce false-negative results, appears to
be the current challenge. Another crucial aspect to consider is whether the lower MPXV titers are due to a difference in the number of
clinical cases or if MPXV is shed in wastewater less abundantly than other viruses, such as SARS-CoV-2 [199].

5. Viral identification methodology in wastewater

Viral surveillance in wastewater entails a series of systematic procedures, commencing with the sampling of a specific site within a
wastewater collection system and subsequently proceeding to the steps of viral concentration, extraction, and detection [200] (Fig. 1).
This multifaceted process is imperative owing to the intricate nature of the sample matrix, which encompasses various compounds that
could yield inaccurate outcomes, thereby reducing the sensitivity of detecting and quantifying genetic fragments [201].

5.1. Sampling

Wastewater cannot be regarded as a uniformly mixed combination of all materials discharged into the sewer system throughout the
day, despite its dilution and blending. Sewers function as dynamic flow systems, leading to constant changes in the composition of
wastewater reaching wastewater treatment plants due to fluctuations in flow rates and substances introduced into the system [202].
Therefore, effective wastewater sampling emerges as a crucial tool to address the uncertainties associated with analyzing the spread of
the virus [203]. (Fig. 1a). Poorly designed sampling techniques can yield unrepresentative samples, leading to potential false-negative
errors [204].

Twenty-four-hour composite capture sampling is a preferred method for monitoring wastewater, as it involves collecting multiple
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Table 5
Viral concentration methodologies in wastewater samples.
Method principle Concentration method Advantages Drawbacks References
Size-exclusion based on Ultrafiltration (dead-end and - Simultaneous concentration of - Filter clogging in samples with high [219-222]
particle tangential flow) viruses and other pathogens; turbidity (except tangential flow);
- Inexpensive filters. - It can require filter conditioning;
- Slow filtration rate
Centrifugation-based Ultracentrifugation - No preconditioning; - Requires expensive equipment [170,222]
- One step method; (ultracentrifugation);
- Concentrate solid and liquid - Can’t be used for large volume sample
phase viruses
Precipitation Precipitation with PEG - Greater efficiency in - Coprecipitation of PCR inhibitors; [85,222]
concentrating RNA viruses; - Time consuming;
- Large volume water processing; - Require centrifugation
- Concentrate viruses from both
solid and liquid phases;
- Relatively cheap
Flocculation Skim milk flocculation - One-step method; Time consuming [85,222]
- Simultaneous concentration of
several samples;
- Field deployable;
- Large volume water processing
(Up to 40 L samples)
Membrane Adsorption Negative filters adsorption - Extraction can be done directly - No useful for turbid samples; [219,220,
from the membrane; - Requires conditioning; 222]
- Low cost; - No useful for large volume samples
Positive filters adsorption - N o require preconditioning; No useful for turbid samples
- Capable of concentrating viruses
over a wider pH range;
- Useful for large volumes;
- Field deployable
Size-exclusion based on Centrifugal ultrafiltration - Simple and quick method; - Filter clogging; [85,224]

Reduces the amount of PCR
inhibitors;
Multiple sample processing

particle/Centrifugation-
based

- Requires preconditioning at high
turbidity (prefiltration)

samples throughout the day and consolidating them into a single volume [205]. This strategy is believed to offer a more comprehensive
representation of viral content and is less susceptible to the inherent variations of seasonal and diurnal changes [204]. However, the
implementation of this approach can be costly and challenging. It requires the installation of automated equipment ($2300 to $7500
USD per unit) and personnel to conduct sampling at fixed locations, which can be difficult to access (e.g., sewer manholes, rivers),
along with ongoing maintenance and security costs [205-208].

Alternatively, some studies have utilized the individual capture method for monitoring purposes [170,209-212]. This approach
involves collecting a single sample at a specific point in time [204]. However, the representativeness of the results may be compro-
mised, as it overlooks the influence of factors such as flow rate, total wastewater volume, temperature, and variations in viral excretion
profiles [200]. Additionally, small sample volumes combined with low recovery rates could lead to false-negative outcomes [213].
Nevertheless, random samples can be employed to monitor various locations within a region, including pumping stations or hospitals,
which can serve as potential infection sentinels, along with the option of sampling small communities or communities without a
sanitary sewage system [208,214].

Another cost-effective option is passive sampling (trap sampling), which entails the deployment of an adsorbent device (e.g., gauze,
pads, and macroporous glass) for a predetermined duration that is capable of interacting with significant wastewater volumes [207,
208]. This method is advantageous, particularly for poor countries, due to its simplicity and safety, and has proven to be effective in
monitoring enteric viruses and enveloped viruses [215,216]. However, unlike random sampling, trap sampling limits the ability to
quantify the amount of virus present in wastewater, hindering a comprehensive understanding of method sensitivity (the ability to
detect low levels of virus) and efficiency (the ability to recover the virus from the sample) [208].

5.2. Viral concentration

Viral pathogens are typically diluted in wastewater, often leading to low or undetectable concentrations in small volume samples (i.
e., <1 L) [175]. To address this issue, the concentration step, preceding the extraction of genetic material (DNA/RNA), is utilized to
increase method’s sensitivity and yield detectable levels of viral nucleic acid [217]. In this step, intrinsic wastewater factors such as
turbidity, volume, and quality must be considered, as they can significantly affect virus concentration efficiency and downstream
detection techniques [218]. However, no method can uniformly concentrate all viruses, given the significant structural differences
between enveloped and nonenveloped viruses, even when using the same sample type [170].

Several techniques have been employed for the concentration of viral particles in wastewater samples. Among these, three primary
concentration methods (Fig. 1b) have emerged as the most widely used: vacuum filtration utilizing an electronegative membrane; a
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precipitation method employing PEG 8000; and ultrafiltration [90].

In response to the need for a reliable concentration methodology for viral markers, various concentration procedures are currently
employed across different wastewater volumes (15 mL-40 L). These methods rely on techniques such as size exclusion based on
particles, centrifugation, precipitation, flocculation, membrane adsorption, or a combination of these principles [170,219-224]
(Table 5). While most of these techniques were originally developed for enteric virus surveillance [202], several have proven appli-
cable for concentrating other viruses in wastewater, including SARS-CoV-2 and Monkeypox virus [76,112,113,225].

The variability in inactivation rates among different viruses, coupled with the differential stability exhibited by infectious viruses
and their nucleic acids, underscores the intricate dynamics at play within wastewater systems [226]. These differences are likely
influenced by variations in the microbiological composition of different water sources and the distinct mechanisms governing virus
inactivation [227]. Viral nucleic acids, unlike viral capsids, can persist and remain detectable even after the virus loses infectivity,
which means they can be found in the environment for longer durations [228]. [44,229,229,230].

5.3. Nucleic acid isolation

In PCR (polymerase chain reaction)-based detection methods, the viral genome’s target sequence is amplified. However, this
necessitates the isolation of genetic material (DNA/RNA), typically involving stages of lysis, purification, and recovery [231], a process
commonly performed on human specimens for diagnostic purposes. In the investigation of viruses in wastewater samples (Fig. 1c),
commercially available kits have found wide application in concentrated isolates from wastewater samples [200]. Nonetheless,
caution is warranted regarding the indiscriminate use of these kits, given the variability in efficiency and consistency in isolating the
viral genome and removing PCR inhibitors, even when sourced from the same supplier [232,233]. Consequently, automated extractors
have been employed to isolate virus nucleic acids from influent and effluent wastewater samples [78,234,235], as they can bind
nucleic acids, while minimizing the co-extraction of various other materials commonly found in wastewater, such as organic matter,
humic substances, and microbial debris, which reduces variability in analytical results and improves sample purity [85].

5.4. Viral detection

For many years, cell culture-based methods have served as the gold standard for detecting infectious viruses in environmental
samples [236]. However, these techniques are limited to the ability to cultivate viruses of interest in vitro. Consequently, PCR and qPCR
(Fig. 1d) methods have become crucial for identifying viruses in water samples due to their rapid detection, high sensitivity, and
specificity, enabling test adaptation based on the desired specificity, whether to cover broad viral groups such as enteroviruses or
target more specific viral strains based on selected target DNA/RNA sequences [218].

Genome sequencing has emerged as a pivotal tool for the discovery and characterization of viral variants in wastewater-based
epidemiology [237]. Studies have underscored the significance of employing virome sequencing and next-generation sequencing
approaches to unveil insights into viral evolution, dynamics between different viral species or variants, and the prevalence of emerging
variants within communities [238]. WBE, leveraging virome sequencing, offers a unique perspective on aggregate community loads of
specific pathogens and their genomic diversity, complementing clinical reporting biases [239]. Monitoring viral genome sequences in
wastewater improves estimates of community prevalence and makes it easier to identify new variations early on [240]. Recent ad-
vancements in genomic sequencing technologies enable comprehensive scanning of the entire viral genome, enabling the detection of
unique and functionally important mutations and VOC-defining clusters [241,242]. Innovative computer techniques improve the
parsing of several viral lineages in wastewater samples even further [243]. In general, viral pathogens in wastewater may be sequenced
using whole genome sequencing, which is a versatile and effective method for determining the frequency of circulating viral variations
and assisting in the prompt identification of newly emerging variants in populations [244,245].

Urban wastewater is a complex mixture that extends beyond fecal waste, encompassing pharmaceutical products, personal hygiene
items, rainwater, sediments, household detergents, industrial effluents, metals, and other substances [202]. However, some of these
compounds can partially or completely prevent PCR amplification, resulting in false negatives. These compounds, known as PCR
inhibitors, comprise a variety of substances, such as humic acids, polysaccharides, fats, proteins, metal ions, RNases, and others that
are recognized to interfere with PCR-based methods [219,220,246]. Given this, processing controls, such as viruses with similar
structures, have been recommended in the analysis of environmental samples, particularly in wastewater, since controls serve as an
internal verification of the extraction and detection process [218,247]. If the control virus exhibits a significant decrease in recovery
compared to expected yields, it may indicate the presence of inhibitors in the sample.

WBE holds promise for tracking the spread of viral lineages (variants) within communities, yet it presents inherent challenges due
to the vast diversity of genetic material present wastewater samples [44,229]. The presence of genetic material from viruses with
diverse evolutionary backgrounds can complicate the precise identification and phasing of specific circulating lineages [230]. To
address these challenges, the field of WBE is actively developing and refining bioinformatic tools. These tools employ various ap-
proaches, such as identifying mutations specific to variant lineages within sequencing data, utilizing sample deconvolution techniques,
and comparing lineage-specific mutations [229]. While advancements are being made, the application of standard metagenomic
methods, like ordination analysis, remains relatively new in WBE research.

6. Epidemiological insights through wastewater surveillance
WBE has found extensive applications beyond infectious disease surveillance, extending its utility to diverse realms of public
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health. It has been instrumental in the evaluation of food safety measures [48], monitoring drug misuse trends [248], evaluating the
effects of temperature on health [249], assessing population exposure to various environmental toxins such as pesticides and heavy
metals [250], and contributing to overall environmental health management [98]. By providing insights into the prevalence and
distribution of various contaminants and substances within communities, WBE has emerged as a versatile and robust tool in the
broader context of public health management and policy formulation [251].

The unpredictability of infectious outbreaks, regional epidemics, and pandemics poses a formidable challenge for public health
preparedness. This vulnerability is highlighted by the difficulty in timely responses, which stems from the limitations of traditional
epidemiological approaches [236,252]. These methods rely primarily on specific clinical symptoms to identify the onset of a disease
epidemic, leaving a critical gap in the ability to foresee and proactively address emerging health threats [236].

Epidemiological insights derived from wastewater monitoring have become increasingly instrumental in tracking the emergence
and spread of infectious diseases, particularly in the context of the ongoing COVID-19 pandemic [253,254]. Numerous studies and
scientific reports have emphasized the efficacy and cost-effectiveness of wastewater surveillance in providing early warnings of disease
burden to policymakers and health officials, thereby facilitating evidence-based decision-making for disease control and preparedness
[254-256]. Moreover, the diverse applications of wastewater monitoring extend beyond tracking SARS-CoV-2, encompassing the
potential for monitoring other emerging pathogens and disease prevalence within communities [257-259]. WBE demonstrates its
utility in detecting infection and transmission in the general community, regardless of the presence of clinical symptoms or socio-
economic biases related to case reporting [260]. This emphasizes the inclusive nature of wastewater surveillance, capturing a more
comprehensive picture of disease prevalence, including cases that might otherwise go undetected through traditional clinical sur-
veillance alone.

The pivotal role of wastewater monitoring as an essential component of global disease surveillance systems has gained recognition,
emphasizing the need for comprehensive frameworks to unify monitoring programs worldwide [256,261,262]. While the current
wastewater research landscape remains fragmented due to its grassroots origins, there is a pressing need for global and country-level
leadership, financial investments, and adaptable implementation frameworks to maximize the potential of wastewater surveillance
[256]. Establishing wastewater-based surveillance (WBS) initiatives and integrating collected data would be extremely beneficial to
public health experts, local authorities, and decision makers, enabling a more integrated approach to disease monitoring and response
[260]. This comprehensive integration would facilitate informed decision-making, policy development, and targeted interventions,
contributing to improved public health outcomes.

Environmental surveillance can play an essential role in supplementing clinical surveillance efforts or prompting more extensive
monitoring in regions with limited or underdeveloped epidemiological data [263]. People who live in these areas, which often
encompass densely populated regions, resource-limited informal settlements, or marginalized communities facing socioenvironmental
vulnerabilities, may encounter restricted access to healthcare facilities, decreased care-seeking tendencies, insufficient testing capa-
bilities, and overwhelmed clinical surveillance capacities [11].

Wastewater surveillance’s utility for infectious diseases is evident through its historical applications in tracking water-borne
pathogens and its recent proactive role in monitoring SARS-CoV-2 during the COVID-19 pandemic [44,254,262]. Wastewater
monitoring serves as a valuable complementary surveillance technique, offering insights into the presence of various pathogens and
aiding in disease outbreak monitoring [44]. WBE has the potential to demonstrate its efficacy in COVID-19 surveillance, enabling the
prediction of the broader pandemic landscape [264]. By pinpointing the hotspots and refining public health interventions, WBE can
offer regulatory bodies the necessary lead time to effectively manage challenging circumstances [265]. Moreover, WBE could serve as
an early indicator of potential outbreaks and seasonal upsurges in the times ahead [17,265]. Implementing this technique enables the
nearly real-time detection of specific targets across the community [266]. In the case of infectious diseases such as COVID-19, real-time
monitoring is crucial for effectively addressing their transmission and minimizing their impact [267].

The undeniable benefits of wastewater surveillance for infectious disease monitoring are tempered by challenges in equity,
timeliness, and data utilization, which highlight the need for its integration and mainstreaming [259,261]. Promoting responsible and
ethical monitoring practices, ensuring data representativeness, and enhancing the spatial resolution of surveillance systems emerge as
crucial factors in advancing the efficacy of wastewater monitoring for public health [257,261,262].

7. Unveiling the impacts of wastewater-based epidemiology on public health

The exploration of WBE has unveiled significant implications for public health, particularly in the context of disease surveillance,
outbreak detection, and monitoring of population health indicators [10]. Historical milestones, including John Snow’s seminal work in
1854, highlighted the association between contaminated water sources and disease transmission, laying the foundation for modern
wastewater analysis [268]. The subsequent use of wastewater surveillance for tracking the spread of poliomyelitis [269] and moni-
toring cocaine usage [53] in specific populations further underscored the versatility of this approach in understanding diverse health
phenomena [268].

Professor Masaaki Kitajima emphasized that WBE holds significant potential as a valuable tool in healthcare research, supported by
various researchers [270]. First, through wastewater analysis, early warning signs of disease outbreaks can be detected, aiding in
timely interventions, particularly in the case of infectious diseases such as COVID-19 [271]. Second, WBE enables a comprehensive
understanding of infectious disease prevalence by examining various pathogens in wastewater, offering insights crucial for public
health planning and policymaking [272]. Finally, WBE complements traditional healthcare surveillance methods, providing a
population-level perspective that covers a broader segment of the population, including asymptomatic individuals, thereby enhancing
the overall understanding of public health [273].
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In Brazil, wastewater-based epidemiology (WBE) projects conducted throughout the COVID-19 pandemic were primarily spear-
headed by universities, research institutes, and regulatory agencies [89]. These initiatives benefitted from collaborative efforts
involving water and sanitation companies as well as health authorities at municipal or state levels [15]. By leveraging the collective
expertise and resources of these institutions, comprehensive WBE data on SARS-CoV-2 were systematically collected and disseminated
to the public. This information was made accessible through various channels, including publicly available online dashboards, weekly
or monthly bulletins, and warning alerts issued during periods of heightened transmission [274]. Such proactive measures not only
facilitated real-time monitoring of viral prevalence in communities but also served to inform public health interventions and miti-
gation strategies in response to evolving pandemic dynamics.

[271,275]However, it is crucial to acknowledge that WBE cannot be used in isolation in epidemiology studies. It requires a
comprehensive approach that integrates multiple surveillance methods to enable proactive interventions and effective disease control
[275].

Since 2018, China has implemented wastewater monitoring programs at local, provincial, and national levels, serving as a
cornerstone for evaluating the efficacy of drug control efforts [276]. The utilization WBE data has been instrumental in aiding law
enforcement agencies in cracking down on drug-related crimes [277]. According to Li et al. (2023), routine monitoring at sewage
plants has enabled the identification of suspect manufacturing activities, prompting further investigations at upstream pump stations
and sewer networks to pinpoint specific areas of interest. Police raids that followed, directed by monitoring data, were effective in
taking down many covert labs [15]. Concurrently, in Europe, the Sewage Analysis CORe group Europe (SCORE) collaboration has been
pivotal in providing annual data on the population’s use of psychoactive drugs to the European Monitoring Centre for Drugs and Drug
Addiction (EMCDDA) and the United Nations Office of Drugs and Crime (UNODC) [278]. Moreover, in Australia, the Australian
Criminal Intelligence Commission (ACIC) established the Australian National Wastewater Drug Monitoring Program in 2016 [279].
This approach has since been commercialized by Biobot Analytics in the United States, showcasing the global adoption and
commercialization of wastewater-based drug monitoring initiatives [15].

The utilization of human biomarkers present in sewage offers a valuable early warning system for disease outbreaks, allowing for
timely policy interventions and governance strategies [98]. However, careful consideration of community practices and beliefs is
essential in selecting appropriate monitoring sites, ensuring accurate representation and the effective utilization of resources without
compromising WASH initiatives aimed at improving overall public health [280].

Furthermore, the significance of wastewater treatment facilities as critical venues for epidemiological investigations of emerging
diseases has been underscored, particularly in vulnerable populations that are disproportionately affected by regional epidemics and
pandemics [275]. Studies conducted in various regions, such as Israel and Brazil, have further emphasized the utility of WBE in
detecting community-level disease prevalence, highlighting its role in supporting targeted public health interventions and informing
municipal policies [166,281].

Looking ahead, experts recognize the potential of WBE to contribute to the attainment of various United Nations (UN) Sustainable
Development Goals. These goals include ensuring healthy lives, promoting sustainable economic growth, and building resilient
infrastructure [47]. Its role in monitoring infectious diseases and assessing the efficacy of vaccination campaigns has positioned WBE
as a complementary method for evaluating the spread of infections, particularly in areas with limited diagnostic resources [172].

A recent study illustrates that WBE could effectively monitor progress toward achieving more than half of these goals, set for 2030.
These encompass a broad spectrum, including ending hunger, promoting healthy living, sustainable economic growth, resilient
infrastructure development, and fostering inclusive and sustainable societies [47].

Through the analysis of various markers, including dietary patterns, pharmaceutical consumption, and stress hormones, WBE
enables the identification of health disparities across different communities, facilitating targeted interventions and policy planning
[282]. [10,15,44].

8. Policy and regulatory aspects

Policy and regulatory aspects play an essential role in the successful implementation and management of WBE programs for in-
fectious disease surveillance. The establishment of the National Wastewater Surveillance System (NWSS) by the U.S. The Centers for
Disease Control and Prevention (CDC) is a significant milestone, signifying the growing recognition of the importance of wastewater
monitoring as a surveillance tool [258,283]. However, challenges persist, particularly concerning the coordination of protocols and
policies, as highlighted by Wolfe (2022). To ensure the effective deployment of these programs, it is crucial to consider ethical
guidelines, especially in smaller community sites [284].

Furthermore, the legal frameworks governing wastewater governance and monitoring vary across states and territories, with
historical regulations often stemming from public health acts [284]. The roles of key stakeholders in WBE programs, including research
laboratories, utilities, health authorities, and nongovernmental organizations (NGOs), need to be well defined and coordinated [280].

The application of WBE in the pandemic context, as seen through the NWSS initiative in the U.S., emphasizes the importance of
collaboration between federal agencies and their role in establishing a formalized approach to WBE [283]. Moreover, global col-
laborations such as the Surveillance of Wastewater for Early Epidemic Prediction (SWEEP), proposed by Tiwari et al. (2021), hold
promise in enhancing the resilience of future generations to viral outbreaks [28].

Diverse countries, including Finland, Hungary, Luxembourg, the Netherlands, Spain, and Turkey, have integrated WBE as a
comprehensive approach to monitor the transmission of SARS-CoV-2 nationwide [89]. In contrast, the United States, Canada,
Australia, France, Switzerland, and the United Kingdom have adopted regional monitoring strategies [89].

Between 2021 and 2022, the MCTI (Ministry of Science, Technology, and Innovation) established a COVID-19 wastewater-

13



M. Carmo dos Santos et al. Heliyon 10 (2024) e33873

monitoring network in several Brazilian states. The monitoring initiative, documented at http://redevirus.mcti.gov.br/novidades/
monitoramento-de-covid-19-em-aguas-residuais-2022/, has been active since the early months of 2021 in key cities, including Belo
Horizonte, Curitiba, Distrito Federal, Fortaleza, Recife, and Rio de Janeiro. Epidemiological bulletins released up to March 2022
displayed a notable correlation between fluctuations in the levels of SARS-CoV-2 genetic material detected in sewage and the in-
cidences of suspected and confirmed COVID-19 cases in each evaluated city [78].

While the applications of wastewater research hold promise, there is currently a lack of well-developed ethical guidelines gov-
erning its use under specific conditions [285]. Various subfields of applied ethics offer perspectives to address the ethical dilemmas
posed by wastewater research, as highlighted by Doorn et al. (2022):

e Collected data remain untraceable to individuals, requiring a balance between disease surveillance and privacy protection;

o The specificity of wastewater sources impacts their effectiveness and privacy. It is crucial to consider the data in conjunction with
other sources and handle it with care to avoid excessive datafication of society;

e Wastewater surveillance offers a valuable complement to conventional diagnostic testing methods for infectious diseases; WBE can
influence the choice of treatment methods to enhance the ecological health of water systems.

9. Challenges and future directions

Wastewater-based epidemiology has gained acceptance in several countries as an effective method for preventing, intervening in,
and controlling new and reemerging infectious diseases [44,166]. Its potential for understanding population behavior and its con-
sequences for public health has also been emphasized [286].

This approach has the advantage of being a practical model with minimal resource requirements, capable of gathering compre-
hensive data with broad geographic and population coverage [287]. Moreover, data collection can occur in real time, independent of
clinical data, thereby reducing the potential for bias and under detection [45]. However, despite the potential benefits, researchers
need to address the remaining limitations and challenges through additional studies, research, and development.

The complexity of the wastewater matrix, which includes challenges such as the dilute nature of biomarker concentrations
compared to urine and the intricate composition of the wastewater substrate, hinders the analysis and extraction of biomarkers and
pathogens, and accurately determining the population size covered by WWTPs poses a significant challenge [17]. According to Mao
et al. (2020), to address this, a thorough understanding of the metabolic process associated with biomarkers is crucial, ensuring that
the biomarkers identified in wastewater originate exclusively from human sources and not external sources.

A national wastewater monitoring study in Australia linked sampling with the Australian Census, demonstrating the effectiveness
of synchronizing wastewater sampling with a national census. This enabled an estimation of the population size and the acquisition of
more reliable data on per capita consumption, exposure, and chemical release [286].

Despite its undeniable potential as a public health tool for detecting and effectively combating prevalent infectious diseases at a
lower cost, further studies and research are necessary to solidify WBE as an internationally accepted tool.

Notably, numerous microorganisms, including viruses, bacteria, and protozoa, have been identified in water matrices, especially in
wastewater, some of which are pathogenic to humans. Although they hold significant potential, the universal establishment of
monitoring for certain viruses, such as enteric viruses, SARS-CoV-2, and the reemerging Monkeypox virus, has not yet occurred. This
lack of universal monitoring is compounded by the need for major changes in water management and the design of water infrastructure
[47]. These changes are crucial to effectively address challenges arising from climate change, alterations in the water cycle, the
evolution of digitalization, infrastructure improvements, and the protection of privacy [288].

Enteric viruses represent a notable example of microorganisms with the potential for infectious spread through water, leading to
food-related outbreaks, particularly prevalent in developed countries and significantly challenging in emerging nations due to inad-
equate sanitation, notably affecting children. Although monitoring initiatives for these viruses in wastewater have yet to be globally
established, their significant potential has been recognized. For instance, Bisseux et al. (2018) in France developed a method for real-
time monitoring of the circulation of a wide range of human enteric viruses in urban wastewater during environmental surveillance,
indicating pollution derived from wastewater and assessing global water quality risk [150].

The COVID-19 pandemic underscored the necessity of effective strategies to monitor the behavior of the SARS-CoV-2 virus. In-
fectious disease surveillance involves techniques such as sentinel surveillance, clinical-based surveillance, surveys, hospital admission
data, and mortality rates [289,290], yet it faces obstacles such as biases, long execution time, insensitivity to resource limitations,
ethical concerns, and high costs [291]. Consequently, wastewater-based epidemiological surveillance proved valuable in addressing
the pandemic by facilitating the identification of SARS-CoV-2 and enabling the implementation of monitoring initiatives that issue
predictive alerts in a noninvasive and cost-effective manner, making it advantageous even for poor regions [112,292].

Apart from the benefits, obstacles continue to arise in the broad implementation of WBE, mostly because of the complex structure of
the wastewater matrix. Efficient sample processing and viral DNA and RNA extraction techniques are necessary to ensure the
dependability of WBE by removing matrix interferences and improving detection sensitivity. To scale up and increase the accuracy of
WRBE, further research is needed to produce a “gold standard” analytical approach for the complex wastewater matrix [293].

The surveillance of the reemerging Monkeypox virus in the USA and Europe now efficiently utilizes the established frameworks
initially designed for testing SARS-CoV-2 [76]. Thus, wastewater monitoring programs can swiftly adapt to the screening of new
targets, establishing them as flexible tools in epidemiological surveillance.
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10. Conclusion

In conclusion, we highlight the promise and effectiveness of Wastewater-Based Epidemiology (WBE) as a crucial tool for moni-
toring and predicting the spread of infectious diseases, especially during the COVID-19 pandemic. This study emphasizes that despite
the challenges associated with the collection, concentration, and detection of viruses in wastewater samples, PCR and qPCR techniques
emerge as essential methods for viral pathogen detection, offering robust sensitivity and specificity. With the continued development
and implementation of wastewater surveillance strategies worldwide, these innovative approaches are expected to continue playing a
crucial role in protecting public health and preventing infectious disease outbreaks.

Funding

This research was funded by CNPq (Conselho Nacional de Desenvolvimento Cientifico e Tecnoldgico) through Call MCTIC/CNPq/
FNDCT/MS/SCTIE/Decit N° 07/2020 (Grant Number: 402002/2020-2).

Data availability
Data are contained within the article.
CRediT authorship contribution statement

Matheus Carmo dos Santos: Writing — review & editing, Writing — original draft, Visualization, Conceptualization. Ana Clara
Cerqueira Silva: Writing — original draft, Conceptualization. Carine dos Reis Teixeira: Writing — original draft, Conceptualization.
Filipe Pinheiro Macedo Prazeres: Writing — original draft, Conceptualization. Rosangela Fernandes dos Santos: Writing — original
draft, Conceptualization. Carolina de Aratijo Rolo: Writing — review & editing. Emanuelle de Souza Santos: Conceptualization.
Maisa Santos da Fonseca: Writing — review & editing. Camila Oliveira Valente: Writing — review & editing. Katharine Valéria
Saraiva Hodel: Writing — review & editing. Larissa Moraes dos Santos Fonseca: Writing — review & editing. Bianca Sampaio Dotto
Fiuza: Writing — review & editing, Visualization, Supervision, Conceptualization. Rodrigo de Freitas Bueno: Writing — review &
editing, Project administration. Jailson Bittencourt de Andrade: Writing — review & editing, Project administration. Bruna Apar-
ecida Souza Machado: Writing — review & editing, Supervision, Project administration, Conceptualization.

Declaration of competing interest

The authors declare that they have no known competing financial interests or personal relationships that could have appeared to
influence the work reported in this paper.

Acknowledgments

The authors acknowledge the support from CNPq (B.A.S.M. is a Technological Fellow under grant 306041,/2021-9) and the Na-
tional System of Nanotechnology Laboratories (SisNANO/MCTI/Brazil) Plataforma Aberta CIMATEC Nano. Financial support from
REMONAR MCTI - CNPq (COVID-19 Wastewater Monitoring Network, process number 400284,/2022-7) and INCT Sustainable
Sewage Treatment Plants is also appreciated.

References

[1] G. Masachessi, M.B. Pisano, V.E. Prez, L.C. Martinez, J.F. Michelena, M. Martinez-Wassaf, M.O. Giordano, M.B. Isa, J.V. Pavan, A. Welter, et al., Enteric viruses
in surface waters from Argentina: molecular and viable-virus detection ENVIRONMENTAL MICROBIOLOGY crossm, Appl. Environ. Microbiol. 84 (2018)
2327-2344, https://doi.org/10.1128/AEM.

[2] United nations ensure availability and sustainable management of water and sanitation for, All Available online: https://unstats.un.org/sdgs/report/2022/
Goal-06/. (Accessed 6 November 2023).

[3] UN water WHO/UNICEF: new report on WASH in households, Available online: https://www.unwater.org/news/who/unicef-new-report-wash-households.
(Accessed 6 November 2023).

[4] S. Naidoo, A.O. Olaniran, Treated wastewater effluent as a source of microbial pollution of surface water resources, Int. J. Environ. Res. Publ. Health 11 (2013)
249-270.

[5] UN-water water quality and wastewater, Available online: https://www.unwater.org/water-facts/water-quality-and-wastewater. (Accessed 6 November
2023).

[6] S.U. Bhat, U. Qayoom, Implications of sewage discharge on freshwater ecosystems, in: Sewage - Recent Advances, New Perspectives and Applications, 2021.

[7] O. Osuolale, A. Okoh, Human enteric bacteria and viruses in five wastewater treatment plants in the eastern cape, South Africa, J Infect Public Health 10
(2017) 541-547, https://doi.org/10.1016/j.jiph.2016.11.012.

[8] E.M. Janahi, S. Mustafa, S.F.D. Parkar, H.A. Naser, Z.M. Eisa, Detection of enteric viruses and bacterial indicators in a sewage treatment center and shallow
water bay, Int. J. Environ. Res. Publ. Health 17 (2020) 1-13, https://doi.org/10.3390/ijerph17186483.

[9] T. Yuan, Y. Pian, Hospital wastewater as hotspots for pathogenic microorganisms spread into aquatic environment: a review, Front. Environ. Sci. 10 (2023).

[10] M. de L. Aguiar-Oliveira, A. Campos, A.R. Matos, C. Rigotto, A. Sotero-Martins, P.F.P. Teixeira, M.M. Siqueira, Wastewater-based epidemiology (Wbe) and
viral detection in polluted surface water: a valuable tool for Covid-19 surveillance—a brief review, Int. J. Environ. Res. Publ. Health 17 (2020) 1-19.

[11] T. Prado, G. Rey-Benito, M.P. Miagostovich, M.I.Z. Sato, V.B. Rajal, C.R.M. Filho, A.D. Pereira, M.R.F. Barbosa, C.F. Mannarino, A.S. da Silva, Wastewater-
based epidemiology for preventing outbreaks and epidemics in Latin America — lessons from the past and a look to the future, Sci. Total Environ. 865 (2023).

15


https://doi.org/10.1128/AEM
https://unstats.un.org/sdgs/report/2022/Goal-06/
https://unstats.un.org/sdgs/report/2022/Goal-06/
https://www.unwater.org/news/who/unicef-new-report-wash-households
http://refhub.elsevier.com/S2405-8440(24)09904-3/sref4
http://refhub.elsevier.com/S2405-8440(24)09904-3/sref4
https://www.unwater.org/water-facts/water-quality-and-wastewater
http://refhub.elsevier.com/S2405-8440(24)09904-3/sref6
https://doi.org/10.1016/j.jiph.2016.11.012
https://doi.org/10.3390/ijerph17186483
http://refhub.elsevier.com/S2405-8440(24)09904-3/sref9
http://refhub.elsevier.com/S2405-8440(24)09904-3/sref10
http://refhub.elsevier.com/S2405-8440(24)09904-3/sref10
http://refhub.elsevier.com/S2405-8440(24)09904-3/sref11
http://refhub.elsevier.com/S2405-8440(24)09904-3/sref11

M. Carmo dos Santos et al. Heliyon 10 (2024) e33873

[12]
[13]

[14]
[15]

[16]
[17]

[18]
[19]

[20]
[21]
[22]
[23]
[24]
[25]
[26]
[27]
[28]
[29]
[30]

[31]
[32]

[33]
[34]

[35]

[36]
[37]
[38]

[39]
[40]

[41]
[42]

[43]
[44]

[45]
[46]
[47]
[48]
[49]
[50]
[51]

[52]
[53]

[54]

A. Tiwari, S. Adhikari, D. Kaya, M.A. Islam, B. Malla, S.P. Sherchan, A.I. Al-Mustapha, M. Kumar, S. Aggarwal, P. Bhattacharya, et al., Monkeypox outbreak:
wastewater and environmental surveillance perspective, Sci. Total Environ. 856 (2023).

P.M. Choi, B.J. Tscharke, E. Donner, J.W. O’Brien, S.C. Grant, S.L. Kaserzon, R. Mackie, E. O’Malley, N.D. Crosbie, K.V. Thomas, et al., Wastewater-based
epidemiology biomarkers: past, present and future, TrAC, Trends Anal. Chem. 105 (2018) 453-469.

J.R. Paul, J.D. Task, C.S. Culotta, Poliomyelitic virus in sewage, Science (1979) 1939.

A.C. Singer, J.R. Thompson, C.R.M. Filho, R. Street, X. Li, S. Castiglioni, K.V. Thomas, A world of wastewater-based epidemiology, Nature Water 1 (2023)
408-415, https://doi.org/10.1038/5s44221-023-00083-8.

A. Zahedi, P. Monis, D. Deere, U. Ryan, Wastewater-based epidemiology-surveillance and early detection of waterborne pathogens with a focus on SARS-CoV-
2, cryptosporidium and giardia, Parasitol. Res. (2021), https://doi.org/10.1007/500436-020-07023-5/Published.

K. Mao, K. Zhang, W. Du, W. Ali, X. Feng, H. Zhang, The potential of wastewater-based epidemiology as surveillance and early warning of infectious disease
outbreaks, Curr Opin Environ Sci Health 17 (2020) 1-7.

C.G. Daughton, Wastewater surveillance for population-wide Covid-19: the present and future, Sci. Total Environ. 736 (2020).

L. Gable, N. Ram, J.L. Ram, Legal and ethical implications of wastewater monitoring of SARS-CoV-2 for COVID-19 surveillance, J Law Biosci 7 (2020), https://
doi.org/10.1093/jlb/1saa039.

P.H. Mainardi, E.D. Bidoia, Challenges and emerging perspectives of an international SARS-CoV-2 epidemiological surveillance in wastewater, An. Acad. Bras.
Cienc. 93 (2021), https://doi.org/10.1590,/0001-3765202120210163.

L. Pillay, I1.D. Amoah, S. Kumari, F. Bux, Potential and challenges encountered in the application of wastewater-based epidemiology as an early warning system
for COVID-19 infections in South Africa, ACS ES and T Water 2 (2022) 2105-2113, https://doi.org/10.1021/acsestwater.2c00049.

R. Omori, F. Miura, M. Kitajima, Age-dependent association between SARS-CoV-2 cases reported by passive surveillance and viral load in wastewater, Sci.
Total Environ. (2021) 792, https://doi.org/10.1016/j.scitotenv.2021.148442.

J. O’Keeffe, Wastewater-based epidemiology: current uses and future opportunities as a public health surveillance tool, Environ. Health Rev. 64 (2021) 44-52,
https://doi.org/10.5864,/d2021-015.

J. Sridhar, R. Parit, G. Boopalakrishnan, M.J. Rexliene, R. Praveen, B. Viswananathan, Importance of wastewater-based epidemiology for detecting and
monitoring SARS-CoV-2, Case Stud. Chem. Environ. Eng. 6 (2022), https://doi.org/10.1016/j.cscee.2022.100241.

L. Gable, N. Ram, J.L. Ram, Legal and ethical implications of wastewater monitoring of SARS-CoV-2 for COVID-19 surveillance, J Law Biosci 7 (2020), https://
doi.org/10.1093/jlb/1saa039.

D.A. Bowes, A. Darling, E.M. Driver, D. Kaya, R. Maal-Bared, L.M. Lee, K. Goodman, S. Adhikari, S. Aggarwal, A. Bivins, et al., Structured ethical review for
wastewater-based testing, medRxiv (2023), https://doi.org/10.1101/2023.06.12.23291231.

C. Adams, M. Bias, R.M. Welsh, J. Webb, H. Reese, S. Delgado, J. Person, R. West, S. Shin, A. Kirby, The national wastewater surveillance system (NWSS): from
inception to widespread coverage, 2020-2022, United States, Sci. Total Environ. 924 (2024) 171566, https://doi.org/10.1016/j.scitotenv.2024.171566.
S.B. Tiwari, P. Gahlot, V.K. Tyagi, L. Zhang, Y. Zhou, A.A. Kazmi, M. Kumar, Surveillance of wastewater for early epidemic prediction (SWEEP): environmental
and health security perspectives in the post COVID-19 anthropocene, Environ. Res. 195 (2021), https://doi.org/10.1016/j.envres.2021.110831.

Y. Jia, F. Zheng, H.R. Maier, A. Ostfeld, E. Creaco, D. Savic, J. Langeveld, Z. Kapelan, Water quality modeling in sewer networks: review and future research
directions, Water Res. 202 (2021) 117419, https://doi.org/10.1016/j.watres.2021.117419.

T.A. Owolabi, S.R. Mohandes, T. Zayed, Investigating the impact of sewer overflow on the environment: a comprehensive literature review paper, J. Environ.
Manag. 301 (2022) 113810, https://doi.org/10.1016/j.jenvman.2021.113810.

N.E. Peters, M. Meybeck, D.V. Chapman, Effects of human activities on water quality, in: Encyclopedia of Hydrological Sciences, Wiley, 2005.

T. Ahmed, M. Zounemat-Kermani, M. Scholz, Climate change, water quality and water-related challenges: a review with focus on Pakistan, Int. J. Environ. Res.
Publ. Health 17 (2020) 8518, https://doi.org/10.3390/ijerph17228518.

G. Nichols, I. Lake, C. Heaviside, Climate change and water-related infectious diseases, Atmosphere 9 (2018) 385, https://doi.org/10.3390/atmos9100385.
A. Nijhawan, G. Howard, Associations between climate variables and water quality in low- and middle-income countries: a scoping review, Water Res. 210
(2022) 117996, https://doi.org/10.1016/j.watres.2021.117996.

A. Priiss-Ustiin, J. Wolf, J. Bartram, T. Clasen, O. Cumming, M.C. Freeman, B. Gordon, P.R. Hunter, K. Medlicott, R. Johnston, Burden of disease from
inadequate water, sanitation and hygiene for selected adverse health outcomes: an updated analysis with a focus on low- and middle-income countries, Int. J.
Hyg Environ. Health 222 (2019) 765-777, https://doi.org/10.1016/j.ijheh.2019.05.004.

WHO water, sanitation and hygiene: burden of disease, Available online: https://www.who.int/data/gho/data/themes/topics/water-sanitation-and-hygiene-
burden-of-disease. (Accessed 26 March 2024).

B.K. Singh, M. Delgado-Baquerizo, E. Egidi, E. Guirado, J.E. Leach, H. Liu, P. Trivedi, Climate change impacts on plant pathogens, food security and paths
forward, Nat. Rev. Microbiol. 21 (2023) 640-656, https://doi.org/10.1038/541579-023-00900-7.

X. Wu, Y. Lu, S. Zhou, L. Chen, B. Xu, Impact of climate change on human infectious diseases: empirical evidence and human adaptation, Environ. Int. 86
(2016) 14-23, https://doi.org/10.1016/j.envint.2015.09.007.

UN water progress on wastewater treatment (SDG target 6.3, Available online: https://www.sdg6data.org/en/indicator/6.3.1. (Accessed 26 March 2024).
E.R. Jones, M.F.P. Bierkens, N. Wanders, E.H. Sutanudjaja, L.P.H. van Beek, M.T.H. van Vliet, Current wastewater treatment targets are insufficient to protect
surface water quality, Commun Earth Environ 3 (2022) 221, https://doi.org/10.1038/543247-022-00554-y.

L. Yang, J. Wei, J. Qi, M. Zhang, Effect of sewage treatment plant effluent on water quality of zhangze reservoir based on EFDC model, Front. Environ. Sci. 10
(2022), https://doi.org/10.3389/fenvs.2022.874502.

Y.-T. Hung, H. Abdul Aziz, I.A. Al-Khatib, R.O. Abdel Rahman, M.G. Cora-Hernandez, Water quality engineering and wastewater treatment, Water (Basel) 13
(2021) 330, https://doi.org/10.3390/w13030330.

T.H. Tulchinsky, E.A. Varavikova, Expanding the concept of public health, in: The New Public Health, Elsevier, 2014, pp. 43-90.

N. Sims, B. Kasprzyk-Hordern, Future perspectives of wastewater-based epidemiology: monitoring infectious disease spread and resistance to the community
level, Environ. Int. 139 (2020).

E. Gracia-Lor, N.I. Rousis, F. Hernandez, E. Zuccato, S. Castiglioni, Wastewater-based epidemiology as a novel biomonitoring tool to evaluate human exposure
to pollutants, Environ. Sci. Technol. 52 (2018) 10224-10226.

P.M. Choi, J.W. O’Brien, J. Li, G. Jiang, K.V. Thomas, J.F. Mueller, Population histamine burden assessed using wastewater-based epidemiology: the
association of 1,4-methylimidazole acetic acid and fexofenadine, Environ. Int. 120 (2018) 172-180, https://doi.org/10.1016/j.envint.2018.08.009.

S. Adhikari, R.U. Halden, Opportunities and limits of wastewater-based epidemiology for tracking global health and attainment of UN sustainable development
goals, Environ. Int. 163 (2022), https://doi.org/10.1016/j.envint.2022.107217.

P.M. Choi, B. Tscharke, S. Samanipour, W.D. Hall, C.E. Gartner, J.F. Mueller, K.V. Thomas, J.W. O’Brien, Social, demographic, and economic correlates of food
and chemical consumption measured by wastewater-based epidemiology, Proc. Natl. Acad. Sci. U.S.A. 116 (2019) 21864-21873, https://doi.org/10.1073/
pnas.1910242116.

J.D. Allan Gray, The Isolation of b. Paratyphosus b from Sewage, Br. Med. J. 1 (1929) 142-144, https://doi.org/10.1136/bmj.1.3551.142.

W.J. Wilson, Isolation of B. Typhosus from sewage and shellfish, Br. Med. J. 23 (1928).

T. Poyry, M. Stenvik, T. Hovi, Viruses in sewage waters during and after a poliomyelitis outbreak and subsequent nationwide oral poliovirus vaccination
campaign in Finland 54 (1988).

C.G. Daughton, in: Illicit Drugs in Municipal Sewage, 2001, pp. 348-364.

E. Zuccato, C. Chiabrando, S. Castiglioni, D. Calamari, R. Bagnati, S. Schiarea, R. Fanelli, Cocaine in surface waters: a new evidence-based tool to monitor
community drug abuse, Environ. Health 4 (2005), https://doi.org/10.1186/1476-069X-4-14.

N.I. Rousis, E. Gracia-Lor, E. Zuccato, R. Bade, J.A. Baz-Lomba, E. Castrignano, A. Causanilles, A. Covaci, P. de Voogt, F. Hernandez, et al., Wastewater-based
epidemiology to assess pan-European pesticide exposure, Water Res. 121 (2017) 270-279, https://doi.org/10.1016/j.watres.2017.05.044.

16


http://refhub.elsevier.com/S2405-8440(24)09904-3/sref12
http://refhub.elsevier.com/S2405-8440(24)09904-3/sref12
http://refhub.elsevier.com/S2405-8440(24)09904-3/sref13
http://refhub.elsevier.com/S2405-8440(24)09904-3/sref13
http://refhub.elsevier.com/S2405-8440(24)09904-3/sref14
https://doi.org/10.1038/s44221-023-00083-8
https://doi.org/10.1007/s00436-020-07023-5/Published
http://refhub.elsevier.com/S2405-8440(24)09904-3/sref17
http://refhub.elsevier.com/S2405-8440(24)09904-3/sref17
http://refhub.elsevier.com/S2405-8440(24)09904-3/sref18
https://doi.org/10.1093/jlb/lsaa039
https://doi.org/10.1093/jlb/lsaa039
https://doi.org/10.1590/0001-3765202120210163
https://doi.org/10.1021/acsestwater.2c00049
https://doi.org/10.1016/j.scitotenv.2021.148442
https://doi.org/10.5864/d2021-015
https://doi.org/10.1016/j.cscee.2022.100241
https://doi.org/10.1093/jlb/lsaa039
https://doi.org/10.1093/jlb/lsaa039
https://doi.org/10.1101/2023.06.12.23291231
https://doi.org/10.1016/j.scitotenv.2024.171566
https://doi.org/10.1016/j.envres.2021.110831
https://doi.org/10.1016/j.watres.2021.117419
https://doi.org/10.1016/j.jenvman.2021.113810
http://refhub.elsevier.com/S2405-8440(24)09904-3/sref31
https://doi.org/10.3390/ijerph17228518
https://doi.org/10.3390/atmos9100385
https://doi.org/10.1016/j.watres.2021.117996
https://doi.org/10.1016/j.ijheh.2019.05.004
https://www.who.int/data/gho/data/themes/topics/water-sanitation-and-hygiene-burden-of-disease
https://www.who.int/data/gho/data/themes/topics/water-sanitation-and-hygiene-burden-of-disease
https://doi.org/10.1038/s41579-023-00900-7
https://doi.org/10.1016/j.envint.2015.09.007
https://www.sdg6data.org/en/indicator/6.3.1
https://doi.org/10.1038/s43247-022-00554-y
https://doi.org/10.3389/fenvs.2022.874502
https://doi.org/10.3390/w13030330
http://refhub.elsevier.com/S2405-8440(24)09904-3/sref43
http://refhub.elsevier.com/S2405-8440(24)09904-3/sref44
http://refhub.elsevier.com/S2405-8440(24)09904-3/sref44
http://refhub.elsevier.com/S2405-8440(24)09904-3/sref45
http://refhub.elsevier.com/S2405-8440(24)09904-3/sref45
https://doi.org/10.1016/j.envint.2018.08.009
https://doi.org/10.1016/j.envint.2022.107217
https://doi.org/10.1073/pnas.1910242116
https://doi.org/10.1073/pnas.1910242116
https://doi.org/10.1136/bmj.1.3551.142
http://refhub.elsevier.com/S2405-8440(24)09904-3/sref50
http://refhub.elsevier.com/S2405-8440(24)09904-3/sref51
http://refhub.elsevier.com/S2405-8440(24)09904-3/sref51
http://refhub.elsevier.com/S2405-8440(24)09904-3/sref52
https://doi.org/10.1186/1476-069X-4-14
https://doi.org/10.1016/j.watres.2017.05.044

M. Carmo dos Santos et al. Heliyon 10 (2024) e33873

[55]
[56]

[57]

[58]
[591]

[60]

[61]

[62]

[63]
[64]
[65]
[66]

[67]

[68]

[69]
[70]
[71]

[72]

[73]

[74]
[75]
[76]
[77]

[78]

[79]
[80]
[81]
[82]
[83]
[84]
[85]
[86]
[87]
[88]

[89]

N.I. Rousis, E. Gracia-Lor, M.J. Reid, J.A. Baz-Lomba, Y. Ryu, E. Zuccato, K.V. Thomas, S. Castiglioni, Assessment of human exposure to selected pesticides in
Norway by wastewater analysis, Sci. Total Environ. 723 (2020), https://doi.org/10.1016/j.scitotenv.2020.138132.

M. Campos-Manas, D. Fabregat-Safont, F. Hernandez, E. de Rijke, P. de Voogt, A. van Wezel, L. Bijlsma, Analytical research of pesticide biomarkers in
wastewater with application to study spatial differences in human exposure, Chemosphere 307 (2022), https://doi.org/10.1016/j.chemosphere.2022.135684.
F. Been, M. Bastiaensen, F.Y. Lai, K. Libousi, N.S. Thomaidis, L. Benaglia, P. Esseiva, O. Delémont, A.L.N. Van Nuijs, A. Covaci, Mining the chemical
information on urban wastewater: monitoring human exposure to phosphorus flame retardants and plasticizers, Environ. Sci. Technol. 52 (2018) 6996-7005,
https://doi.org/10.1021/acs.est.8b01279.

L. Lopardo, B. Petrie, K. Proctor, J. Youdan, R. Barden, B. Kasprzyk-Hordern, Estimation of community-wide exposure to bisphenol A via water fingerprinting,
Environ. Int. 125 (2019) 1-8, https://doi.org/10.1016/j.envint.2018.12.048.

A. Kannan, N. Sims, A.J. Hold, K. Jagadeesan, R. Standerwick, R. Barden, B. Kasprzyk-Hordern, The burden of city’s pain treatment — a longitudinal one year
study of two cities via wastewater-based epidemiology, Water Res. 229 (2023), https://doi.org/10.1016/j.watres.2022.119391.

Y. Zhang, L. Duan, B. Wang, Y. Du, G. Cagnetta, J. Huang, L. Blaney, G. Yu, Wastewater-based epidemiology in Beijing, China: prevalence of antibiotic use in
flu season and association of pharmaceuticals and personal care products with socioeconomic characteristics, Environ. Int. 125 (2019) 152-160, https://doi.
org/10.1016/j.envint.2019.01.061.

F. Ahmed, B. Tscharke, J.W. O’Brien, Q. Zheng, J. Thompson, J.F. Mueller, K.V. Thomas, Wastewater-based prevalence trends of gout in an Australian
community over a period of 8 years, Sci. Total Environ. 759 (2021), https://doi.org/10.1016/j.scitotenv.2020.143460.

J.A. Baz-Lomba, S. Salvatore, E. Gracia-Lor, R. Bade, S. Castiglioni, E. Castrignano, A. Causanilles, F. Hernandez, B. Kasprzyk-Hordern, J. Kinyua, et al.,
Comparison of pharmaceutical, illicit drug, alcohol, nicotine and caffeine levels in wastewater with sale, seizure and consumption data for 8 European cities,
BMC Publ. Health 16 (2016) 1-11, https://doi.org/10.1186/512889-016-3686-5.

A.P.W. Banks, F.Y. Lai, J.F. Mueller, G. Jiang, S. Carter, P.K. Thai, Potential impact of the sewer system on the applicability of alcohol and tobacco biomarkers
in wastewater-based epidemiology, Drug Test. Anal. 10 (2018) 530-538, https://doi.org/10.1002/dta.2246.

J. Chen, A K. Venkatesan, R.U. Halden, Alcohol and nicotine consumption trends in three U.S. Communities determined by wastewater-based epidemiology,
Sci. Total Environ. 656 (2019) 174-183, https://doi.org/10.1016/j.scitotenv.2018.11.350.

J. Gao, Q. Zheng, F.Y. Lai, C. Gartner, P. Du, Y. Ren, X. Li, D. Wang, J.F. Mueller, P.K. Thai, Using wastewater-based epidemiology to estimate consumption of
alcohol and nicotine in major cities of China in 2014 and 2016, Environ. Int. 136 (2020), https://doi.org/10.1016/j.envint.2020.105492.

E. Castrignano, Z. Yang, E.J. Feil, R. Bade, S. Castiglioni, A. Causanilles, E. Gracia-Lor, F. Hernandez, B.G. Pldsz, P. Ramin, et al., Enantiomeric profiling of
quinolones and quinolones resistance gene QnrS in European wastewaters, Water Res. 175 (2020), https://doi.org/10.1016/j.watres.2020.115653.

F.C.T. Elder, K. Proctor, R. Barden, W.H. Gaze, J. Snape, E.J. Feil, B. Kasprzyk-Hordern, Spatiotemporal profiling of antibiotics and resistance genes in a river
catchment: human population as the main driver of antibiotic and antibiotic resistance gene presence in the environment, Water Res. 203 (2021), https://doi.
org/10.1016/j.watres.2021.117533.

S. Castiglioni, N. Salgueiro-Gonzélez, L. Bijlsma, A. Celma, E. Gracia-Lor, M.S. Beldean-Galea, T. Mackulak, E. Emke, E. Heath, B. Kasprzyk-Hordern, et al.,
New psychoactive substances in several European populations assessed by wastewater-based epidemiology, Water Res. 195 (2021), https://doi.org/10.1016/j.
watres.2021.116983.

R. Bade, N. Rousis, S. Adhikari, C. Baduel, L. Bijlsma, E. Bizani, T. Boogaerts, D.A. Burgard, S. Castiglioni, A. Chappell, et al., Three years of wastewater
surveillance for new psychoactive substances from 16 countries, Water Res. X 19 (2023), https://doi.org/10.1016/j.wroa.2023.100179.

J.W. O’Brien, P.M. Choi, J. Li, P.K. Thai, G. Jiang, B.J. Tscharke, J.F. Mueller, K.V. Thomas, Evaluating the stability of three oxidative stress biomarkers under
sewer conditions and potential impact for use in wastewater-based epidemiology, Water Res. 166 (2019), https://doi.org/10.1016/j.watres.2019.115068.
K.V. Thomas, L. Bijlsma, S. Castiglioni, A. Covaci, E. Emke, R. Grabic, F. Hernandez, S. Karolak, B. Kasprzyk-Hordern, R.H. Lindberg, et al., Comparing illicit
drug use in 19 European cities through sewage analysis, Sci. Total Environ. 432 (2012) 432-439, https://doi.org/10.1016/j.scitotenv.2012.06.069.

1. Gonzélez-Marino, J.A. Baz-Lomba, N.A. Alygizakis, M.J. Andrés-Costa, R. Bade, A. Bannwarth, L.P. Barron, F. Been, L. Benaglia, J.D. Berset, et al., Spatio-
temporal assessment of illicit drug use at large scale: evidence from 7 Years of international wastewater monitoring, Addiction 115 (2020) 109-120, https://
doi.org/10.1111/add.14767.

T.O.C. Faleye, D.A. Bowes, E.M. Driver, S. Adhikari, D. Adams, A. Varsani, R.U. Halden, M. Scotch, Wastewater-based epidemiology and long-read sequencing
to identify enterovirus circulation in three municipalities in maricopa county, Arizona, Southwest United States between June and October 2020, Viruses 13
(2021), https://doi.org/10.3390/v13091803.

M. Hellmér, N. Paxéus, L. Magnius, L. Enache, B. Arnholm, A. Johansson, T. Bergstrom, H. Norder, Detection of pathogenic viruses in sewage provided early
warnings of hepatitis A virus and norovirus outbreaks, Appl. Environ. Microbiol. 80 (2014) 6771-6781, https://doi.org/10.1128/AEM.01981-14.

C. Santiso-Bellén, W. Randazzo, A. Pérez-Cataluna, S. Vila-Vicent, R. Gozalbo-Rovira, C. Munoz, J. Buesa, G. Sanchez, J.R. Diaz, Epidemiological surveillance
of norovirus and rotavirus in sewage (2016-2017) in Valencia (Spain), Microorganisms 8 (2020), https://doi.org/10.3390/microorganisms8030458.

M.K. Wolfe, D. Duong, B. Hughes, V. Chan-Herur, B.J. White, A.B. Boehm, M.K. Wolfe, A. Boehm, Detection of monkeypox viral DNA in a routine wastewater
monitoring program, medRxiv (2022), https://doi.org/10.1101/2022.07.25.22278043.

L. Rosa, B. Ferraro, G. La Rosa, Detection of monkeypox virus DNA in the wastewater of an airport in Rome, Italy: expanding environmental surveillance to
emerging threats, medRvix (2022), https://doi.org/10.1101/2022.08.18.22278932.

C. de Aratijo Rolo, B.A.S. Machado, M.C. dos Santos, R.F. dos Santos, M.S. Fonseca, K.V.S. Hodel, J.R. Silva, D.D.G. Nunes, E. dos Santos Almeida, J.B. de
Andrade, Long-term monitoring of COVID-19 prevalence in raw and treated wastewater in Salvador, the largest capital of the Brazilian Northeast, Sci. Rep. 13
(2023), https://doi.org/10.1038/s41598-023-41060-1.

K.A. Hamilton, M. Waso, B. Reyneke, N. Saeidi, A. Levine, C. Lalancette, M. Besner, W. Khan, W. Ahmed, Cryptosporidium and Giardia in wastewater and
surface water environments, J. Environ. Qual. 47 (2018) 1006-1023, https://doi.org/10.2134/jeq2018.04.0132.

C. Barber, K. Crank, K. Papp, G.K. Innes, B.W. Schmitz, J. Chavez, A. Rossi, D. Gerrity, Community-scale wastewater surveillance of Candida Auris during an
ongoing outbreak in Southern Nevada, Environ. Sci. Technol. 57 (2023) 1755-1763, https://doi.org/10.1021/acs.est.2c07763.

S. Zhang, J. Shi, E. Sharma, X. Li, S. Gao, X. Zhou, J. O’Brien, L. Coin, Y. Liu, M. Sivakumar, et al., In-sewer decay and partitioning of Campylobacter Jejuni and
Campylobacter coli and implications for their wastewater surveillance, Water Res. 233 (2023) 119737, https://doi.org/10.1016/j.watres.2023.119737.

M. Das, T.S. Bhowmick, R.K. Nandy, G.B. Nair, B.L. Sarkar, Surveillance of Vibriophages reveals their role as biomonitoring agents in Kolkata, FEMS Microbiol.
Ecol. 67 (2009) 502-510, https://doi.org/10.1111/j.1574-6941.2008.00634.x.

M.A. Sabar, R. Honda, E. Haramoto, CrAssphage as an indicator of human-fecal contamination in water environment and virus reduction in wastewater
treatment, Water Res. 221 (2022) 118827, https://doi.org/10.1016/j.watres.2022.118827.

K. Crank, X. Li, D. North, G.B. Ferraro, M. Iaconelli, P. Mancini, G. La Rosa, K. Bibby, CrAssphage abundance and correlation with molecular viral markers in
Italian wastewater, Water Res. 184 (2020) 116161, https://doi.org/10.1016/j.watres.2020.116161.

M.V.A. Corpuz, A. Buonerba, G. Vigliotta, T. Zarra, F. Ballesteros, P. Campiglia, V. Belgiorno, G. Korshin, V. Naddeo, Viruses in wastewater: occurrence,
abundance and detection methods, Sci. Total Environ. 745 (2020), https://doi.org/10.1016/j.scitotenv.2020.140910.

N. Montazeri, D. Goettert, E.C. Achberger, C.N. Johnson, W. Prinyawiwatkul, M.E. Janes, Pathogenic enteric viruses and microbial indicators during secondary
treatment of municipal wastewater, Appl. Environ. Microbiol. 81 (2015) 6436-6445, https://doi.org/10.1128/AEM.01218-15.

T. Hovi, L.M. Shulman, H. Van Der Avoort, J. Deshpande, M. Roivainen, E.M. De Gourville, Role of environmental poliovirus surveillance in global polio
eradication and beyond, Epidemiol. Infect. 140 (2012) 1-13.

A.K. Ndiaye, P.A.M. Diop, O.M. Diop, Environmental surveillance of poliovirus and non-polio enterovirus in urban sewage in dakar, Senegal (2007-2013), Pan
Afr. Med. J. 19 (2014) 243, https://doi.org/10.11604/pam;j.2014.19.243.3538.

R. De Freitas Bueno, I.C.M. Claro, M.R. Augusto, A.F.A. Duran, L.D.M.B. Camillo, A.D. Cabral, F.F. Sodré, C.C.S. Brandao, C.S. Vizzotto, R. Silveira, et al.,
Wastewater-based epidemiology: a Brazilian SARS-COV-2 surveillance experience, J. Environ. Chem. Eng. 10 (2022), https://doi.org/10.1016/j.
jece.2022.108298.

17


https://doi.org/10.1016/j.scitotenv.2020.138132
https://doi.org/10.1016/j.chemosphere.2022.135684
https://doi.org/10.1021/acs.est.8b01279
https://doi.org/10.1016/j.envint.2018.12.048
https://doi.org/10.1016/j.watres.2022.119391
https://doi.org/10.1016/j.envint.2019.01.061
https://doi.org/10.1016/j.envint.2019.01.061
https://doi.org/10.1016/j.scitotenv.2020.143460
https://doi.org/10.1186/s12889-016-3686-5
https://doi.org/10.1002/dta.2246
https://doi.org/10.1016/j.scitotenv.2018.11.350
https://doi.org/10.1016/j.envint.2020.105492
https://doi.org/10.1016/j.watres.2020.115653
https://doi.org/10.1016/j.watres.2021.117533
https://doi.org/10.1016/j.watres.2021.117533
https://doi.org/10.1016/j.watres.2021.116983
https://doi.org/10.1016/j.watres.2021.116983
https://doi.org/10.1016/j.wroa.2023.100179
https://doi.org/10.1016/j.watres.2019.115068
https://doi.org/10.1016/j.scitotenv.2012.06.069
https://doi.org/10.1111/add.14767
https://doi.org/10.1111/add.14767
https://doi.org/10.3390/v13091803
https://doi.org/10.1128/AEM.01981-14
https://doi.org/10.3390/microorganisms8030458
https://doi.org/10.1101/2022.07.25.22278043
https://doi.org/10.1101/2022.08.18.22278932
https://doi.org/10.1038/s41598-023-41060-1
https://doi.org/10.2134/jeq2018.04.0132
https://doi.org/10.1021/acs.est.2c07763
https://doi.org/10.1016/j.watres.2023.119737
https://doi.org/10.1111/j.1574-6941.2008.00634.x
https://doi.org/10.1016/j.watres.2022.118827
https://doi.org/10.1016/j.watres.2020.116161
https://doi.org/10.1016/j.scitotenv.2020.140910
https://doi.org/10.1128/AEM.01218-15
http://refhub.elsevier.com/S2405-8440(24)09904-3/sref87
http://refhub.elsevier.com/S2405-8440(24)09904-3/sref87
https://doi.org/10.11604/pamj.2014.19.243.3538
https://doi.org/10.1016/j.jece.2022.108298
https://doi.org/10.1016/j.jece.2022.108298

M. Carmo dos Santos et al. Heliyon 10 (2024) e33873

[90]
[91]
[92]

[93]

[94]
[95]
[96]
[97]
[98]
[99]
[100]
[101]
[102]
[103]
[104]
[105]
[106]
[107]
[108]
[109]

[110]

[111]

[112]

[113]
[114]

[115]
[116]

[117]
[118]

[119]
[120]

[121]

[122]
[123]
[124]

[125]
[126]
[127]
[128]

[129]
[130]
[131]
[132]

[133]

M.S. Fonseca, B.A.S. Machado, C. de A. Rolo, K.V.S. Hodel, E. Almeida, S. dos, J.B. de Andrade, Evaluation of SARS-CoV-2 concentrations in wastewater and
river water samples, Case Stud. Chem. Environ. Eng. 6 (2022), https://doi.org/10.1016/j.cscee.2022.100214.

T.A. Carvalho, M.N. Boschiero, F.A.L. Marson, COVID-19 in Brazil: 150,000 deaths and the Brazilian underreporting, Diagn. Microbiol. Infect. Dis. 99 (2021),
https://doi.org/10.1016/j.diagmicrobio.2020.115258.

M.A. Johansson, T.M. Quandelacy, S. Kada, P.V. Prasad, M. Steele, J.T. Brooks, R.B. Slayton, M. Biggerstaff, J.C. Butler, SARS-CoV-2 transmission from people
without COVID-19 symptoms, JAMA Netw. Open 4 (2021), https://doi.org/10.1001/jamanetworkopen.2020.35057.

B.W. Schmitz, G.K. Innes, S.M. Prasek, W.Q. Betancourt, E.R. Stark, A.R. Foster, A.G. Abraham, C.P. Gerba, L.L. Pepper, Enumerating asymptomatic COVID-19
cases and estimating SARS-CoV-2 fecal shedding rates via wastewater-based epidemiology, Sci. Total Environ. 801 (2021), https://doi.org/10.1016/j.
scitotenv.2021.149794.

UNICEF progress on household drinking water, sanitation and hygiene 2000-2022: special focus on gender, Available online: https://data.unicef.org/
resources/jmp-report-2023/. (Accessed 6 November 2023).

C.C. Naughton, F.A. Roman, A.G.F. Alvarado, A.Q. Tarigi, M.A. Deeming, K.F. Kadonsky, K. Bibby, A. Bivins, G. Medema, W. Ahmed, et al., Show us the data:
global COVID-19 wastewater monitoring efforts, equity, and gaps, FEMS Microbes 4 (2023), https://doi.org/10.1093/femsmc/xtad003.

S. Agrawal, L. Orschler, S. Schubert, K. Zachmann, L. Heijnen, S. Tavazzi, B.M. Gawlik, M. de Graaf, G. Medema, S. Lackner, Prevalence and circulation
patterns of SARS-CoV-2 variants in European sewage mirror clinical data of 54 European cities, Water Res. 214 (2022), https://doi.org/10.1016/j.
watres.2022.118162.

R. Hreiz, M.A. Latifi, N. Roche, Optimal design and operation of activated sludge processes: state-of-the-art, Chem. Eng. J. 281 (2015) 900-920.

K. Mao, H. Zhang, Y. Pan, Z. Yang, Biosensors for wastewater-based epidemiology for monitoring public health, Water Res. 191 (2021).

A.L Okoh, T. Sibanda, S.S. Gusha, Inadequately treated wastewater as a source of human enteric viruses in the environment, Int. J. Environ. Res. Publ. Health 7
(2010) 2620-2637.

T. A Parasidis, T. G Konstantinidis, I. G, Environmental monitoring of enteric viruses in wastewater, Virol. Mycol. (2013) 02, https://doi.org/10.4172/2161-
0517.1000e106.

I. Xagoraraki, E. O’Brien, in: Wastewater-Based Epidemiology for Early Detection of Viral Outbreaks, 2020, pp. 75-97.

H. Murphy, Persistence of pathogens in sewage and other water types, Global Water Pathogens, Project (2017) 3-24.

G. La Rosa, M. Pourshaban, M. Iaconelli, M. Muscillo, Quantitative real-time PCR of enteric viruses in influent and effluent samples from wastewater treatment
plants in Italy, Ann. Ist. Super Sanita 46 (2010) 266-273, https://doi.org/10.4415/Ann_10_03_07.

T.T. Fong, M.S. Phanikumar, 1. Xagoraraki, J.B. Rose, Quantitative detection of human adenoviruses in wastewater and combined sewer overflows influencing
a Michigan river, Appl. Environ. Microbiol. 76 (2010) 715-723, https://doi.org/10.1128/AEM.01316-09.

A. Lizasoain, L.F.L. Tort, M. Garcia, M.M. Gémez, J.P.G. Leite, M.P. Miagostovich, J. Cristina, R. Colina, M. Victoria, Environmental assessment reveals the
presence of MLB-1 human astrovirus in Uruguay, J. Appl. Microbiol. 119 (2015) 859-867, https://doi.org/10.1111/jam.12856.

Z. Tao, X. Lin, Y. Liu, F. Ji, S. Wang, P. Xiong, L. Zhang, Q. Xu, A. Xu, N. Cui, Detection of multiple human astroviruses in sewage by next generation
sequencing, Water Res. 218 (2022), https://doi.org/10.1016/j.watres.2022.118523.

P. Atabakhsh, M. Kargar, A. Doosti, Molecular detection and genotyping of group A rotavirus in two wastewater treatment plants, Iran, Braz. J. Microbiol. 51
(2020) 197-203, https://doi.org/10.1007/542770-019-00131-0.

A. Fantilli, G. Di Cola, G. Castro, P. Sicilia, A.M. Cachi, M. de los Angeles Marinzalda, G. Ibarra, L. Lopez, C. Valduvino, G. Barbas, et al., Hepatitis A virus
monitoring in wastewater: a complementary tool to clinical surveillance, Water Res. 241 (2023), https://doi.org/10.1016/j.watres.2023.120102.

T. Miura, S. Lhomme, J.C. Le Saux, P. Le Mehaute, Y. Guillois, E. Couturier, J. Izopet, F. Abranavel, F.S. Le Guyader, Detection of hepatitis E virus in sewage
after an outbreak on a French island, Food Environ Virol 8 (2016) 194-199, https://doi.org/10.1007/s12560-016-9241-9.

M. Iaconelli, G.B. Ferraro, P. Mancini, E. Suffredini, C. Veneri, A.R. Ciccaglione, R. Bruni, S. Della Libera, F. Bignami, M. Brambilla, et al., Nine-year nationwide
environmental surveillance of hepatitis E virus in urban wastewaters in Italy (2011-2019), Int. J. Environ. Res. Publ. Health 17 (2020), https://doi.org/
10.3390/ijerph17062059.

G. Medema, L. Heijnen, G. Elsinga, R. Italiaander, A. Brouwer, Presence of SARS-coronavirus-2 RNA in sewage and correlation with reported COVID-19
prevalence in the early stage of the epidemic in The Netherlands, Environ. Sci. Technol. Lett. 7 (2020) 511-516, https://doi.org/10.1021/acs.estlett.0c00357.
M. Jakariya, F. Ahmed, M.A. Islam, A. Al Marzan, M.N. Hasan, M. Hossain, T. Ahmed, A. Hossain, H.M. Reza, F. Hossen, et al., Wastewater-based
epidemiological surveillance to monitor the prevalence of SARS-CoV-2 in developing countries with onsite sanitation facilities, Environ. Pollut. 311 (2022),
https://doi.org/10.1016/j.envpol.2022.119679.

E.F. de Jonge, C.M. Peterse, J.M. Koelewijn, A.M.R. van der Drift, R.F.H.J. van der Beek, E. Nagelkerke, W.J. Lodder, The detection of monkeypox virus DNA in
wastewater samples in The Netherlands, Sci. Total Environ. 852 (2022), https://doi.org/10.1016/j.scitotenv.2022.158265.

J. Ahmad, M. Ahmad, A.R.A. Usman, M.I. Al-Wabel, Prevalence of human pathogenic viruses in wastewater: a potential transmission risk as well as an effective
tool for early outbreak detection for COVID-19, J. Environ. Manag. 298 (2021), https://doi.org/10.1016/j.jenvman.2021.113486.

S.G. Morillo, M.C.S.T. Timenetsky, Norovirus: Uma Visao geral, Rev. Assoc. Med. Bras. 57 (2011) 462-467.

A.D. Vecchia, J.D. Fleck, J. Comerlato, M. Kluge, B. Bergamaschi, J.V.S. Da Silva, R.B. Da Luz, T.F. Teixeira, G.N. Garbinatto, D.V. Oliveira, et al., First
description of adenovirus, enterovirus, rotavirus and Torque Teno virus in water samples collected from the Arroio Diltvio, Porto Alegre, Brazil, Braz. J. Biol.
72 (2012) 323-329.

WHO diarrhoeal disease, Available online: https://www.who.int/news-room/fact-sheets/detail /diarrhoeal-disease. (Accessed 21 November 2022).

Y. Lucero, A.J. Lagomarcino, M. Espinoza, N. Kawakami, N. Mamani, N. Huerta, F. Del Canto, M. Farfan, Y. Sawaguchi, S. George, et al., Norovirus compared
to other relevant etiologies of acute gastroenteritis among families from a semirural county in Chile, Int. J. Infect. Dis. 101 (2020) 353-360, https://doi.org/
10.1016/j.ijid.2020.10.013.

M. Tan, Norovirus vaccines: current clinical development and challenges, Pathogens 10 (2021).

Y. Liao, X. Hong, A. Wu, Y. Jiang, Y. Liang, J. Gao, L. Xue, X. Kou, Global prevalence of norovirus in cases of acute gastroenteritis from 1997 to 2021: an
updated systematic review and meta-analysis, Microb. Pathog. 161 (2021).

R.R. Vieira, H.C.G. de Lima, P.V.B.A. Santos, N.F. da Silva, G. Darold, M. Lunardi, A.H. Benetti, A.M. Amude, Epidemiologia Da Norovirose e Estudo Do Papel
Do Cao Como Reservatério Para Este Agente Zoonotico, UNICIENCIAS 23 (2019) 2-11, https://doi.org/10.17921/1415-5141.2019v23n1p2-11.

E. Robilotti, S. Deresinski, B.A. Pinsky, Norovirus, Clin. Microbiol. Rev. 28 (2015) 134-164, https://doi.org/10.1128/CMR.00075-14.

Y. Lucero, D.O. Matson, S. Ashkenazi, S. George, M. Norovirus O’ryan, Facts and reflections from past, present, and future, Viruses 13 (2021).

G. Suleyman, G. Alangaden, A.C. Bardossy, The role of environmental contamination in the transmission of nosocomial pathogens and healthcare-associated
infections, Curr. Infect. Dis. Rep. 20 (2018).

N.A. Terrault, M.T. Levy, K.W. Cheung, G. Jourdain, Viral hepatitis and pregnancy, Nat. Rev. Gastroenterol. Hepatol. 18 (2021) 117-130.

WHO Global Hepatitis Report, 2017.

M. Migueres, S. Lhomme, J. Izopet, Hepatitis A: epidemiology, high-risk groups, prevention and research on antiviral treatment, Viruses 13 (2021).

A. Abutaleb, S. Kottilil, Hepatitis A: epidemiology, natural history, unusual clinical manifestations, and prevention, Gastroenterol. Clin. N. Am. 49 (2020)
191-199.

WHO Immunological Basis For Immunization Series, 2019.

W. Randazzo, G. Sanchez, Hepatitis A infections from food, J. Appl. Microbiol. 129 (2020) 1120-1132.

Y.E. Raji, O.P. Toung, N.M. Taib, Z. Sekawi, Bin hepatitis E virus: an emerging enigmatic and underestimated pathogen, Saudi J. Biol. Sci. 29 (2022) 499-512.
R. Johne, N. Althof, K. Nockler, A. Falkenhagen, Hepatitis E virus—a zoonotic virus: distribution, transmission pathways, and relevance for food safety,
Bundesgesundheitsblatt - Gesundheitsforsch. - Gesundheitsschutz 65 (2022) 202-208.

S. Narayanan, A. Abutaleb, K.E. Sherman, S. Kottilil, Clinical features and determinants of chronicity in hepatitis E virus infection, J. Viral Hepat. 26 (2019)
414-421.

18


https://doi.org/10.1016/j.cscee.2022.100214
https://doi.org/10.1016/j.diagmicrobio.2020.115258
https://doi.org/10.1001/jamanetworkopen.2020.35057
https://doi.org/10.1016/j.scitotenv.2021.149794
https://doi.org/10.1016/j.scitotenv.2021.149794
https://data.unicef.org/resources/jmp-report-2023/
https://data.unicef.org/resources/jmp-report-2023/
https://doi.org/10.1093/femsmc/xtad003
https://doi.org/10.1016/j.watres.2022.118162
https://doi.org/10.1016/j.watres.2022.118162
http://refhub.elsevier.com/S2405-8440(24)09904-3/sref97
http://refhub.elsevier.com/S2405-8440(24)09904-3/sref98
http://refhub.elsevier.com/S2405-8440(24)09904-3/sref99
http://refhub.elsevier.com/S2405-8440(24)09904-3/sref99
https://doi.org/10.4172/2161-0517.1000e106
https://doi.org/10.4172/2161-0517.1000e106
http://refhub.elsevier.com/S2405-8440(24)09904-3/sref101
http://refhub.elsevier.com/S2405-8440(24)09904-3/sref102
https://doi.org/10.4415/Ann_10_03_07
https://doi.org/10.1128/AEM.01316-09
https://doi.org/10.1111/jam.12856
https://doi.org/10.1016/j.watres.2022.118523
https://doi.org/10.1007/s42770-019-00131-0
https://doi.org/10.1016/j.watres.2023.120102
https://doi.org/10.1007/s12560-016-9241-9
https://doi.org/10.3390/ijerph17062059
https://doi.org/10.3390/ijerph17062059
https://doi.org/10.1021/acs.estlett.0c00357
https://doi.org/10.1016/j.envpol.2022.119679
https://doi.org/10.1016/j.scitotenv.2022.158265
https://doi.org/10.1016/j.jenvman.2021.113486
http://refhub.elsevier.com/S2405-8440(24)09904-3/sref115
http://refhub.elsevier.com/S2405-8440(24)09904-3/sref116
http://refhub.elsevier.com/S2405-8440(24)09904-3/sref116
http://refhub.elsevier.com/S2405-8440(24)09904-3/sref116
https://www.who.int/news-room/fact-sheets/detail/diarrhoeal-disease
https://doi.org/10.1016/j.ijid.2020.10.013
https://doi.org/10.1016/j.ijid.2020.10.013
http://refhub.elsevier.com/S2405-8440(24)09904-3/sref119
http://refhub.elsevier.com/S2405-8440(24)09904-3/sref120
http://refhub.elsevier.com/S2405-8440(24)09904-3/sref120
https://doi.org/10.17921/1415-5141.2019v23n1p2-11
https://doi.org/10.1128/CMR.00075-14
http://refhub.elsevier.com/S2405-8440(24)09904-3/sref123
http://refhub.elsevier.com/S2405-8440(24)09904-3/sref124
http://refhub.elsevier.com/S2405-8440(24)09904-3/sref124
http://refhub.elsevier.com/S2405-8440(24)09904-3/sref125
http://refhub.elsevier.com/S2405-8440(24)09904-3/sref126
http://refhub.elsevier.com/S2405-8440(24)09904-3/sref127
http://refhub.elsevier.com/S2405-8440(24)09904-3/sref128
http://refhub.elsevier.com/S2405-8440(24)09904-3/sref128
http://refhub.elsevier.com/S2405-8440(24)09904-3/sref129
http://refhub.elsevier.com/S2405-8440(24)09904-3/sref130
http://refhub.elsevier.com/S2405-8440(24)09904-3/sref131
http://refhub.elsevier.com/S2405-8440(24)09904-3/sref132
http://refhub.elsevier.com/S2405-8440(24)09904-3/sref132
http://refhub.elsevier.com/S2405-8440(24)09904-3/sref133
http://refhub.elsevier.com/S2405-8440(24)09904-3/sref133

M. Carmo dos Santos et al. Heliyon 10 (2024) e33873

[134] A.T. Aslan, H.Y. Balaban, Hepatitis E virus: epidemiology, diagnosis, clinical manifestations, and treatment, World J. Gastroenterol. 26 (2020) 5543-5560.
[135] F.G. Souza, J.S. Gularte, M. Demoliner, A.F. Lima, J.C. Siebert, C. Rigotto, A. Henzel, A.K.A. Eisen, F.R. Spilki, Teschovirus and other swine and human enteric
viruses in Brazilian watersheds impacted by swine husbandry, Braz. J. Microbiol. 51 (2020) 711-717, https://doi.org/10.1007/542770-019-00197-w.

[136] S.K. Dickin, C.J. Schuster-Wallace, M. Qadir, K. Pizzacalla, A review of health risks and pathways for exposure to wastewater use in agriculture, Environ.
Health Perspect. 124 (2016) 900-909.

[137] A.A. Adegoke, 1.D. Amoah, T.A. Stenstrom, M.E. Verbyla, J.R. Mihelcic, Epidemiological evidence and health risks associated with agricultural reuse of
partially treated and untreated wastewater: a review, Front. Public Health 6 (2018).

[138] S. Ethelberg, M. Lisby, A.C. Schultz, A. Villif, T. Jensen, K.E. Olsen, F. Scheutz, C. Kjelsg, L. Miiller, Outbreaks of Gastroenteritis Linked to Lettuce, Denmark,
Euro Surveillance, 2010. January 2010.

[139] L. Maunula, A. Kaupke, P. Vasickova, K. Soderberg, I. Kozyra, S. Lazic, W.H.M. van der Poel, M. Bouwknegt, S. Rutjes, K.A. Willems, et al., Tracing enteric
viruses in the European berry fruit supply chain, Int. J. Food Microbiol. 167 (2013) 177-185, https://doi.org/10.1016/j.ijfoodmicro.2013.09.003.

[140] T.-T. Fong, E.K. Lipp, Enteric viruses of humans and animals in aquatic environments: health risks, detection, and potential water quality assessment tools,
Microbiol. Mol. Biol. Rev. 69 (2005) 357-371, https://doi.org/10.1128/mmbr.69.2.357-371.2005.

[141] H. Wang, P. Sikora, C. Rutgersson, M. Lindh, T. Brodin, B. Bjorlenius, D.G.J. Larsson, H. Norder, Differential removal of human pathogenic viruses from sewage
by conventional and ozone treatments, Int. J. Hyg Environ. Health 221 (2018) 479-488, https://doi.org/10.1016/j.ijheh.2018.01.012.

[142] A.M. Motlagh, Z. Yang, Detection and occurrence of indicator organisms and pathogens, Water Environ. Res. 91 (2019) 1402-1408.

[143] C. Garcia-Aljaro, A.R. Blanch, C. Campos, J. Jofre, F. Lucena, Pathogens, faecal indicators and human-specific microbial source-tracking markers in sewage,
J. Appl. Microbiol. 126 (2019) 701-717.

[144] V.V. Mabasa, K.D. Meno, M.B. Taylor, J. Mans, Environmental surveillance for noroviruses in selected South African wastewaters 2015-2016: emergence of the
novel GII.17, Food Environ Virol 10 (2018) 16-28, https://doi.org/10.1007/s12560-017-9316-2.

[145] S. Jalali Milani, G. Nabi Bidhendi, A review on the potential of common disinfection processes for the removal of virus from wastewater, Int. J. Environ. Res. 16
(2022).

[146] J. Kong, Y. Lu, Y. Ren, Z. Chen, M. Chen, The virus removal in UV irradiation, ozonation and chlorination, Water Cycle 2 (2021) 23-31.

[147] V. Moresco, D.M. Oliver, M. Weidmann, S. Matallana-Surget, R.S. Quilliam, Survival of human enteric and respiratory viruses on plastics in soil, freshwater,
and marine environments, Environ. Res. 199 (2021), https://doi.org/10.1016/j.envres.2021.111367.

[148] S.M. Goyal, S.A. Schaub, F.M. Wellings, D. Berman, J.S. Glass, C.J. Hurst, D.A. Brashear, C.A. Sorber, B.E. Moore, G. Bitton, et al., Round Robin Investigation of
Methods for Recovering Human Enteric Viruses from Sludge, vol. 48, 1984.

[149] G.La Rosa, P. Mancini, G.B. Ferraro, M. Iaconelli, C. Veneri, R. Paradiso, D. De Medici, T. Vicenza, Y.T.R. Proroga, O. Di Maro, et al., Hepatitis A virus strains
circulating in the Campania region (2015-2018) assessed through bivalve biomonitoring and environmental surveillance, Viruses 13 (2021), https://doi.org/
10.3390/v13010016.

[150] M. Bisseux, J. Colombet, A. Mirand, A.-M. Roque-Afonso, F. Abravanel, J. Izopet, C. Archimbaud, H. Peigue-Lafeuille, D. Debroas, J.-L. Bailly, et al., Monitoring
Human Enteric Viruses in Wastewater and Relevance to Infections Encountered in the Clinical Setting: A One-Year Experiment in Central France, vol. 23, 2014.

[151] C.M. Maida, F. Tramuto, G.M. Giammanco, R. Palermo, W. Priano, S. De Grazia, G. Purpari, G. La Rosa, E. Suffredini, L. Lucentini, et al., Wastewater-based
epidemiology as a tool to detect SARS-CoV-2 circulation at the community level: findings from a one-year wastewater investigation conducted in sicily, Italy,
Pathogens 12 (2023), https://doi.org/10.3390/pathogens12060748.

[152] S. Maryam, L. Ul Haq, G. Yahya, M. Ul Haq, A.M. Algammal, S. Saber, S. Cavalu, COVID-19 surveillance in wastewater: an epidemiological tool for the
monitoring of SARS-CoV-2, Front. Cell. Infect. Microbiol. 12 (2023).

[153] A. Sharma, S. Tiwari, M.K. Deb, J.L. Marty, Severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2): a global pandemic and treatment strategies, Int. J.
Antimicrob. Agents 56 (2020), https://doi.org/10.1016/j.ijjantimicag.2020.106054.

[154] M. Sharan, D. Vijay, J.P. Yadav, J.S. Bedi, P. Dhaka, Surveillance and response strategies for zoonotic diseases: a comprehensive review, Science in One Health
(2023) 100050, https://doi.org/10.1016/j.50h.2023.100050.

[155] D. Yesudhas, A. Srivastava, M.M. Gromiha, COVID-19 outbreak: history, mechanism, transmission, structural studies and therapeutics, Infection 49 (2021)
199-213.

[156] W.Ni, X. Yang, D. Yang, J. Bao, R. Li, Y. Xiao, C. Hou, H. Wang, J. Liu, D. Yang, et al., Role of angiotensin-converting enzyme 2 (ACE2) in COVID-19, Crit. Care
24 (2020).

[157] A.R. Bourgonje, A.E. Abdulle, W. Timens, J.L. Hillebrands, G.J. Navis, S.J. Gordijn, M.C. Bolling, G. Dijkstra, A.A. Voors, A.D.M.E. Osterhaus, et al.,
Angiotensin-converting enzyme 2 (ACE2), SARS-CoV-2 and the pathophysiology of coronavirus disease 2019 (COVID-19), J. Pathol. 251 (2020) 228-248.

[158] R. Wolfel, V.M. Corman, W. Guggemos, M. Seilmaier, S. Zange, M.A. Miiller, D. Niemeyer, T.C. Jones, P. Vollmar, C. Rothe, et al., Virological assessment of
hospitalized patients with COVID-2019, Nature 581 (2020) 465-469, https://doi.org/10.1038/541586-020-2196-x.

[159] I Hamming, W. Timens, M.L.C. Bulthuis, A.T. Lely, G.J. Navis, H. van Goor, Tissue distribution of ACE2 protein, the functional receptor for SARS coronavirus.
A first step in understanding SARS pathogenesis, J. Pathol. 203 (2004) 631-637, https://doi.org/10.1002/path.1570.

[160] Y. Wu, C. Guo, L. Tang, Z. Hong, J. Zhou, X. Dong, H. Yin, Q. Xiao, Y. Tang, X. Qu, et al., Prolonged presence of SARS-CoV-2 viral RNA in faecal samples, Lancet
Gastroenterol Hepatol 5 (2020) 434-435.

[161] S. Zheng, J. Fan, F. Yu, B. Feng, B. Lou, Q. Zou, G. Xie, S. Lin, R. Wang, X. Yang, et al., Viral load dynamics and disease severity in patients infected with SARS-
CoV-2 in Zhejiang province, China, January-March 2020: retrospective cohort study, BMJ 369 (2020), https://doi.org/10.1136/bmj.m1443.

[162] F.Jiang, L. Deng, L. Zhang, Y. Cai, C.W. Cheung, Z. Xia, Review of the clinical characteristics of coronavirus disease 2019 (COVID-19), J. Gen. Intern. Med. 35
(2020) 1545-1549.

[163] S. Mohapatra, S. Bhatia, K.Y.K. Senaratna, M.C. Jong, C.M.B. Lim, G.R. Gangesh, J.X. Lee, G.S. Giek, C. Cheung, L. Yutao, et al., Wastewater surveillance of
SARS-CoV-2 and chemical markers in campus dormitories in an evolving COVID — 19 pandemic, J. Hazard Mater. 446 (2023), https://doi.org/10.1016/j.
jhazmat.2022.130690.

[164] LC.M. Claro, A.D. Cabral, M.R. Augusto, A.F.A. Duran, M.C.P. Graciosa, F.L.A. Fonseca, M.A. Speranca, R. de F. Bueno, Long-term monitoring of SARS-COV-2
RNA in wastewater in Brazil: a more responsive and economical approach, Water Res. 203 (2021), https://doi.org/10.1016/j.watres.2021.117534.

[165] D.A. Padilla-Reyes, M.M. Alvarez, A. Mora, P.A. Cervantes-Avilés, M. Kumar, F.J. Loge, J. Mahlknecht, Acquired insights from the long-term surveillance of
SARS-CoV-2 RNA for COVID-19 monitoring: the case of monterrey metropolitan area (Mexico), Environ. Res. 210 (2022), https://doi.org/10.1016/j.
envres.2022.112967.

[166] T.Prado, T.M. Fumian, C.F. Mannarino, P.C. Resende, F.C. Motta, A.L.F. Eppinghaus, V.H. Chagas do Vale, R.M.S. Braz, J. de Andrade, S.R. da, A.G. Maranhao,
et al., Wastewater-based epidemiology as a useful tool to track SARS-CoV-2 and support public health policies at municipal level in Brazil, Water Res. 191
(2021), https://doi.org/10.1016/j.watres.2021.116810.

[167] A. Hata, H. Hara-Yamamura, Y. Meuchi, S. Imai, R. Honda, Detection of SARS-CoV-2 in wastewater in Japan during a COVID-19 outbreak, Sci. Total Environ.
758 (2021), https://doi.org/10.1016/j.scitotenv.2020.143578.

[168] S. Shrestha, B. Malla, M.S. Angga, N. Sthapit, S. Raya, S. Hirai, A.F. Rahmani, O. Thakali, E. Haramoto, Long-term SARS-CoV-2 surveillance in wastewater and
estimation of COVID-19 cases: an application of wastewater-based epidemiology, Sci. Total Environ. 896 (2023), https://doi.org/10.1016/j.
scitotenv.2023.165270.

[169] J. Carrillo-Reyes, M. Barragan-Trinidad, G. Buitrén, Surveillance of SARS-CoV-2 in sewage and wastewater treatment plants in Mexico, J. Water Process Eng.
40 (2021), https://doi.org/10.1016/j.jwpe.2020.101815.

[170] W. Ahmed, N. Angel, J. Edson, K. Bibby, A. Bivins, J.W. O’Brien, P.M. Choi, M. Kitajima, S.L. Simpson, J. Li, et al., First confirmed detection of SARS-CoV-2 in
untreated wastewater in Australia: a proof of concept for the wastewater surveillance of COVID-19 in the community, Sci. Total Environ. 728 (2020), https://
doi.org/10.1016/j.scitotenv.2020.138764.

19


http://refhub.elsevier.com/S2405-8440(24)09904-3/sref134
https://doi.org/10.1007/s42770-019-00197-w
http://refhub.elsevier.com/S2405-8440(24)09904-3/sref136
http://refhub.elsevier.com/S2405-8440(24)09904-3/sref136
http://refhub.elsevier.com/S2405-8440(24)09904-3/sref137
http://refhub.elsevier.com/S2405-8440(24)09904-3/sref137
http://refhub.elsevier.com/S2405-8440(24)09904-3/sref138
http://refhub.elsevier.com/S2405-8440(24)09904-3/sref138
https://doi.org/10.1016/j.ijfoodmicro.2013.09.003
https://doi.org/10.1128/mmbr.69.2.357-371.2005
https://doi.org/10.1016/j.ijheh.2018.01.012
http://refhub.elsevier.com/S2405-8440(24)09904-3/sref142
http://refhub.elsevier.com/S2405-8440(24)09904-3/sref143
http://refhub.elsevier.com/S2405-8440(24)09904-3/sref143
https://doi.org/10.1007/s12560-017-9316-2
http://refhub.elsevier.com/S2405-8440(24)09904-3/sref145
http://refhub.elsevier.com/S2405-8440(24)09904-3/sref145
http://refhub.elsevier.com/S2405-8440(24)09904-3/sref146
https://doi.org/10.1016/j.envres.2021.111367
http://refhub.elsevier.com/S2405-8440(24)09904-3/sref148
http://refhub.elsevier.com/S2405-8440(24)09904-3/sref148
https://doi.org/10.3390/v13010016
https://doi.org/10.3390/v13010016
http://refhub.elsevier.com/S2405-8440(24)09904-3/sref150
http://refhub.elsevier.com/S2405-8440(24)09904-3/sref150
https://doi.org/10.3390/pathogens12060748
http://refhub.elsevier.com/S2405-8440(24)09904-3/sref152
http://refhub.elsevier.com/S2405-8440(24)09904-3/sref152
https://doi.org/10.1016/j.ijantimicag.2020.106054
https://doi.org/10.1016/j.soh.2023.100050
http://refhub.elsevier.com/S2405-8440(24)09904-3/sref155
http://refhub.elsevier.com/S2405-8440(24)09904-3/sref155
http://refhub.elsevier.com/S2405-8440(24)09904-3/sref156
http://refhub.elsevier.com/S2405-8440(24)09904-3/sref156
http://refhub.elsevier.com/S2405-8440(24)09904-3/sref157
http://refhub.elsevier.com/S2405-8440(24)09904-3/sref157
https://doi.org/10.1038/s41586-020-2196-x
https://doi.org/10.1002/path.1570
http://refhub.elsevier.com/S2405-8440(24)09904-3/sref160
http://refhub.elsevier.com/S2405-8440(24)09904-3/sref160
https://doi.org/10.1136/bmj.m1443
http://refhub.elsevier.com/S2405-8440(24)09904-3/sref162
http://refhub.elsevier.com/S2405-8440(24)09904-3/sref162
https://doi.org/10.1016/j.jhazmat.2022.130690
https://doi.org/10.1016/j.jhazmat.2022.130690
https://doi.org/10.1016/j.watres.2021.117534
https://doi.org/10.1016/j.envres.2022.112967
https://doi.org/10.1016/j.envres.2022.112967
https://doi.org/10.1016/j.watres.2021.116810
https://doi.org/10.1016/j.scitotenv.2020.143578
https://doi.org/10.1016/j.scitotenv.2023.165270
https://doi.org/10.1016/j.scitotenv.2023.165270
https://doi.org/10.1016/j.jwpe.2020.101815
https://doi.org/10.1016/j.scitotenv.2020.138764
https://doi.org/10.1016/j.scitotenv.2020.138764

M. Carmo dos Santos et al.

[171]
[172]
[173]

[174]

[175]
[176]
[177]
[178]
[179]
[180]
[181]
[182]
[183]
[184]
[185]
[186]

[187]
[188]

[189]
[190]

[191]
[192]
[193]

[194]

[195]

[196]
[197]
[198]
[199]
[200]
[201]
[202]
[203]

[204]

[205]

[206]
[207]
[208]

[209]

Heliyon 10 (2024) e33873

W. Randazzo, P. Truchado, E. Cuevas-Ferrando, P. Simén, A. Allende, G. Sdnchez, SARS-CoV-2 RNA in wastewater anticipated COVID-19 occurrence in a low
prevalence area, Water Res. 181 (2020), https://doi.org/10.1016/j.watres.2020.115942.

A. Robotto, D. Lembo, P. Quaglino, E. Brizio, D. Polato, A. Civra, J. Cusato, G. Di Perri, Wastewater-based SARS-CoV-2 environmental monitoring for
piedmont, Italy, Environ. Res. 203 (2021), https://doi.org/10.1016/j.envres.2021.111901.

S. Monteiro, D. Rente, M.V. Cunha, M.C. Gomes, T.A. Marques, A.B. Lourenco, E. Cardoso, P. Alvaro, M. Silva, N. Coelho, et al., A wastewater-based
epidemiology tool for COVID-19 surveillance in Portugal, Sci. Total Environ. 804 (2022), https://doi.org/10.1016/j.scitotenv.2021.150264.

V.B. Barua, M.A.L Juel, A.D. Blackwood, T. Clerkin, M. Ciesielski, A.J. Sorinolu, D.A. Holcomb, 1. Young, G. Kimble, S. Sypolt, et al., Tracking the temporal
variation of COVID-19 surges through wastewater-based epidemiology during the peak of the pandemic: a six-month long study in Charlotte, North Carolina,
Sci. Total Environ. 814 (2022), https://doi.org/10.1016/j.scitotenv.2021.152503.

W. Ahmed, V.J. Harwood, P. Gyawali, J.P.S. Sidhu, S. Toze, Comparison of concentration methods for quantitative detection of sewage-associated viral
markers in environmental waters, Appl. Environ. Microbiol. 81 (2015) 2042-2049, https://doi.org/10.1128/AEM.03851-14.

D.S. Francy, E.A. Stelzer, R.N. Bushon, A.M. Brady, B.E. Mailot, S.K. Spencer, M.A. Borchardt, A.G. Elber, K.R. Riddell, T.M. Gellner, Quantifying Viruses and
Bacteria in Wastewater-Results, Interpretation Methods, and Quality Control (2011) 1-45.

B.S. Choudri, T. Al-Awadhi, Y. Charabi, N. Al-Nasiri, Wastewater treatment, reuse, and disposal-associated effects on environment and health, Water Environ.
Res. 92 (2020) 1595-1602.

M. Hraib, S. Jouni, M.M. Albitar, S. Alaidi, Z. Alshehabi, The outbreak of monkeypox 2022: an overview, Annals Med. Surgery 79 (2022).

A. Antinori, V. Mazzotta, S. Vita, F. Carletti, D. Tacconi, L.E. Lapini, A. D’Abramo, S. Cicalini, D. Lapa, S. Pittalis, et al., Epidemiological, clinical and
virological characteristics of four cases of monkeypox support transmission through sexual contact, Italy, may 2022, Euro Surveill. 22 (2022) 6-18, https://doi.
org/10.2807/1560-7917.ES.2022.27.22.2200421.

P. von Magnus, E.K. Andersen, K.B. Petersen, A. Birch-Andersen, A POX-like disease in cynomolgus monkeys, Acta Pathol. Microbiol. Scand. 46 (1959)
156-176, https://doi.org/10.1111/j.1699-0463.1959.tb00328.x.

S.S. Marennikova, N.N. Mal’ceva, & G.R. Macevit, Isolation and Properties of the Causal Agent of a New Variola-like Disease (Monkeypox) in Man, vol. 46,
1972.

D.O. Shomuyiwa, E. Manirambona, Monkeypox virus declared as a global health emergency: what next for Africa’s preparedness? Trav. Med. Infect. Dis. 53
(2023) 102577 https://doi.org/10.1016/j.tmaid.2023.102577.

L. Ilic, I. Zivanovic Macuzic, M. Ilic, Global outbreak of human monkeypox in 2022: update of epidemiology, Trav. Med. Infect. Dis. 7 (2022) 264, https://doi.
org/10.3390/tropicalmed7100264.

WHO disease outbreak news, Available online: https://www.who.int/emergencies/disease-outbreak-news/item/2022-DON381. (Accessed 6 November 2023).
WHO Director-General Declares the Ongoing Monkeypox Outbreak a Public Health Emergency of International Concern Available online: https://www.who.
int/europe/news/item/23-07-2022-who-director-general-declares-the-ongoing-monkeypox-outbreak-a-public-health-event-of-international-concern#: ~:
text=0n%20July%2023%2C%20the%20WHO,in%20the%20WHO%20European%20Region. (accessed on 6 November 2023).

CDC 2022 monkeypox outbreak global, Map Available online: www.cdc.gov/poxvirus/monkeypox/response/2022/world-map.html. (Accessed 6 November
2023).

T. Singhal, S.K. Kabra, R. Lodha, Monkeypox: a review, Indian J. Pediatr. 89 (2022) 955-960.

E. Petersen, A. Kantele, M. Koopmans, D. Asogun, A. Yinka-Ogunleye, C. Ihekweazu, A. Zumla, Human monkeypox: epidemiologic and clinical characteristics,
diagnosis, and prevention, Infect. Dis. Clin. 33 (2019) 1027-1043.

WHO monkeypox, Available online: https://www.who.int/news-room/fact-sheets/detail/monkeypox. (Accessed 6 November 2023).

Pan American Health Organization Technical Briefing on the Multi-Country Monkeypox Outbreak, VIII Ad Hoc Meeting of PAHO’s Technical Advisory Group
(TAG) On Vaccine-Preventable Diseases, 2022.

P. Venkatesan, Monkeypox transmission-what we know so far, Lancet Respir. Med. 10 (2022) €101, https://doi.org/10.1016/52213-2600(22)00386-1.

A. Letafati, T. Sakhavarz, Monkeypox virus: a review, Microb. Pathog. 176 (2023).

J.G. Rizk, G. Lippi, B.M. Henry, D.N. Forthal, Y. Rizk, Prevention and treatment of monkeypox, Drugs 82 (2022) 957-963, https://doi.org/10.1007/s40265-
022-01742-y.

A. Peir6-Mestres, 1. Fuertes, D. Camprubi-Ferrer, M. Angeles Marcos, A. Vilella, M. Navarro, L. Rodriguez-Elena, J. Riera, A. Catala, M.J. Martinez, et al.,
Frequent detection of monkeypox virus DNA in saliva, semen, and other clinical samples from 12 patients, Barcelona, Spain, may to June 2022, Euro Surveill. 1
(2022), https://doi.org/10.2807/1560.

H. Adler, S. Gould, P. Hine, L.B. Snell, W. Wong, C.F. Houlihan, J.C. Osborne, T. Rampling, M.B. Beadsworth, C.J. Duncan, et al., Clinical features and
management of human monkeypox: a retrospective observational study in the UK, Lancet Infect. Dis. 22 (2022) 1153-1162, https://doi.org/10.1016/51473-
3099(22)00228-6.

Girén-Guzman, L.; Diaz-Reolid, A.; Truchado, P.; Carcereny, A.; Hernaez, B.; Bosch, A.; Maria Pintd, R.; Guix, S.; Allende, A.; Alcami, A.; et al. Wastewater
Based Epidemiology beyond SARS-CoV-2: Spanish Wastewater Reveals the Current Spread of Monkeypox Virus., d0i:10.1101/2022.09.19.22280084.

S.P. Sherchan, T. Solomon, O. Idris, D. Nwaubani, O. Thakali, Wastewater surveillance of Mpox virus in Baltimore, Sci. Total Environ. 891 (2023), https://doi.
org/10.1016/j.scitotenv.2023.164414.

J. Bartackova, V. Kouba, A. Dostélkovd, E. Cermakova, M.A. Lopez Marin, M. Chmel, M. Milanov4, K. Demnerové, M. Rumlova, P. Sykora, et al., Monitoring of
monkeypox viral DNA in Prague wastewater, Sci. Total Environ. 902 (2023), https://doi.org/10.1016/j.scitotenv.2023.166110.

M.E. Sharkey, K.M. Babler, B.S. Shukla, S.M. Abelson, B. Alsuliman, A. Amirali, S. Comerford, G.S. Grills, N. Kumar, J. Laine, et al., Monkeypox viral nucleic
acids detected using both DNA and RNA extraction workflows, Sci. Total Environ. 890 (2023), https://doi.org/10.1016/j.scitotenv.2023.164289.

N. Alygizakis, A.N. Markou, N.I. Rousis, A. Galani, M. Avgeris, P.G. Adamopoulos, A. Scorilas, E.S. Lianidou, D. Paraskevis, S. Tsiodras, et al., Analytical
methodologies for the detection of SARS-CoV-2 in wastewater: protocols and future perspectives, TrAC, Trends Anal. Chem. 134 (2021).

T. Mahmoudi, T. Naghdi, E. Morales-Narvaez, H. Golmohammadi, Toward smart diagnosis of pandemic infectious diseases using wastewater-based
epidemiology, TrAC, Trends Anal. Chem. 153 (2022).

W. Ahmed, S.L. Simpson, P.M. Bertsch, K. Bibby, A. Bivins, L.L. Blackall, S. Bofill-Mas, A. Bosch, J. Brandao, P.M. Choi, et al., Minimizing errors in RT-PCR
detection and quantification of SARS-CoV-2 RNA for wastewater surveillance, Sci. Total Environ. 805 (2022).

C. Ort, M.G. Lawrence, J. Rieckermann, A. Joss, Sampling for pharmaceuticals and personal care products (PPCPs) and illicit drugs in wastewater systems: are
your conclusions valid? A critical review, Environ. Sci. Technol. 44 (2010) 6024-6035, https://doi.org/10.1021/es100779n.

W. Ahmed, A. Bivins, P.M. Bertsch, K. Bibby, P. Gyawali, S.P. Sherchan, S.L. Simpson, K.V. Thomas, R. Verhagen, M. Kitajima, et al., Intraday variability of
indicator and pathogenic viruses in 1-h and 24-h composite wastewater samples: implications for wastewater-based epidemiology, Environ. Res. 193 (2021),
https://doi.org/10.1016/j.envres.2020.110531.

M.R. Augusto, I.C.M. Claro, A.K. Siqueira, G.S. Sousa, C.R. Caldereiro, A.F.A. Duran, T.B. de Miranda, L. de M. Bomediano Camillo, A.D. Cabral, R. de Freitas
Bueno, Sampling strategies for wastewater surveillance: evaluating the variability of SARS-COV-2 RNA concentration in composite and grab samples,

J. Environ. Chem. Eng. 10 (2022), https://doi.org/10.1016/j.jece.2022.107478.

M. Hamouda, F. Mustafa, M. Maraqa, T. Rizvi, A. Aly Hassan, Wastewater surveillance for SARS-CoV-2: lessons learnt from recent studies to define future
applications, Sci. Total Environ. 759 (2021).

J. Habtewold, D. McCarthy, E. McBean, I. Law, L. Goodridge, M. Habash, H.M. Murphy, Passive sampling, a practical method for wastewater-based
surveillance of SARS-CoV-2, Environ. Res. 204 (2022).

A. Bivins, D. Kaya, W. Ahmed, J. Brown, C. Butler, J. Greaves, R. Leal, K. Maas, G. Rao, S. Sherchan, et al., Passive sampling to scale wastewater surveillance of
infectious disease: lessons learned from COVID-19, Sci. Total Environ. 835 (2022).

P. Gyawali, J. Hewitt, Detection of infectious noroviruses from wastewater and seawater using PEMAXTM treatment combined with RT-QPCR, Water
(Switzerland) 10 (2018), https://doi.org/10.3390/w10070841.

20


https://doi.org/10.1016/j.watres.2020.115942
https://doi.org/10.1016/j.envres.2021.111901
https://doi.org/10.1016/j.scitotenv.2021.150264
https://doi.org/10.1016/j.scitotenv.2021.152503
https://doi.org/10.1128/AEM.03851-14
http://refhub.elsevier.com/S2405-8440(24)09904-3/sref176
http://refhub.elsevier.com/S2405-8440(24)09904-3/sref176
http://refhub.elsevier.com/S2405-8440(24)09904-3/sref177
http://refhub.elsevier.com/S2405-8440(24)09904-3/sref177
http://refhub.elsevier.com/S2405-8440(24)09904-3/sref178
https://doi.org/10.2807/1560-7917.ES.2022.27.22.2200421
https://doi.org/10.2807/1560-7917.ES.2022.27.22.2200421
https://doi.org/10.1111/j.1699-0463.1959.tb00328.x
http://refhub.elsevier.com/S2405-8440(24)09904-3/sref181
http://refhub.elsevier.com/S2405-8440(24)09904-3/sref181
https://doi.org/10.1016/j.tmaid.2023.102577
https://doi.org/10.3390/tropicalmed7100264
https://doi.org/10.3390/tropicalmed7100264
https://www.who.int/emergencies/disease-outbreak-news/item/2022-DON381
http://www.cdc.gov/poxvirus/monkeypox/response/2022/world-map.html
http://refhub.elsevier.com/S2405-8440(24)09904-3/sref187
http://refhub.elsevier.com/S2405-8440(24)09904-3/sref188
http://refhub.elsevier.com/S2405-8440(24)09904-3/sref188
https://www.who.int/news-room/fact-sheets/detail/monkeypox
http://refhub.elsevier.com/S2405-8440(24)09904-3/sref190
http://refhub.elsevier.com/S2405-8440(24)09904-3/sref190
https://doi.org/10.1016/S2213-2600(22)00386-1
http://refhub.elsevier.com/S2405-8440(24)09904-3/sref192
https://doi.org/10.1007/s40265-022-01742-y
https://doi.org/10.1007/s40265-022-01742-y
https://doi.org/10.2807/1560
https://doi.org/10.1016/S1473-3099(22)00228-6
https://doi.org/10.1016/S1473-3099(22)00228-6
https://doi.org/10.1016/j.scitotenv.2023.164414
https://doi.org/10.1016/j.scitotenv.2023.164414
https://doi.org/10.1016/j.scitotenv.2023.166110
https://doi.org/10.1016/j.scitotenv.2023.164289
http://refhub.elsevier.com/S2405-8440(24)09904-3/sref200
http://refhub.elsevier.com/S2405-8440(24)09904-3/sref200
http://refhub.elsevier.com/S2405-8440(24)09904-3/sref201
http://refhub.elsevier.com/S2405-8440(24)09904-3/sref201
http://refhub.elsevier.com/S2405-8440(24)09904-3/sref202
http://refhub.elsevier.com/S2405-8440(24)09904-3/sref202
https://doi.org/10.1021/es100779n
https://doi.org/10.1016/j.envres.2020.110531
https://doi.org/10.1016/j.jece.2022.107478
http://refhub.elsevier.com/S2405-8440(24)09904-3/sref206
http://refhub.elsevier.com/S2405-8440(24)09904-3/sref206
http://refhub.elsevier.com/S2405-8440(24)09904-3/sref207
http://refhub.elsevier.com/S2405-8440(24)09904-3/sref207
http://refhub.elsevier.com/S2405-8440(24)09904-3/sref208
http://refhub.elsevier.com/S2405-8440(24)09904-3/sref208
https://doi.org/10.3390/w10070841

M. Carmo dos Santos et al.

[210]
[211]
[212]
[213]
[214]
[215]
[216]
[217]
[218]
[219]

[220]
[221]

[222]
[223]

[224]

[225]

[226]
[227]
[228]

[229]

[230]

[231]
[232]
[233]
[234]

[235]

[236]
[237]
[238]
[239]
[240]
[241]
[242]
[243]
[244]
[245]
[246]

[247]
[248]

Heliyon 10 (2024) e33873

C. McCall, H. Wu, B. Miyani, 1. Xagoraraki, Identification of multiple potential viral diseases in a large urban center using wastewater surveillance, Water Res.
184 (2020), https://doi.org/10.1016/j.watres.2020.116160.

S. Tandukar, S.P. Sherchan, E. Haramoto, Applicability of CrAssphage, pepper mild mottle virus, and tobacco mosaic virus as indicators of reduction of enteric
viruses during wastewater treatment, Sci. Rep. 10 (2020), https://doi.org/10.1038/541598-020-60547-9.

E. Haramoto, B. Malla, O. Thakali, M. Kitajima, First environmental surveillance for the presence of SARS-CoV-2 RNA in wastewater and river water in Japan,
Sci. Total Environ. 737 (2020), https://doi.org/10.1016/j.scitotenv.2020.140405.

G. Matrajt, B. Naughton, A.S. Bandyopadhyay, J.S. Meschke, A review of the most commonly used methods for sample collection in environmental surveillance
of poliovirus, Clin. Infect. Dis. 67 (2018) S90-S97, https://doi.org/10.1093/cid/ciy638.

WRF Wastewater Surveillance of The-19 Genetic Signal in Sewersheds; Daniel Gerrity, 2020.

K.M.S. De Melo Cassemiro, F.M. Burlandy, M.R.F. Barbosa, Q. Chen, J. Jorba, E.M. Hachich, M.I.Z. Sato, C.C. Burns, E.E. Da Silva, Molecular and phenotypic
characterization of a highly evolved type 2 vaccine-derived poliovirus isolated from seawater in Brazil, 2014, PLoS One 11 (2016), https://doi.org/10.1371/
journal.pone.0152251.

C. Schang, N.D. Crosbie, M. Nolan, R. Poon, M. Wang, A. Jex, N. John, L. Baker, P. Scales, J. Schmidt, et al., Passive sampling of SARS-CoV-2 for wastewater
surveillance, Environ. Sci. Technol. 55 (2021) 10432-10441, https://doi.org/10.1021/acs.est.1c01530.

M.S. Angga, B. Malla, S. Raya, M. Kitajima, E. Haramoto, Optimization and performance evaluation of an automated filtration method for the recovery of
SARS-CoV-2 and other viruses in wastewater, Sci. Total Environ. 882 (2023), https://doi.org/10.1016/j.scitotenv.2023.163487.

E. Haramoto, M. Kitajima, A. Hata, J.R. Torrey, Y. Masago, D. Sano, H. Katayama, A review on recent progress in the detection methods and prevalence of
human enteric viruses in water, Water Res. 135 (2018) 168-186.

J.L. Cashdollar, L. Wymer, Methods for primary concentration of viruses from water samples: a review and meta-analysis of recent studies, J. Appl. Microbiol.
115 (2013) 1-11.

L.A. Ikner, C.P. Gerba, K.R. Bright, Concentration and recovery of viruses from water: a comprehensive review, Food Environ Virol 4 (2012) 41-67.

K. Farkas, J.E. McDonald, S.K. Malham, D.L. Jones, Two-step concentration of complex water samples for the detection of viruses, Methods Protoc 1 (2018)
1-6, https://doi.org/10.3390/mps1030035.

S. Bofill-Mas, M. Rusinol, Recent trends on methods for the concentration of viruses from water samples, Curr Opin Environ Sci Health 16 (2020) 7-13.
M.V.A. Corpuz, A. Buonerba, G. Vigliotta, T. Zarra, F. Ballesteros, P. Campiglia, V. Belgiorno, G. Korshin, V. Naddeo, Viruses in wastewater: occurrence,
abundance and detection methods, Sci. Total Environ. 745 (2020), https://doi.org/10.1016/j.scitotenv.2020.140910.

Y. Qiu, B.E. Lee, N.J. Ruecker, N. Neumann, N. Ashbolt, X. Pang, A one-step centrifugal ultrafiltration method to concentrate enteric viruses from wastewater,
J. Virol Methods 237 (2016) 150-153, https://doi.org/10.1016/j.jviromet.2016.09.010.

C. de Aratijo Rolo, B.A.S. Machado, M.C. dos Santos, R.F. dos Santos, M.S. Fonseca, K.V.S. Hodel, J.R. Silva, D.D.G. Nunes, E. dos Santos Almeida, J.B. de
Andrade, Long-term monitoring of COVID-19 prevalence in raw and treated wastewater in salvador, the largest capital of the Brazilian Northeast, Sci. Rep. 13
(2023), https://doi.org/10.1038/s41598-023-41060-1.

S. Torabi, A. Amirsoleimani, M. Dehghan Banadaki, W.D. Strike, A. Rockward, A. Noble, M. Liversedge, J.W. Keck, S.M. Berry, Stabilization of SARS-CoV-2
RNA in wastewater via rapid RNA extraction, Sci. Total Environ. 878 (2023) 162992, https://doi.org/10.1016/j.scitotenv.2023.162992.

K.R. Harrison, D. Snead, A. Kilts, M.L. Ammerman, K.R. Wigginton, The protective effect of virus capsids on RNA and DNA virus genomes in wastewater,
Environ. Sci. Technol. 57 (2023) 13757-13766, https://doi.org/10.1021/acs.est.3¢03814.

Y. Ye, R.M. Ellenberg, K.E. Graham, K.R. Wigginton, Survivability, partitioning, and recovery of enveloped viruses in untreated municipal wastewater,
Environ. Sci. Technol. 50 (2016) 5077-5085, https://doi.org/10.1021/acs.est.6b00876.

R.S. Fontenele, Y. Yang, E.M. Driver, A. Magge, S. Kraberger, J.M. Custer, K. Dufault-Thompson, E. Cox, M.E. Newell, A. Varsani, et al., Wastewater
surveillance uncovers regional diversity and dynamics of SARS-CoV-2 variants across nine states in the USA, Sci. Total Environ. 877 (2023) 162862, https://
doi.org/10.1016/j.scitotenv.2023.162862.

D.A. Gregory, M. Trujillo, C. Rushford, A. Flury, S. Kannoly, K.M. San, D. Lyfoung, R.W. Wiseman, K. Bromert, M.-Y. Zhou, et al., Genetic diversity and
evolutionary convergence of cryptic SARS-CoV-2 lineages detected via wastewater sequencing, medRxiv (2022), https://doi.org/10.1101/
2022.06.03.22275961.

C. Barbosa, S. Nogueira, M. Gadanho, S. Chaves, DNA extraction: finding the most suitable method, in: Molecular Microbial Diagnostic Methods: Pathways to
Implementation for the Food and Water Industries, Elsevier Inc., 2016, pp. 135-154. ISBN 9780124171701.

D. Zhang, X. Lou, H. Yan, J. Pan, H. Mao, H. Tang, Y. Shu, Y. Zhao, L. Liu, J. Li, et al., Metagenomic analysis of viral nucleic acid extraction methods in
respiratory clinical samples, BMC Genom. 19 (2018), https://doi.org/10.1186/512864-018-5152-5.

S.M. Griffin, N.E. Brinkman, E.J. Hedrick, E.R. Rhodes, G.S. Fout, Comparison of nucleic acid extraction and reverse transcription-QPCR approaches for
detection of GI and GII noroviruses in drinking water, J. Virol Methods 199 (2014) 76-85, https://doi.org/10.1016/j.jviromet.2014.01.005.

C. Ibrahim, S. Hammami, S. Mejri, I. Mehri, P. Pothier, A. Hassen, Detection of aichi virus genotype B in two lines of wastewater treatment processes, Microb.
Pathog. 109 (2017) 305-312, https://doi.org/10.1016/j.micpath.2017.06.001.

P. Di Bonito, M. Iaconelli, T. Gheit, M. Tommasino, S. Della Libera, L. Bonadonna, G. La Rosa, Detection of oncogenic viruses in water environments by a
luminex-based multiplex platform for high throughput screening of infectious agents, Water Res. 123 (2017) 549-555, https://doi.org/10.1016/j.
watres.2017.06.088.

T. Mackul’ak, M. Gal, V. Spalkova, M. Fehér, K. Briestenskd, M. Mikusov4, K. Toméikova, M. Tamés, A.B. Skulcovd, Wastewater-based epidemiology as an early
warning system for the spreading of sars-cov-2 and its mutations in the population, Int. J. Environ. Res. Publ. Health 18 (2021).

P. Gupta, S. Liao, M. Ezekiel, N. Novak, A. Rossi, N. LaCross, K. Oakeson, A. Rohrwasser, Wastewater genomic surveillance captures early detection of omicron
in Utah, Microbiol. Spectr. 11 (2023), https://doi.org/10.1128/spectrum.00391-23.

1. Bianconi, R. Aschbacher, E. Pagani, Current uses and future perspectives of genomic technologies in clinical microbiology, Antibiotics 12 (2023) 1580,
https://doi.org/10.3390/antibiotics12111580.

M. Tisza, S. Javornik Cregeen, V. Avadhanula, P. Zhang, T. Ayvaz, K. Feliz, K.L. Hoffman, J.R. Clark, A. Terwilliger, M.C. Ross, et al., Wastewater sequencing
reveals community and variant dynamics of the collective human virome, Nat. Commun. 14 (2023) 6878, https://doi.org/10.1038/541467-023-42064-1.
S. Karthikeyan, J.I. Levy, P. De Hoff, G. Humphrey, A. Birmingham, K. Jepsen, S. Farmer, H.M. Tubb, T. Valles, C.E. Tribelhorn, et al., Wastewater sequencing
reveals early cryptic SARS-CoV-2 variant transmission, Nature 609 (2022) 101-108, https://doi.org/10.1038/541586-022-05049-6.

J. Quer, S. Colomer-Castell, C. Campos, C. Andrés, M. Pinana, M.F. Cortese, A. Gonzdlez-Sanchez, D. Garcia-Cehic, M. Ibanez, T. Pumarola, et al., Next-
generation sequencing for confronting virus pandemics, Viruses 14 (2022) 600, https://doi.org/10.3390/v14030600.

V. Vashisht, A. Vashisht, A.K. Mondal, J. Farmaha, A. Alptekin, H. Singh, P. Ahluwalia, A. Srinivas, R. Kolhe, Genomics for emerging pathogen identification
and monitoring: prospects and obstacles, BioMedInformatics 3 (2023) 1145-1177, https://doi.org/10.3390/biomedinformatics3040069.

M. Tamas, A. Potocarova, B. Konecna, L. Klucar, T. Mackulak, Wastewater sequencing—an innovative method for variant monitoring of SARS-CoV-2 in
populations, Int. J. Environ. Res. Publ. Health 19 (2022) 9749, https://doi.org/10.3390/ijerph19159749.

P. Gupta, S. Liao, M. Ezekiel, N. Novak, A. Rossi, N. LaCross, K. Oakeson, A. Rohrwasser, Wastewater genomic surveillance captures early detection of Omicron
in Utah, Microbiol. Spectr. 11 (2023), https://doi.org/10.1128/spectrum.00391-23.

F. Cancela, N. Ramos, D.S. Smyth, C. Etchebehere, M. Berois, J. Rodriguez, C. Rufo, A. Aleman, L. Borzacconi, J. Lopez, et al., Wastewater surveillance of SARS-
CoV-2 genomic populations on a country-wide scale through targeted sequencing, PLoS One 18 (2023) e0284483, https://doi.org/10.1371/journal.
pone.0284483.

C. Schrader, A. Schielke, L. Ellerbroek, R. Johne, PCR inhibitors - occurrence, properties and removal, J. Appl. Microbiol. 113 (2012) 1014-1026.

K. Mattison, S. Bidawid, Analytical methods for food and environmental viruses, Food Environ Virol 1 (2009) 107-122.

M. Huizer, T.L. ter Laak, P. de Voogt, A.P. van Wezel, Wastewater-based epidemiology for illicit drugs: a critical review on global data, Water Res. 207 (2021).

21


https://doi.org/10.1016/j.watres.2020.116160
https://doi.org/10.1038/s41598-020-60547-9
https://doi.org/10.1016/j.scitotenv.2020.140405
https://doi.org/10.1093/cid/ciy638
http://refhub.elsevier.com/S2405-8440(24)09904-3/sref214
https://doi.org/10.1371/journal.pone.0152251
https://doi.org/10.1371/journal.pone.0152251
https://doi.org/10.1021/acs.est.1c01530
https://doi.org/10.1016/j.scitotenv.2023.163487
http://refhub.elsevier.com/S2405-8440(24)09904-3/sref218
http://refhub.elsevier.com/S2405-8440(24)09904-3/sref218
http://refhub.elsevier.com/S2405-8440(24)09904-3/sref219
http://refhub.elsevier.com/S2405-8440(24)09904-3/sref219
http://refhub.elsevier.com/S2405-8440(24)09904-3/sref220
https://doi.org/10.3390/mps1030035
http://refhub.elsevier.com/S2405-8440(24)09904-3/sref222
https://doi.org/10.1016/j.scitotenv.2020.140910
https://doi.org/10.1016/j.jviromet.2016.09.010
https://doi.org/10.1038/s41598-023-41060-1
https://doi.org/10.1016/j.scitotenv.2023.162992
https://doi.org/10.1021/acs.est.3c03814
https://doi.org/10.1021/acs.est.6b00876
https://doi.org/10.1016/j.scitotenv.2023.162862
https://doi.org/10.1016/j.scitotenv.2023.162862
https://doi.org/10.1101/2022.06.03.22275961
https://doi.org/10.1101/2022.06.03.22275961
http://refhub.elsevier.com/S2405-8440(24)09904-3/sref231
http://refhub.elsevier.com/S2405-8440(24)09904-3/sref231
https://doi.org/10.1186/s12864-018-5152-5
https://doi.org/10.1016/j.jviromet.2014.01.005
https://doi.org/10.1016/j.micpath.2017.06.001
https://doi.org/10.1016/j.watres.2017.06.088
https://doi.org/10.1016/j.watres.2017.06.088
http://refhub.elsevier.com/S2405-8440(24)09904-3/sref236
http://refhub.elsevier.com/S2405-8440(24)09904-3/sref236
https://doi.org/10.1128/spectrum.00391-23
https://doi.org/10.3390/antibiotics12111580
https://doi.org/10.1038/s41467-023-42064-1
https://doi.org/10.1038/s41586-022-05049-6
https://doi.org/10.3390/v14030600
https://doi.org/10.3390/biomedinformatics3040069
https://doi.org/10.3390/ijerph19159749
https://doi.org/10.1128/spectrum.00391-23
https://doi.org/10.1371/journal.pone.0284483
https://doi.org/10.1371/journal.pone.0284483
http://refhub.elsevier.com/S2405-8440(24)09904-3/sref246
http://refhub.elsevier.com/S2405-8440(24)09904-3/sref247
http://refhub.elsevier.com/S2405-8440(24)09904-3/sref248

M. Carmo dos Santos et al.

[249]
[250]
[251]
[252]
[253]
[254]
[255]
[256]
[257]
[258]
[259]
[260]
[261]
[262]

[263]
[264]

[265]
[266]
[267]
[268]

[269]

[270]

[271]
[272]
[273]
[274]
[275]
[276]
[277]
[278]
[279]
[280]
[281]

[282]
[283]
[284]

[285]
[286]
[287]
[288]
[289]

[290]

Heliyon 10 (2024) e33873

D. Phung, J. Mueller, F.Y. Lai, J. O’'Brien, N. Dang, L. Morawska, P.K. Thai, Can wastewater-based epidemiology Be used to evaluate the health impact of
temperature? — An exploratory study in an Australian population, Environ. Res. 156 (2017) 113-119, https://doi.org/10.1016/j.envres.2017.03.023.

Z. Berzina, R. Pavlenko, M. Jansons, E. Bartkiene, R. Neilands, I. Pugajeva, V. Bartkevics, Application of wastewater-based epidemiology for tracking human
exposure to deoxynivalenol and enniatins, Toxins 14 (2022), https://doi.org/10.3390/toxins14020091.

C.J. Eaton, S. Coxon, L. Pattis, A. Chappell, J. Hewitt, B.J. Gilpin, A framework for public health authorities to evaluate health determinants for wastewater-
based epidemiology, Environ. Health Perspect. 130 (2022).

J.A. Lewnard, A.L. Reingold, Emerging challenges and opportunities in infectious disease epidemiology, Am. J. Epidemiol. 188 (2019) 873-882, https://doi.
0rg/10.1093/aje/kwy264.

S.E. Hrudey, H.N. Bischel, J. Charrois, A.H.S. Chik, B. Conant, R. Delatolla, S. Dorner, T.E. Graber, C. Hubert, J. Isaac-Renton, et al., Wastewater surveillance
for SARS-CoV-2 RNA in Canada, Facets 7 (2022) 1493-1597, https://doi.org/10.1139/facets-2022-0148.

P. Kilaru, D. Hill, K. Anderson, M.B. Collins, H. Green, B.L. Kmush, D.A. Larsen, Wastewater surveillance for infectious disease: a systematic review, medRxiv
(2021), https://doi.org/10.1101/2021.07.26.21261155v1.

C.R.J. Hubert, N. Acosta, B.J.M. Waddell, M.E. Hasing, Y. Qiu, M. Fuzzen, Tracking emergence and spread of SARS-CoV-2 omicron in large and small by
wastewater in Alberta, Canada, Emerg. Infect. Dis. 28 (2022), https://doi.org/10.1101/2022.04.12.2227376.

A. Keshaviah, M.B. Diamond, M.J. Wade, S. Scarpino, V Wastewater Monitoring Can Anchor Global Disease Surveillance Systems, vol. 11, 2023.

J.L. Ram, W. Shuster, L. Gable, C.L. Turner, J. Hartrick, A.A. Vasquez, N.W. West, A. Bahmani, R.E. David, Wastewater monitoring for infectious disease:
intentional relationships between academia, the private sector, and local health departments for public health preparedness, Int. J. Environ. Res. Publ. Health
20 (2023), https://doi.org/10.3390/ijerph20176651.

M.K. Wolfe, Invited perspective: the promise of wastewater monitoring for infectious disease surveillance, Environ. Health Perspect. 130 (2022), https://doi.
org/10.1289/EHP11151.

K. Kim, M.J. Ban, S. Kim, M.H. Park, M.K. Stenstrom, J.H. Kang, Optimal allocation and operation of sewer monitoring sites for wastewater-based disease
surveillance: a methodological proposal, J. Environ. Manag. 320 (2022), https://doi.org/10.1016/j.jenvman.2022.115806.

W.L. Lee, X. Gu, F. Armas, M. Leifels, F. Wu, F. Chandra, F.J.D. Chua, A. Syenina, H. Chen, D. Cheng, et al., Monitoring human arboviral diseases through
wastewater surveillance: challenges, progress and future opportunities, Water Res. 223 (2022).

M.M. Mello, J.S. Meschke, G.H. Palmer, Mainstreaming wastewater surveillance for infectious disease, N. Engl. J. Med. 388 (2023) 1441-1444, https://doi.
0rg/10.1056/nejmp2301042.

M.B. Diamond, E. Yee, M. Bhinge, S.V. Scarpino, Wastewater Surveillance Facilitates Climate Change-Resilient Pathogen Monitoring, 2023. ISBN
9789240080379.

R.H. Sarah, Making environmental research more effective, Nature Water 1 (2023) 400, https://doi.org/10.1038/544221-023-00085-6, 400.

G. Jiang, Y. Liu, S. Tang, M. Kitajima, E. Haramoto, S. Arora, P.M. Choi, G. Jackson, P.M. D’Aoust, R. Delatolla, et al., Moving forward with COVID-19: future
research prospects of wastewater-based epidemiology methodologies and applications, Curr Opin Environ Sci Health 33 (2023).

M. Kumar, M. Joshi, A.K. Patel, C.G. Joshi, Unravelling the early warning capability of wastewater surveillance for COVID-19: a temporal study on SARS-CoV-2
RNA detection and need for the escalation, Environ. Res. 196 (2021), https://doi.org/10.1016/j.envres.2021.110946.

M.G. Jiménez-Rodriguez, F. Silva-Lance, L. Parra-Arroyo, D.A. Medina-Salazar, M. Martinez-Ruiz, E.M. Melchor-Martinez, M.A. Martinez-Prado, H.M.N. Igbal,
R. Parra-Saldivar, D. Barcelo, et al., Biosensors for the detection of disease outbreaks through wastewater-based epidemiology, TrAC, Trends Anal. Chem. 155
(2022).

D.A. Larsen, K.R. Wigginton, Tracking COVID-19 with wastewater, Nat. Biotechnol. 38 (2020) 1151-1153.

Nature water the potential of wastewater-based epidemiology, Nature Water 1 (2023) 399, https://doi.org/10.1038/544221-023-00093-6, 399.

R. Kissova, K. Pastuchova, V. Lengyelova, M. Svitok, J. Mikas, C. Klement, S. Bopegamage, History of the wastewater assessment of polio and non-polio
enteroviruses in the Slovak republic in 1963-2019, Viruses 14 (2022), https://doi.org/10.3390/v14081599.

M. Kitajima, M. Murakami, S.S. Kadoya, H. Ando, T. Kuroita, H. Katayama, S. Imoto, Association of SARS-CoV-2 load in wastewater with reported COVID-19
cases in the Tokyo 2020 olympic and paralympic village from july to September 2021, JAMA Netw. Open 5 (2022) 2226822, https://doi.org/10.1001/
jamanetworkopen.2022.26822.

A.A. Saied, A.A. Metwally, M. Dhawan, D. Chandran, C. Chakraborty, K. Dhama, Wastewater surveillance strategy as an early warning system for detecting
cryptic spread of pandemic viruses, QJM: Int. J. Med. (2023), https://doi.org/10.1093/qjmed/hcad130.

N. Sharara, N. Endo, C. Duvallet, N. Ghaeli, M. Matus, J. Heussner, S.W. Olesen, E.J. Alm, P.R. Chai, T.B. Erickson, Wastewater network infrastructure in public
health: applications and learnings from the COVID-19 pandemic, PLOS Global Public Health 1 (2021) 0000061, https://doi.org/10.1371/journal.
pgph.0000061.

H.R. Safford, K. Shapiro, H.N. Bischel, Wastewater analysis can Be a powerful public health tool—if it’s done sensibly, Proc. Natl. Acad. Sci. U.S.A. 119 (2022).
MCTI Monitoramento de COVID-19 Em Aguas Residuais.

E. Kramarsky-Winter, K. Yaniv, A. Kushmaro, Editorial: wastewater-based as a tool for monitoring public health, Front. Water (2023), https://doi.org/
10.1016/j.scitotenv.2022.158265.

X. Li, P. Du, W. Zhang, in: Application of Wastewater-Based Epidemiology in China—From Wastewater Monitoring to Drug Control Efforts, 2019, pp. 119-135.
D. Cyranoski, China expands surveillance of sewage to police illegal drug use, Nature 559 (2018) 310-311, https://doi.org/10.1038/d41586-018-05728-3.
EMCDDA wastewater analysis and drugs — a European multi-city study, Available online: https://www.emcdda.europa.eu/publications/html/pods/waste-
water-analysis_en. (Accessed 27 March 2024).

ACIC National Wastewater Drug Monitoring Program Reports Available online: https://www.acic.gov.au/sites/default/files/2024-03/Wastewater%2021%
20FOR%20WEB2.PDF (accessed on 27 March 2024).

Arup team; Bailey, O.; Williams, V. Wastewater for Health.

K. Yaniv, H.A. Craddock, F. Mahameed, M. Shagan, 1. Salah, S. Lakkakula, K. Resnick, C. Haber, N. Davidovitch, J. Moran-Gilad, et al., Wastewater monitoring
of SARS-CoV-2 in on-grid, partially and fully off-grid bedouin communities in southern Israel, Front. Water 5 (2023), https://doi.org/10.3389/
frwa.2023.1136066.

Arup team; Bailey, O.; Williams, V. Wastewater: A Reflection of Our Health.

WEF Highlights CDC Scientists Discuss Wastewater-Based Epidemiology Available Online: WEF (accessed on 6 November 2023).

B. Cooper, E. Donner, L. Crase, H. Robertson, D. Carter, M. Short, B. Drigo, K. Leder, A. Roiko, K. Fielding, Maintaining a social license to operate for
wastewater-based monitoring: the case of managing infectious disease and the COVID-19 pandemic, J. Environ. Manag. 320 (2022), https://doi.org/10.1016/
j.jenvman.2022.115819.

N. Doorn, Wastewater research and surveillance: an ethical exploration, Environ. Sci. 8 (2022) 2431-2438, https://doi.org/10.1039/d2ew00127f.

J.W. O’Brien, S. Grant, A.P.W. Banks, R. Bruno, S. Carter, P.M. Choi, A. Covaci, N.D. Crosbie, C. Gartner, W. Hall, et al., A national wastewater monitoring
program for a better understanding of public health: a case study using the Australian Census, Environ. Int. 122 (2019) 400-411, https://doi.org/10.1016/j.
envint.2018.12.003.

D.T. Hill, D.A. Larsen, Using geographic information systems to link population estimates to wastewater surveillance data 2 in New York state, USA 3 linking
population estimates to wastewater surveillance data, medRxiv (2022), https://doi.org/10.1101/2022.08.23.22279124.

AN. Matheri, M. Belaid, C.K. Njenga, J.C. Ngila, Water and wastewater digital surveillance for monitoring and early detection of the COVID-19 hotspot:
industry 4.0, Int. J. Environ. Sci. Technol. 20 (2023) 1095-1112.

P. Nsubuga, M.E. White, S.B. Thacker, Public health surveillance: a tool for targeting and monitoring interventions, in: D. Jamison, J. Breman, A. Measham
(Eds.), Disease Control Priorities in Developing Countries, Oxford University Press, New York, 2006.

N. Noah, Surveillance of infectious diseases, in: Encyclopedia of Virology, Elsevier, 2021, pp. 247-255.

22


https://doi.org/10.1016/j.envres.2017.03.023
https://doi.org/10.3390/toxins14020091
http://refhub.elsevier.com/S2405-8440(24)09904-3/sref251
http://refhub.elsevier.com/S2405-8440(24)09904-3/sref251
https://doi.org/10.1093/aje/kwy264
https://doi.org/10.1093/aje/kwy264
https://doi.org/10.1139/facets-2022-0148
https://doi.org/10.1101/2021.07.26.21261155v1
https://doi.org/10.1101/2022.04.12.2227376
http://refhub.elsevier.com/S2405-8440(24)09904-3/sref256
https://doi.org/10.3390/ijerph20176651
https://doi.org/10.1289/EHP11151
https://doi.org/10.1289/EHP11151
https://doi.org/10.1016/j.jenvman.2022.115806
http://refhub.elsevier.com/S2405-8440(24)09904-3/sref260
http://refhub.elsevier.com/S2405-8440(24)09904-3/sref260
https://doi.org/10.1056/nejmp2301042
https://doi.org/10.1056/nejmp2301042
http://refhub.elsevier.com/S2405-8440(24)09904-3/sref262
http://refhub.elsevier.com/S2405-8440(24)09904-3/sref262
https://doi.org/10.1038/s44221-023-00085-6
http://refhub.elsevier.com/S2405-8440(24)09904-3/sref264
http://refhub.elsevier.com/S2405-8440(24)09904-3/sref264
https://doi.org/10.1016/j.envres.2021.110946
http://refhub.elsevier.com/S2405-8440(24)09904-3/sref266
http://refhub.elsevier.com/S2405-8440(24)09904-3/sref266
http://refhub.elsevier.com/S2405-8440(24)09904-3/sref266
http://refhub.elsevier.com/S2405-8440(24)09904-3/sref267
https://doi.org/10.1038/s44221-023-00093-6
https://doi.org/10.3390/v14081599
https://doi.org/10.1001/jamanetworkopen.2022.26822
https://doi.org/10.1001/jamanetworkopen.2022.26822
https://doi.org/10.1093/qjmed/hcad130
https://doi.org/10.1371/journal.pgph.0000061
https://doi.org/10.1371/journal.pgph.0000061
http://refhub.elsevier.com/S2405-8440(24)09904-3/sref273
https://doi.org/10.1016/j.scitotenv.2022.158265
https://doi.org/10.1016/j.scitotenv.2022.158265
http://refhub.elsevier.com/S2405-8440(24)09904-3/sref276
https://doi.org/10.1038/d41586-018-05728-3
https://www.emcdda.europa.eu/publications/html/pods/waste-water-analysis_en
https://www.emcdda.europa.eu/publications/html/pods/waste-water-analysis_en
https://doi.org/10.3389/frwa.2023.1136066
https://doi.org/10.3389/frwa.2023.1136066
https://doi.org/10.1016/j.jenvman.2022.115819
https://doi.org/10.1016/j.jenvman.2022.115819
https://doi.org/10.1039/d2ew00127f
https://doi.org/10.1016/j.envint.2018.12.003
https://doi.org/10.1016/j.envint.2018.12.003
https://doi.org/10.1101/2022.08.23.22279124
http://refhub.elsevier.com/S2405-8440(24)09904-3/sref288
http://refhub.elsevier.com/S2405-8440(24)09904-3/sref288
http://refhub.elsevier.com/S2405-8440(24)09904-3/sref289
http://refhub.elsevier.com/S2405-8440(24)09904-3/sref289
http://refhub.elsevier.com/S2405-8440(24)09904-3/sref290

M. Carmo dos Santos et al. Heliyon 10 (2024) e33873
[291] ECDC Infectious Disease Surveillance Summary, 2014. Data; 2017.

[292] M.D. Parkins, B.E. Lee, N. Acosta, M. Bautista, C.R.J. Hubert, S.E. Hrudey, K. Frankowski, X.-L. Pang, Wastewater-based surveillance as a tool for public health
action: SARS-CoV-2 and beyond, Clin. Microbiol. Rev. 37 (2024), https://doi.org/10.1128/cmr.00103-22.

[293] R. Pulicharla, G. Kaur, S.K. Brar, A year into the COVID-19 pandemic: rethinking of wastewater monitoring as a preemptive approach, J. Environ. Chem. Eng. 9
(2021).

23


http://refhub.elsevier.com/S2405-8440(24)09904-3/sref291
https://doi.org/10.1128/cmr.00103-22
http://refhub.elsevier.com/S2405-8440(24)09904-3/sref293
http://refhub.elsevier.com/S2405-8440(24)09904-3/sref293

	Wastewater surveillance for viral pathogens: A tool for public health
	1 Introduction
	2 Water quality
	3 Wastewater-based epidemiology (WBE)
	4 Viruses in wastewater
	4.1 Enteric viruses
	4.2 SARS-CoV-2
	4.3 Monkeypox

	5 Viral identification methodology in wastewater
	5.1 Sampling
	5.2 Viral concentration
	5.3 Nucleic acid isolation
	5.4 Viral detection

	6 Epidemiological insights through wastewater surveillance
	7 Unveiling the impacts of wastewater-based epidemiology on public health
	8 Policy and regulatory aspects
	9 Challenges and future directions
	10 Conclusion
	Funding
	Data availability
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgments
	References


