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ABSTRACT

BACKGROUND: Pathogenic viruses have been abundant and diverse in wastewater, reflecting the pattern of infection in humans. Human
feces, urine, and perhaps other washouts that frequently circulate in sewage systems may contaminate wastewater with SARS-CoV-2. It's
crucial to effectively disinfect wastewater since poorly handled wastewater could put the population at risk of infection.

AIMS: To emphasize the presence and spread of SARS-CoV-2 in sewage (wastewater) through viral shedding from the patients to detect the
virus in the population using wastewater-based epidemiology. Also, to effectively manage the transmission of SARS-CoV-2 and reduce the
spread of the virus in the population using disinfectants is highlighted.

METHODS: We evaluated articles from December 2019 to August 2022 that addressed SARS-CoV-2 shedding in wastewater and surveil-
lance through wastewater-based epidemiology. We included the papers on wastewater disinfection for the elimination of SARS-CoV-2.
Google Scholar, PubMed, and Research4Life are the three electronic databases from which all of the papers were retrieved.

RESULTS: It is possible for viral shedding to get into the wastewater. The enumeration of viral RNA from it can be used to monitor virus cir-
culation in the human community. SARS-CoV-2 can be removed from wastewater by using modern disinfection techniques such as sodium
hypochlorite, liquid chlorine, chlorine dioxide, peracetic acid, and ultraviolet light.

CONCLUSION: SARS-CoV-2 burden estimates at the population level can be obtained via longitudinal examination of wastewater, and
SARS-CoV-2 can be removed from the wastewater through disinfection.
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Background
A positive single-stranded RNA virus with an envelope,
SARS-CoV-2 (severe acute respiratory syndrome-coronavi-
rus-2) is a member of the f8-coronavirus genus.! The COVID-
19 outbreak brought on by the SARS-CoV-2 virus, which is
believed to have originated in Wuhan, China, had driven the
entire world into anarchy? SARS-CoV-2 is highly homolo-
gous to SARS-CoV and infects cells via ACE2 (Angiotensin-
converting enzyme receptor-2).> SARS-CoV-2 is a highly
contagious virus that spreads by respiratory droplets, direct
contact with infected people, and contaminated surfaces.?
Other potential exposure routes mayinclude the fecal-oral
route and transmission by aerosols.* It was shown that aerosols
produced during hospital, industrial, recreational, and domestic
activities assisted SARS-CoV-2 spread into environmental
effluent, placing the nearby communities at risk for infection.”
Household sewage, industrial sewage, and other pollutants
are contaminating water supplies. Organic materials, bacteria,

ammonia, pesticides, and many other toxins are present in con-
taminated water.® Consequently, individuals are more aware of
health-related issues, which has led to key public health con-
cerns inwater disinfection.” By treating contaminated water
supplies and safeguarding them, it is possible to reduce the
spread of diseases like cholera and typhoid fever that are spread
by water. Inthe United States, the adoption of water disinfec-
tion decreased the incidence of cholera by 90%, typhoid by
80%, and amoebic dysentery by 50%. This shows that water
disinfection is one of the most significant public health
advancements of the past century and may be effective in con-
trolling the spread of SARS-CoV-2.8 In the process of produc-
ing drinking water;organic matter, bromide, iodide, and
anthropogenic contaminants react with disinfectants (chlorine,
ozone, chloramines, and chlorine dioxide) to produce a class of
chemicals known as disinfection by-products (DBPs). The
type of disinfectant, water quality, and water treatment condi-
tions influence DBPs’ composition and levels.’
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Human effluent in wastewater can be used as a tool for dis-
ease surveillance.'® The emergence of the SARS-CoV-2 virus
and its presence in water, soils, and other environmental com-
partments may pose a hazard to public health and the environ-
ment.!! If aerosols are produced, the wastewater plumbing
system’s ability to host dangerous bacteria increases the possi-
bility of viruses like SARS-CoV-2 being transmitted by air.??
To collect information on the prevalence and dynamics of
infection for entire populations, raw sewage water from the
entire community that contains solids extracted during the pri-
mary sedimentation phases is collected and monitored. Even
with limited testing capabilities, the assessment of raw sewage
and sludge-based surveillance remains crucial.’?

Additionally, self-isolation and quarantine sites for infected
individuals both lead to significant viral shedding into the sys-
tem.'* The potential for prolonged viral shedding in feces for
nearly 5 weeks after the respiratory samples of the patients had
tested negative for SARS-CoV-2 RNA and even the likeli-
hood that the organism can remain viable for days may help
facilitate fecal-oral channel transmission.!>16 Various investi-
gations have found SARS-CoV-2 in wastewater.”18 A catch-
ment was used to concentrate SARS-CoV-2 RNA from
wastewater and reverse transcriptase quantitative polymerase
chain reaction was used to count the number of viral copies.!8
Where in-person testing may not be possible, longitudinal
examination of wastewater can offer population-level estimates
of the burden of SARS-CoV-2. When the SARS-CoV-2
virus is still contagious in wastewater, it could pose harm to
human health by way of acrosol inhalation or ingestion. The
report mentioned the potential to culture different coronavirus
kinds from wastewater for a few days.?%?! For discussing the
discovery of SARS-CoV-2 viral RNA in human excretions and
their passage to the sewage system/wastewater, there is cur-
rently only a limited number of data accessible. The analysis of
numerous peer-reviewed scientific publications and published
articles clarified the essential understanding of water-based
epidemiology for the coronavirus.

The world is currently grappling with the effects of the
emergence of the novel coronavirus that causes COVID-19
and the severe acute respiratory syndrome SARS-CoV-2, and
the difficulties in preventing their spread are growing as evi-
dence of their presence in sewage and stool samples emerges.??
The embedded virus particles in the stools that were obtained
in wastewater pipelines from asymptomatic patients and/or
inadequately or ineffectively treated wastewater may endure for
a longer period and hence may serve as a secondary source of
infection.?

Certain situations and factors, such as wastewater quality,
investment, operational expenses, and management level, influ-
ence the choice of specific types of disinfection technology.?*
The entire globe is/was focusing on the control of this pan-
demic in light of the alarming situation with COVID-19.
Numerous clinical findings suggested that the virus may be

present in the municipal wastewater of the impacted socie-
ties.?> Utilizing wastewater-based epidemiology (WBE),
which is useful for early warning of disease outbreaks and is
faster, more widely applicable, and less expensive than clinical
screening.?? In a few recent research, SARS-CoV-2 was
found to be molecularly detected in wastewater samples.!”-30
An advanced study is necessary to establish the methodology
and consequences for determining the presence of SARS-
CoV-2 in wastewater. It is suggested that water-based epide-
miological research be accelerated to halt the pandemic from
spreading further.

We incorporated information from limited studies that were
published in English literature from the end of December 2019
to August 2022 and elucidated the excretion of SARS-CoV-2
RNA from patients and the presence of the viral RNA in
wastewater from various geographical regions. Studies that did
not follow the guidelines for water-based SARS-CoV-2 epide-
miology and related viral shedding were disregarded. The
review also included articles that discussed the disinfection of
wastewater to remove coronaviruses. Data from PubMed,
Research4Life, and Google Scholar served as the foundation
for this review. We thoroughly searched reference lists from
publications and reports by hand. The keywords utilized were
“2019-nCoV,” ‘SARS-CoV-2"" or “COVID-19” combined
with “gastrointestinal,” “digestive,” “feces,” “wastewater” “sew-
age” and “disinfection of wastewater” accompanying “SARS-
CoV-2.” We analyzed relevant research and gathered
information on the identification of SARS-CoV-2 RNA in
shedding, wastewater sewage harboring the viral RNA, and
wastewater treatment. Due to the terms and ease of compre-
hending the presence of the virus in the wastewater and its
removal, only 47 research were included in our investigations.

Spreading of Viruses Through Respiratory and Fecal
Routes

The digestive tract appeared to be the site of viral shedding for
a longer period than the respiratory tract. The virus has been
suggested to present in feces for an average of 27.9 days (SD
10.7) following the beginning of the first symptom, which is
11.2days (SD 9.2) longer than it was in respiratory samples.!
Compared to respiratory samples, studies have shown that viral
RNA is more persistent in feces samples.!®1? Despite the res-
piratory samples from the patients being negative for SARS-
CoV-2 RNA, there is a chance that the virus may have been
shed for a longer period of over Sweeks in the feces. These
studies exhibit the likelihood of the occurrence of fecal-oral
transmission following viral clearance in the respiratory sys-
tem, and they also elucidate active viral replication in the
patient’s gastrointestinal tract.’® The high rate of viral shed-
ding into the system is a result of self-isolation as well as quar-
antine areas for sick individuals.!? The absorptive enterocytes
from the ileum and colon as well as the esophageal epithelial
cells have significant levels of ACE2 expression, which raises
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the possibility of fecal transmission.’ The COVID-19 virus
has been associated with gastrointestinal symptoms such as
vomiting and diarrhea. PCR testing for comparison between
teces and respiratory materials for the period supported the
idea that the virus particles were more resilient in the gastroin-
testinal system than in the respiratory tract. SARS-CoV-2 may
spread easily through feces when the viral load in the stool is
large or in an environment that is conducive to viruses. The
SARS-CoV-2 virus is shed in feces in part as a result of infec-
tion. The piping system for wastewater has flaws that make it
easier for polluted air to leak out and cause cross-contamina-
tion.!? Some coronaviruses may be able to persist in the gastro-
intestinal system and transmit orally through the “fecal-oral”
route or through the inhalation of wastewater droplets that are
contaminated.!2

Wastewater Surveillance for Estimating SARS-
CoV-2 Prevalence
SARS-CoV-2 wastewater surveillance was found to be useful
for estimating prevalence and providing an early warning for
inflated epidemics as elucidated by the tools for tracking clini-
cal cases in a community.'>171%31 Quantification of SARS-
CoV-2 conducted from samples incurred from wastewater in
diverse settings suggested that viral RNA can be present in
wastewater.1929323334 For the epidemiological tracking of
SARS-CoV-2 infection in large populations at relevant scales,
wastewater monitoring could serve as a potentially useful tech-
nique.® Despite the uncertainty and heterogeneity in the input
parameters,'® the model calculated a median range of 171 to
1090 infected individuals in the catchment, which was a rea-
sonable agreement with the clinical observation. Sewage from
different inlets and outlets in China has been found to contain
SARS-CoV-2 RNA. Three sewage samples from the inlets of
preprocessing disinfection equipment were found to contain
the viral RNA with cycle threshold values of 29.37, 30.58, and
32.42, respectively. Likewise, the sewage sample from the out-
let of the preprocessing disinfection pool was weakly positive
with a cycle threshold value of 33.55. The sewage sample taken
from the final sewage disinfection pool outflow, however, came
up negative.>

The wastewater plumbing system and its specific design can
harbor pathogenic microorganisms which enhance the poten-
tial for enabling airborne transmission of viruses such as
SARS-CoV-2 whenever it is accompanied by the generation of
aerosols.’* We emphasize that it is conceivable for SARS-
CoV-2 RNA to be present in wastewater and that WBE can
serve as a sensitive as well as an early warning tool. A study
demonstrated the presence of SARS-CoV-2 in sewage which
can be focused on determining the circulation of the virus in
the human population. The quantification of SARS-CoV-2 in
wastewater affords the ability to monitor the prevalence of
infections amongst the population through WBE.?® Since
wastewater contains viruses discharged from both symptomatic

and asymptomatic persons in a catchment, WBE is a potential
method for determining the prevalence of viruses in a specific
wastewater treatment plant (WW'TP) catchment population.36
It is conceivable for SARS-CoV-2 to be transmitted enteri-
cally, and exposure to SARS-CoV-2 through sewage might be
dangerous to one’s health. SARS-CoV-2 environmental sur-
veillance may provide information about whereabouts the
infection is spreading among the given population.’’
Longitudinal analysis of wastewater can provide population-
level estimates of the burden of SARS-CoV-2 where in-person
testing may not be available.1®

Through the quantification of viral genomes in the waste-
waters of Paris, the effects of lockdown on SARS-CoV-2
dynamics were assessed. Viral genomes in the wastewater could
be detected before the beginning of the exponential growth of
the epidemic and subsequently marked decrease in the quanti-
ties of the genome units as observed concomitantly with the
reduction in the number of new COVID-19 cases which was
an expected consequence of lockdown.' Even though the
prevalence of COVID-19 in sewage is low, the virus was found
in sewage, indicating that sewage monitoring might be a sensi-
tive technique to track the circulation of the virus.!”

Disinfection Technologies to Eliminate SARS-
CoV-2

Typically, the process for disinfecting hospital wastewater
includes the units in order of primary disinfection, sedimenta-
tion, dechlorination, moving bed biofilm reactor, repeated dis-
infection, and discharge (Figure 1). The most often employed
disinfectants used for disinfection of hospital wastewater disin-
fection include sodium hypochlorite, liquid chlorine, chlorine
dioxide, ultraviolet irradiation, and ozone.?* Disinfection using
chlorine dioxide, liquid chlorine, and sodium hypochlorite is
preferable.’® The presence of the RNA of the SARS-CoV-2
virus has been detected in untreated wastewater (influents) in
WWTPs and secondary treated water samples.3? The presence
of SARS-CoV-2 viral RNA may be eliminated by using mod-
ern disinfection techniques, such as sodium hypochlorite, a
combination of hypochlorite and ultraviolet, peracetic acid, and
high-intensity UV lighting at the tertiary effluent sample of
WWTDPs.30.39

In general, all SARS viruses may be rendered inactive by
using ordinary disinfectant technologies, however, chlorine and
UV irradiation disinfection may be the most effective among
others.3®40 Although several studies are being conducted on
the best disinfection technique for wastewater treatment, they
have not yet reported on the specifics of the disinfection proce-
dure or its efficacy against the SARS-CoV-2 virus.

A recent study conducted by Zhang and his co-workers on
medical wastewater for the determination of effective deactiva-
tion of SARS-CoV-2 utilizing sodium hypochlorite was done
to revise the existing standard of disinfection for improving
efficacy. Furthermore, the findings demonstrated that free
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Disinfection Technologies

Chlorine dioxide (ClOz)

Liquid chlorine (Clz)

Low cost, complex maintenance, high toxicity, more disinfection

Low cost, easy maintenance, high toxicity, more disinfection

Sodium hypochlorite (NaOCl) Low cost, easy maintenance, high toxicity, more disinfection

Ozone (O3)

Ultraviolet (UV)

Low cost, complex maintenance, less toxicity, less disinfection

Low cost, easy maintenance, less toxicity, no disinfection

Figure 1. Comparison in the selection of various disinfection technologies for hospital wastewater based on different factors and conditions.

chlorine concentrations of >0.5mg/L (contact times of
1.5 hour) were insufficient to completely eradicate the SARS-
CoV-2 virus in wastewater. Thus, 6700g/m? of sodium
hypochlorite was employed to completely disinfect the SARS-
CoV-2 virus in wastewater. However, the ecology and public
health may be seriously threatened by the application of this
high concentration of disinfectant and its disinfection by-
product residuals.?

Importance of SARS-CoV-2 Surveillance in
Wastewater to Ensure Public Health

Public health and economic progress were impacted by the
pandemic.” Since the discovery of the epidemiological surveil-
lance of pathogens in wastewater systems in the 19th century,
it has made a substantial contribution to the surveillance of
highly transmissible infectious illnesses.*! In theory, a sewage
system stores the biological waste that it carries from the
human population. Along with the biological components,
pathogens enter the sewer system through excreta such as feces,
urine, saliva, and other excretions.*> Wastewater testing has
previously been utilized to monitor for significant health haz-
ards like antibiotic resistance, population-level illicit drug usage
as well as the presence of viruses (e.g., Vibrio cholerae, poliovirus)
in a community.** Monitoring a community’s wastewater
and sewage has proven to be an effective approach to predict
both minor outbreaks and epidemics of enterovirus and adeno-
virus disease.*>*” Detection of harmful viruses in sewage sys-
tems has offered early warnings of viral epidemics such as
Hepatitis A virus and Norovirus even before the causing infec-
tions were identified in healthcare as shown by previous stud-
ies.?”#8 This information facilitates informed and timely public

health responses from the concerned authority.*! Wastewater
surveillance is a useful addition to the surveillance pyramid
because it offers mass monitoring using a low-cost, effective,
and non-invasive method. Furthermore, it can uncover preva-
lence rates that are “hidden” by asymptomatic infections, poor
health facilities, and situations with restricted diagnostic
capability.#0

Wastewater surveillance for the SARS-CoV-2 presents
both opportunities and challenges. The propensity of this
method to make quantitative projections from the viral RNA is
often constrained by the complexity of wastewater matrices,
the diluted nature of biomarkers in wastewater, the difficulty in
identifying the ideal sample locations, and the need for effi-
cient virus-concentrating methods.”*2 In addition, specialized
tools and expertise are needed for the precise measurement of
virus levels in wastewater mixes, and quality assurance methods
different from clinical testing are needed for precise molecular
quantification.*! Therefore, some technical and practical chal-
lenges must be addressed before applying this surveillance
method.

Challenges to Disinfecting Wastewater to Eliminate
Viral Pathogens Like SARS-CoV-2

Many readily accessible disinfectants can effectively combat
SARS-CoV infections on surfaces or in water. Many of these
disinfectants are common chemicals like alcohols, chlorine,
hypochlorite solutions, and ozone that are cheap, simple to
apply, and exhibit quick and excellent biocidal activity.®® Since
free chlorine could effectively inactivate SARS-CoV-2 by dam-
aging the proteins on its envelope, chlorine disinfectants are
now the most popular. However, excessive use of disinfectants
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might result in their entry into nearby water sources or the
sewer system of the city via wastewater or rains leading to the
accumulation of disinfectants and its byproduct in surface
waters.”3 These disinfection byproducts (DBPs) present risks to
human health.>* For example, the use of the most popular dis-
infectants like chlorine provides numerous benefits, but it has
been found to produce harmful and carcinogenic halogenated
by-products Likewise, the effluent was found to contain large
amounts of DBPs due to the usage of very high doses of sodium
hypochlorite.’> Wavelengths of ultraviolet radiation between
200 and 300nm are considered effective in degrading the
genetic makeup of bacteria, viruses, and other microbes, inhibit-
ing protein production. However, it is considered a relatively
unsuitable method due to insufficient depth of penetration and
also contains some health hazards. Similarly, viruses have a
higher level of ozone tolerance than bacteria.> The genomic
structure of the virus responsible for the production of different
proteins (structural, non-structural, and accessory proteins) that
make them contagious should be also noted.*® Therefore, a suit-
able approach utilizing either a single effective method or com-
bining different methods for the precise elimination of viruses is
warranted.

During the low- and middle-risk COVID-19 periods, the
SARS-CoV-2 RNA has been found in groundwater, surface
water, wastewater, sludge, and other hospital-related water sys-
tems.>*” However, there is no suitable standard procedure for
RNA detection in wastewater. The method employed to deter-
mine the virus concentration is not very effective at recovering
these viruses.”®*” Currently, the fastest approaches for promptly
detecting viral infection at the source include nucleic acid-
based detection methods such as real-time quantitative poly-
merase chain reaction, recombinase polymerase amplification,
CRISPR-Cas based nucleic acid detection, loop-mediation
isothermal amplification and immunoassay techniques such as
enzyme-linked immunosorbent assay, blotting assays, and lat-
eral-flow immunoassay.®® The most beneficial method for
detecting viral nucleic acids is still quantitative reverse tran-
scriptase polymerase chain reaction (QRT-PCR), which has
the advantages of specificity, speed, high throughput, and reli-
ability.6 RNA of SARS-CoV-2 has been using electronegative
membrane-direct RNA extraction, ultrafiltration, ultracentrif-
ugation, and PEG precipitation with the sequence confirma-
tion through directing sequencing of gPCR products (Sanger
sequencing) in different parts of the world.? Independently
assessing new technologies can provide various diagnostic
approaches that enable faster and more precise screening of those
who have been reported to be contaminated. Implementing
precise and timely testing procedures is crucial for effectively
combating epidemics. The reliance on test applications for
clinical diagnosis and disease detection, however, places restric-
tions on conventional epidemic testing. This can be avoided by
routinely expanding the wastewater surveillance method’s
community of people being tested until a critical level of

positive case detection is attained. This will show how quickly
an infection is spreading within a population. Therefore, to
greatly increase the detection rate, more thorough and strin-
gent testing is essential.

Conclusion and future prospective

This review concentrated on the occurrence and transmission
of SARS CoV-2 in sewage and employed WBE to track the
virus in the neighborhood. RNA of SARS-CoV-2 has been
detected in feces, %4 urine,®% blood, respiratory secre-
tions,”%72 oropharyngeal and tracheal secretions,®>7374 oph-
thalmic and conjunctival secretions.”>’¢ SARS CoV-2 is
acquired via wastewater together with human waste products
including feces and urine and then circulates in the sewage sys-
tem. According to the review, the presence, and dynamics of
the virus in sewage can be used as a tool to track the infection
or transmission within the community. However, further
research is needed to determine how sewage virus aerosols
(bioaerosols/aerosols) spread COVID-19 to people. Wastewater
pipes should be appropriately treated with the right disinfect-
ant technologies before discharge since the stool-embedded
SARS-CoV-2 virus particle works as a secondary source of
infection and also stays for a longer amount of time depending
on various causes or situations. Monitoring the SARS-CoV-2
genome quantitatively in wastewater can help track the spread
of the viruses in underdeveloped countries. Treatment for viral
inactivation can lessen the virus’s load on the environment and
secondary transmission. It is possible for the virus to spread to
different organisms, experience mutation, and alter properties.
For the foreseeable future, several situations should be taken
into account. Future research must also be done on the possi-
bility of viral transmission in aerosols released from wastewater
or sewage systems. Additionally, the ecology and public health
may be seriously threatened by the application of a high con-
centration of disinfectant along with its persistent disinfection
by-products. As a result, other methods for disinfecting waste-
water must be developed.

Acknowledgements

We appreciate the authors of the works cited in this article for
their efforts in the struggle against COVID-19. We also want
to express our gratitude to all the experts from the Nepal
Academy of Science and Technology, Lalitpur, and the Central
Department of Microbiology, Kathmandu for their construc-
tive suggestions while writing.

Author Contributions

Prashanna Koirala—literature search, methodology, illustra-
tions, data interpretations, manuscript writing, revision, and
edits. Sandesh Dhakal—literature search, manuscript writ-
ing. Bikram Malla—Edited the manuscript. Archana
Ghimire—literature search, manuscript writing. Mohammad
Ataullah Siddiqui—literature search, manuscript writing.



Microbiology Insights

Prabin Dawadi—conceived and contributed to study design,

literature search, methodology, illustrations, data interpreta-

tions, manuscript writing, edits, and revision.

REFERENCES

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Lu R, Zhao X, Li ], et al. Genomic characterisation and epidemiology of 2019
novel coronavirus: Implications for virus origins and receptor binding. Lancet.
2020;395:565-574.

ReliefWeb. WHO announces COVID-19 outbreak a pandemic - World. 2020.
Accessed August 28, 2022. https:/reliefweb.int/report/world/who-announces-
covid-19-outbreak-pandemic

Zhang H, Penninger JM, Li Y, Zhong N, Slutsky AS. Angiotensin-converting
enzyme 2 (ACE2) as a SARS-CoV-2 receptor: molecular mechanisms and
potential therapeutic target. Intensive Care Med. 2020;46:586-590.

Gandhi M, Yokoe DS, Havlir DV. Asymptomatic transmission, the Achilles’
heel of current strategies to control covid-19. N Engl J Med. 2020;382:
2158-2160.

Dawadi P, Syangtan G, Lama B, et al. Understanding COVID-19 situation in
Nepal and implications for SARS-CoV-2 transmission and management. Envi-
ron Health Insights. 2022;16:11786302221104348.

Chowdhary P, Bharagava RN, Mishra S, Khan N. Role of industries in water
scarcity and its adverse effects on environment and human health. In: Shukla V,
Kumar N, eds. Environmental Concerns and Sustainable Development: Volume 1:
Air, Water and Energy Resources. Springer; 2020;235-256.

D’Alessandro D, Gola M, Appolloni L, et al. COVID-19 and living space chal-
lenge. Well-being and public health recommendations for a healthy, safe, and
sustainable housing. Acza Biomed. 2020;91:61-75.

Richardson S, Plewa M, Wagner E, Schoeny R, DeMarini D. Occurrence,
genotoxicity, and carcinogenicity of regulated and emerging disinfection by-
products in drinking water: a review and roadmap for research. Mutat Res/Rev
Moutat Res. 2007;636:178-242.

Krasner SW. The formation and control of emerging disinfection by-products of
health concern. Phil Trans R Soc A. 2009;367:4077-4095.

Thompson JR, Nancharaiah YV, Gu X, et al. Making waves: wastewater surveil-
lance of SARS-CoV-2 for population-based health management. Water Res.
2020;184:116181.

Nufez-Delgado A. What do we know about the SARS-CoV-2 coronavirus in
the environment? Sci Total Environ. 2020;727:138647.

Gormley M, Aspray TJ, Kelly DA. COVID-19: mitigating transmission via
wastewater plumbing systems. Lancet Glob Health. 2020;8:¢643.

Peccia], Zulli A, Brackney DE, et al. SARS-CoV-2 RNA concentrations in pri-
mary municipal sewage sludge as a leading indicator of COVID-19 outbreak
dynamics. Epidemiology. medRxiv; 2020.

Casanova L, Rutala WA, Weber DJ, Sobsey MD. Survival of surrogate corona-
viruses in water. Water Res. 2009;43:1893-1898.

Goh GK, Dunker AK, Foster JA, Uversky VN. Shell disorder analysis predicts
greater resilience of the SARS-CoV-2 (COVID-19) outside the body and in body
fluids. Microb Pathog. 2020;144:104177.

Yeo C, Kaushal S, Yeo D. Enteric involvement of coronaviruses: is faecal-oral trans-
mission of SARS-CoV-2 possible? Lancet Gastroenterol Hepatol. 202055:335-337.
Medema G, Heijnen L, Elsinga G, Italiaander R, Brouwer A. 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. 2020;7:511-516.

Wu'Y, Guo C, Tang L, et al. Prolonged presence of SARS-CoV-2 viral RNA in
faecal samples. Lancet Gastroenterol Hepatol. 2020;5:434-435.

Ahmed W, Bertsch PM, Bivins A, et al. Comparison of virus concentration
methods for the RT-qPCR-based recovery of murine hepatitis virus, a surrogate
for SARS-CoV-2 from untreated wastewater. Sci Total Environ.2020;739:139960.
Gundy PM, Gerba CP, Pepper IL. Survival of coronaviruses in water and waste-
water. Food Environ Virol. 2008;1:10.

Naddeo V, Liu H. Editorial Perspectives: 2019 novel coronavirus (SARS-
CoV-2): what is its fate in urban water cycle and how can the water research com-
munity respond? Environ Sci Water Res Technol. 2020;6:1213-1216.

Bhatt A, Arora P, Prajapati SK. Occurrence, fates and potential treatment
approaches for removal of viruses from wastewater: A review with emphasis on
SARS-CoV-2. ] Environ Chem Eng. 2020;8:104429.

Zhang D, Ling H, Huang X, et al. Potential spreading risks and disinfection
challenges of medical wastewater by the presence of Severe Acute Respiratory
Syndrome Coronavirus 2 (SARS-CoV-2) viral RNA in septic tanks of Fangcang
Hospital. Sci Total Environ. 2020;741:140445.

Wang J, Shen J, Ye D, et al. Disinfection technology of hospital wastes and
wastewater: suggestions for disinfection strategy during coronavirus disease

2019 (COVID-19) pandemic in China. Environ Pollut. 2020;262:114665.

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.

Wu F, Xiao A, Zhang ], et al. SARS-CoV-2 RNA concentrations in wastewater
foreshadow dynamics and clinical presentation of new COVID-19 cases. Sci
Total Environ. 2022;805:150121.

Hart OE, Halden RU. Computational analysis of SARS-CoV-2/COVID-19
surveillance by wastewater-based epidemiology locally and globally: Feasibility,
economy, opportunities and challenges. Sci Tozal Environ. 2020;730:138875.
Sinclair RG, Choi CY, Riley MR, Gerba CP. Pathogen surveillance through
monitoring of sewer systems. Adv Appl Microbiol. 2008;65:249-269.

Ahmed W, Angel N, Edson J, 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. 2020;728:
138764.

Randazzo W, Cuevas-Ferrando E, Sanjuin R, Domingo-Calap P, Sinchez G.
Metropolitan wastewater analysis for COVID-19 epidemiological surveillance.
Int ] Hyg Environ Health. 2020;230:113621.

Lodder W, de Roda Husman AM. SARS-CoV-2 in wastewater: Potential health
risk, but also data source. Lancet Gastroenterol Hepatol. 2020;5:533-534.

Zhang H, Kang Z, Gong H, et al. Digestive system is a potential route of
COVID-19: an analysis of single-cell coexpression pattern of key proteins in
viral entry process. Guz. 2020;69:1010-1018.

Elsamadony M, Fujii M, Miura T, Watanabe T. Possible transmission of viruses
from contaminated human feces and sewage: implications for SARS-CoV-2. Sci
Total Environ. 2021;755:142575.

Xing YH, Ni W, Wu Q, et al. Prolonged viral shedding in feces of pediatric
patients with coronavirus disease 2019. | Microbiol Immunol Infect. 2020;53:
473-480.

Bivins A, North D, Ahmad A, et al. Wastewater-based epidemiology: Global
collaborative to maximize contributions in the fight against COVID-19. Environ
Sci Technol. 2020;54:7754-7757.

Bar-Or I, Yaniv K, Shagan M, et al. Regressing SARS-CoV-2 sewage measure-
ments onto covid-19 burden in the population: a proof-of-concept for quantita-
tive environmental surveillance. Front Public Health. 2021;9:561710.

ChenY, Chen L, Deng Q,, et al. The presence of SARS-CoV-2 RNA in the feces
of COVID-19 patients. ] Med Virol. 2020;92:833-840.

Wang J, Feng H, Zhang S, et al. SARS-CoV-2 RNA detection of hospital isola-
tion wards hygiene monitoring during the Coronavirus Disease 2019 outbreak in
a Chinese hospital. Inz | Infect Dis. 2020;94:103-106.

Xagoraraki I, O’Brien E. Women in water quality. Women in engineering and
science. In: O’Bannon DJ, ed. Wastewater-based Epidemiology for Early Detection
of Viral Outbreaks. Springer International Publishing; 2020;75-97.

Waurtzer S, Marechal V, Mouchel JM, et al. Evaluation of lockdown effect on
SARS-CoV-2 dynamics through viral genome quantification in waste water,
Greater Paris, France, 5 March to 23 April 2020. Euro Surveill. 2020;25:2000776.
Chen C, Zhang X]J, Wang Y, Zhu LX, Liu J. Waste water disinfection during
SARS epidemic for microbiological and toxicological control. Biomed Environ
Sci. 2006;19:173-178.

Randazzo W, Truchado P, Cuevas-Ferrando E, Simén P, Allende A, Sanchez G.
SARS-CoV-2 RNA in wastewater anticipated COVID-19 occurrence in a low
prevalence area. Water Res. 2020;181:115942.

Rimoldi SG, Stefani F, Gigantiello A, et al. Presence and infectivity of SARS-
CoV-2 virus in wastewaters and rivers. Sci Total Environ. 2020;744:140911.
Wang XW, Li]JS, Guo TK, et al. Concentration and detection of SARS corona-
virus in sewage from Xiao Tang Shan Hospital and the 309th Hospital. J Viro/
Methods. 2005;128:156-161.

Dzinamarira T, Murewanhema G, Iradukunda PG, et al. Utilization of SARS-
CoV-2 wastewater surveillance in Africa - a rapid review. Int ] Environ Res Public
Health. 2022;19:969.

McClary-Gutierrez JS, Mattioli MC, Marcenac P, et al. SARS-CoV-2 wastewa-
ter surveillance for public health action. Emerg Infect Dis. 2021;27:1-8.
Hounmanou YM, Mdegela RH, Dougnon TV, et al. Toxigenic Vibrio cholerae
O1 in vegetables and fish raised in wastewater irrigated fields and stabilization
ponds during a non-cholera outbreak period in Morogoro, Tanzania: an environ-
mental health study. BMC Res Notes. 2016;9:466.

Asghar H, Diop OM, Weldegebriel G, et al. Environmental surveillance for
polioviruses in the global polio initiative. [ Infect Dis.
2014;210:5294-S303.

Manor Y, Handsher R, Halmut T, et al. Detection of poliovirus circulation by
environmental surveillance in the absence of clinical cases in Israel and the Pal-
estinian authority. / Clin Microbiol. 1999;37:1670-1675.

McCall C, Wu H, Miyani B, Xagoraraki I. Identification of multiple potential
viral diseases in a large urban center using wastewater surveillance. Water Res.
2020;184:116160.

Hellmér M, Paxéus N, Magnius L, et al. Detection of pathogenic viruses in sew-
age provided early warnings of hepatitis A virus and norovirus outbreaks. App/
Environ Microbiol. 2014;80:6771-6781.

La Rosa G, Libera SD, Iaconelli M, et al. Surveillance of hepatitis A virus in
urban sewages and comparison with cases notified in the course of an outbreak,
Italy 2013. BMC Infect Dis. 2014;14:419.

eradication


https://reliefweb.int/report/world/who-announces-covid-19-outbreak-pandemic
https://reliefweb.int/report/world/who-announces-covid-19-outbreak-pandemic

Koirala et al

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Shah S, Gwee SXW, Ng JQX, Lau N, Koh J, Pang J. Wastewater surveillance
to infer COVID-19 transmission: a systematic review. Sci Total Environ.
2022;804:150060.

Parveen N, Chowdhury S, Goel S. Environmental impacts of the widespread use
of chlorine-based disinfectants during the COVID-19 pandemic. Environ Sci
Pollut Res Int. 2022;29:85742-85760.

Li XF, Mitch WA. Drinking water disinfection byproducts (DBPs) and human
health effects: multidisciplinary challenges and opportunities. Environ Sci Tech-
nol. 2018;52:1681-1689.

Bhardwaj SK, Singh H, Deep A, et al. UVC-based photoinactivation as an effi-
cient tool to control the transmission of coronaviruses. Sci Tvtal Environ.
2021;792:148548.

Gorkhali R, Koirala P, Rijal S, Mainali A, Baral A, Bhattarai HK. Structure and
function of major SARS-CoV-2 and SARS-CoV proteins. Bioinform Biol
Insights. 2021;15:11779322211025876.

Zhao L, Atoni E, Nyaruaba R, et al. Environmental surveillance of SARS-
CoV-2 RNA in wastewater systems and related environments in Wuhan: April to
May of 2020. J Environ Sci. 2022;112:115-120.

Haramoto E, Kitajima M, Katayama H, Ito T, Ohgaki S. Development of virus
concentration methods for detection of koi herpesvirus in water. J Fish Dis.
2009;32:297-300.

Ye Y, Ellenberg RM, Graham KE, Wigginton KR. Survivability, partitioning,
and recovery of enveloped viruses in untreated municipal wastewater. Environ Sci
Technol. 2016;50:5077-5085.

Cassedy A, Parle-McDermott A, O'Kennedy R. Virus detection: a review of the
current and emerging molecular and immunological methods. Front Mol Biosci.
2021;8:637559.

Zhou Y, Zhang L, Xie YH, Wu J. Advancements in detection of SARS-CoV-2
infection for confronting COVID-19 pandemics. Lab Invest. 2022;102:4-13.
Maryam S, Ul Haq I, Yahya G, et al. COVID-19 surveillance in wastewater: an
epidemiological tool for the monitoring of SARS-CoV-2. Front Cell Infect Micro-
biol. 2022;12:978643.

Park SK, Lee CW, Park DI, et al. Detection of SARS-CoV-2 in fecal samples
from patients with asymptomatic and mild COVID-19 in Korea. Clin Gastroen-
terol Hepatol. 2021;19:1387-1394.¢2.

Brogna B, Brogna C, Petrillo M, et al. SARS-CoV-2 detection in fecal sample
from a patient with typical findings of covid-19 pneumonia on CT but negative

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

to multiple SARS-CoV-2 RT-PCR tests on oropharyngeal and nasopharyngeal
swab samples. Medicinar. 2021;57(3):290.

Peng L, Liu J, Xu W, et al. SARS-CoV-2 can be detected in urine, blood,
anal swabs, and oropharyngeal swabs specimens. J Med Virol. 2020;92:
1676-1680.

Bronimann S, Rebhan K, Lemberger U, Misrai V, Shariat SF, Pradere B. Secre-
tion of severe acute respiratory syndrome coronavirus 2 in urine. Curr Opin Urol.
2020;30:735-739.

Ludolf F, Ramos FF, Bagno FF, et al. Detecting anti-SARS-CoV-2 antibodies
in urine samples: a noninvasive and sensitive way to assay COVID-19 immune
conversion. Sci Adv. 2022;8:eabn7424.

Anjos D, Fiaccadori FS, Servian CDP, et al. SARS-CoV-2 loads in urine, sera
and stool specimens in association with clinical features of COVID-19 patients.
J Clin Virol Plus. 2022;2:100059.

Andersson MI, Arancibia-Carcamo CV, Auckland K, et al. SARS-CoV-2 RNA
detected in blood products from patients with COVID-19 is not associated with
infectious virus. Wellcome Open Res. 2020;5:181.

Mohammadi A, Esmaeilzadeh E, Li Y, Bosch R], Li JZ. SARS-CoV-2 detection
in different respiratory sites: a systematic review and meta-analysis. EBioMedi-
cine. 2020;59:102903.

Ahmadzadeh M, Vahidi H, Mahboubi A, Hajifathaliha F, Nematollahi L,
Mohit E. Different respiratory samples for COVID-19 detection by standard
and direct quantitative RT-PCR: a literature review. fran | Pharm Res. 2021;20:
285-299.

Guang Y, Hui L. Determining half-life of SARS-CoV-2 antigen in respiratory
secretion. Environ Sci Pollut Res. 2023;30:69697-69702.

Yu C, Li L, Tuersun Y, et al. Oropharyngeal secretion as alternative for SARS-
CoV-2 detection. J Dent Res. 2020;99:1199-1205.

Arildsen MM, Glenting SB, Fedder AM, et al. A comparison of pharyngeal
swabs and tracheal secretions for the diagnosing of COVID-19. Biomedicines.
2022;10:488.

Colavita F, Lapa D, Carletti F, et al. SARS-CoV-2 isolation from ocular secre-
tions of a patient with covid-19 in Italy with prolonged viral RNA detection. Ann
Intern Med. 2020;173:242-243.

Kaya H, Caligkan A, Okul M, Sar1 T, Akbudak 1H. Detection of SARS-CoV-2
in the tears and conjunctival secretions of Coronavirus disease 2019 patients. J
Infect Dew Ctries. 2020;14:977-981.



