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Abstract
Transmission of novel coronavirus (SARS-CoV-2) in humans happens either through airway exposure to respiratory droplets
from an infected patient or by touching the virus contaminated surface or objects (fomites). Presence of SARS-CoV-2 in human
feces and its passage to sewage system is an emerging concern for public health. Pieces of evidence of the occurrence of viral
RNA in feces and municipal wastewater (sewage) systems have not only warned reinforcing the treatment facilities but also
suggest that these systems can be monitored to get epidemiological data for checking trend of COVID-19 infection in the
community. This review summarizes the occurrence and persistence of novel coronavirus in sewage with an emphasis on the
possible water environment contamination. Monitoring of novel coronavirus (SARS-CoV-2) via sewage-based epidemiology
could deliver promising information regarding rate of infection providing a valid and complementary tool for tracking and
diagnosing COVID-19 across communities. Tracking the sewage systems could act as an early warning tool for alerting the
public health authorities for necessary actions. Given the impracticality of testing every citizen with limited diagnostic resources,
it is imperative that sewage-based epidemiology can be tested as an early warning system. The need for the development of robust
sampling strategies and subsequent detection methodologies and challenges for developing countries are also discussed.
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Introduction

The ongoing emergence of novel Severe Acute Respiratory
Syndrome Coronavirus 2 (SARS-CoV-2) has aroused wide-
spread fear and created a threat to global health security
(Wuhan Municipal Health Commission 2020). The viral out-
break (COVID-19, name given by World Health
Organization, WHO) has infected more than 100 million con-
firmed cases with ~ 2.2 million deaths across the world (as of
January 27, 2021) (WHO 2021). Similarities with Severe
Acute Respiratory Syndrome Coronavirus (SARS-CoV-

2003) and Middle East Syndrome Coronavirus (MERS-
CoV-2012) in respect to their transmission to humans,
SARS-CoV-2 has emerged as the third extremely pathogenic
virus in last two decades (Otter et al. 2016; Kampf et al. 2020).
Previously identified coronaviruses have been reported to per-
sist on surfaces like metal, glass or plastic etc. ranging 8 h to 9
days (Kampf et al. 2020; WHO 2020a). Similarly, SARS-
CoV-2 can also persist on many surfaces increasing the
chance of its further transmission through these contaminated
fomites (van Doremalen et al. 2020; Al-Tawfiq et al. 2014;
Kampf et al. 2020). For the time being, the information re-
garding occurrence and survival of SARS-CoV-2 virus in wa-
ter environments is unclear. However, the presence of viral
ribonucleic acid (RNA) in the feces or rectal swab of infected
patients has demanded rigorous quantitative testing for the
occurrence and survival of SARS-CoV-2 virus in water envi-
ronments (Zhang et al. 2020a; Xiao et al. 2020). Many
COVID-19 infected personnel have been diagnosed with no
apparent symptoms. These COVID-positive but asymptomat-
ic patients can also contribute toward further transmission
during the asymptomatic period (Zhou et al. 2020; Bai et al.
2020). Both asymptomatic as well as symptomatic patients
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can shed viruses via feces that ultimately go to sewage treat-
ment plants (STPs) (Haramoto et al. 2020a, 2020b). Limited
knowledge of SARS-COV-2 viability, its presence in excreta,
and a subsequent possible pathway to sewage systems can
eventually lead to unwarranted spread. Therefore, behavior
and persistence of this new virus in the water cycle need to
be understood to stop further spreading of the infection.

Respiratory issues and diarrhea are some indications for
COVID-19 infection observed both in hospital and family/
community settings (Chan et al. 2020). WHO has suggested
frequent and proper hygiene practices. Disinfection of public
facilities and proven practices of taking measures like regular
hand washing etc. could prevent further transmission (WHO
2020b). Such efforts can also control the incidence of many
other infectious diseases and save millions of lives each year.
Advanced biocidal reagents like sodium hypochlorite,
benzalkonium chloride, alcohols, and hydrogen peroxide are
being used for disinfection in healthcare settings. However, the
prolonged incubation time of virus in human and asymptomatic
nature of patients have allowed the virus to be clinically unde-
tected that certainly helped the virus spread and paved its way to
sewage systems (Wu et al. 2020a). The clinical observations of
viral SARS-CoV-2 RNA in feces have implied that sewage of
affected zonesmight contain the virus (Xiao et al. 2020; Gu et al.
2020; Chen et al. 2020a). Detection of viral RNA in wastewater
treatment systems has indicated the potential of sewage surveil-
lance as an early warning system for tracking contagious dis-
eases (Kitajima et al. 2020; Wu et al. 2020b). Sewage-based
epidemiology is generally known as wastewater-based epidemi-
ology (WBE) that helps tracking and understanding the inci-
dence of viruses in a given sewage/wastewater treatment plant
receiving sewage/effluent from communities that may contain
viruses or its fragments being shed along with feces from symp-
tomatic and asymptomatic individuals (Sinclair et al. 2008; Sims
and Kasprzyk-Hordern 2020; Xagoraraki and O’Brien 2020).
Investigation through sewage-based epidemiology holds a po-
tential to be used as a substantial information tool for surveil-
lance of a large population that may be under the threat of
COVID-19 pandemic (Hart and Halden 2020). Sewage collec-
tion is relatively inexpensive, easy, and can be used to monitor
different levels in population aggregation. Therefore, sewage-
surveillance can offer a cost-effective and real-time analysis to
reflect the community’s health independent of symptomatic-
based clinical reporting (Thompson et al. 2020). However, dis-
crepancies in the detection of SARS-CoV-2 have been observed
in sewage samples due to the analytical sensitivity of protocols
used as well as the false positive observations in low concen-
trated clinical samples (Randazzo et al. 2020; Jung et al. 2020;
Vogels et al. 2020). In order to avoid producing conflicting data,
such approaches essentially require development of robust sam-
pling and detection strategies.

A critical issue which is not being paid much attention is
the development of antimicrobial resistance (AMR) in sewage

during this pandemic. With no or limited proven therapy for
COVID-19, people are more likely to use antibiotics indis-
criminately for treatment and prevention of presumed infec-
tions. This is of huge concern especially in developing coun-
tries where medications can be bought over the counter with-
out prescriptions. As per WHO, there is very limited data
available on AMR in Africa due to lack of testing and surveil-
lance capability (Egyir et al. 2020). In addition, continuous
use of hand sanitizers, soaps, alcohol-based sanitizers, floor
cleaners, and other essential disinfectants which is being
discharged with water could also exacerbate AMR in sewage
and can pose irreversible changes to available water resources.

In India, the first case was reported on January 30, 2020
which has now proliferated to almost all states of the country
with a total of ~ 10.7 million confirmed cases and ~ 0.154
million deaths as of January 27, 2021 (WHO 2021). In re-
sponse to the outbreak of this pandemic, Government of
India declared a series of nationwide lockdowns to minimize
the rate of COVID transmission. The concern of transmission
via water is enormous in a country like India, where currently
17.7% of the total human population on earth lives and mil-
lions are still deprived from access to clean drinking water. In
addition to that, open defecation (OD) is one of the major
issues that have historically been most prevalent among low-
income countries. In such cases, unhygienic practices may add
more complications and increase the chances of contamina-
tion of water environments. Thus, there is a great threat to
public health due to possible fecal-oral route of disease trans-
mission (Hindson 2020; Heller et al. 2020). However, popu-
lation without access to toilets has been reduced significantly
by an estimated 450 million people from 568 million in India
(WASH 2020).

Developing countries still lack appropriate infrastructures
(at least biosafety levels-II) needed for the detection of SARS-
CoV-2 that comply with WHO guidelines. Moreover, fragile
health care systems, inadequate existing medical diagnostic
methods, and lack of medical tools during the outbreak can
exponentially increase the number of infected people (UNDP
2020). Available studies on the detection of coronaviruses in
wastewater are limited to the developed countries and mostly
written in European and the United States’ perspective. Till
now, only a few studies for detection of genetic material of
SARS-CoV-2 in sewage have been reported in India, but
again infectivity and threat from excreted viral material
remained unclear (Kumar et al. 2020a; Arora et al. 2020).
Inadequate or no operational wastewater treatment facilities
in developing counties can lead to an eventual transmission
of viruses to the surface water environment. Therefore, it is
urgent to determine the current status of the infection in com-
munities to keep a check on the infection trend. The entrance,
survival, transmission, and fate of SARS-CoV-2 in sewage
and threat of contamination of water resources are of utmost
importance in developing countries like India.
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Herein, we review the transmission, survival, and chance of
infection by SARS-CoV-2 in water environment and potential
of sewage surveillance as an early warning system for spread
of infections. Available treatment options as prescribed by
regulatory or advisory agencies and the need to develop robust
sampling strategies and subsequent detection methodologies
to suitable for wastewater samples are highlighted. In densely
populated developing countries like India with relaxed surface
water quality criteria in terms of fecal coliform bacteria and
open defecation practices, there is a huge challenge to stop
pathogenic viruses like SARS-CoV-2 from entering into and
ensure removal fromwater cycle. The vulnerability of densely
populated developing countries to unwarranted spread of
COVID-19 through indirect routes and future needs are also
discussed.

Water cycle cascade: transmission, survival,
and chance of infection

Transmission

Coronaviruses may be transmitted to municipal sewage
through several sources, such as vomit, sputum and
handwashing (Han et al. 2020; Sung et al. 2016; Haagmans
et al. 2014). While there are reports on viral shedding of co-
ronavirus (SARS-CoV,MERS, and SARS-CoV-2) in urine of
infected individuals (Xu et al. 2005; Drosten et al. 2013;
Nomoto et al. 2020), shedding of the viral RNA in feces of
infected individuals has also been reported extensively as the
main route of transmission (Chen et al. 2020b; Ling et al.
2020; Zhang et al. 2020a). Figure 1 elucidates the possibilities
of transmission of coronaviruses in water originating from
community, hospital settings, and aerosolization from weak
plumbing system.

Patients infected with coronavirus (SARS, MERS) may
experience watery diarrhea (20.3% out of 138) during the
course of illness (Lee et al. 2003). Similarly, 2–10% of con-
firmed cases of COVID-19 disease were observed to have
diarrhea as one of the symptoms of infection (Wang et al.
2020a; Huang et al. 2020; Chen et al. 2020c). While duration
of shedding is still unclear, a few studies reported that viral
RNA can be detected in the feces from 1–25 days after onset
of the gastrointestinal infection (Amirian 2020). Detection of
viral RNA of SARS-CoV-2 in duodenal, gastric, rectal epithe-
lia, and feces of infected individual substantiates the concern
for waterborne transmission (Zhang et al. 2020b; Xiao et al.
2020). Furthermore, asymptomatic person can easily shed the
viral load in stool that may spread in sewage as well as in
surface water systems (Núñez-Delgado 2020). It is notewor-
thy that a positive result for feces may be due to the presence
of viral RNA only and not because of viable viral cells.
However, a few studies that used viral nucleocapsid staining

and electron microscopy approaches suggest that fecal sam-
ples can also contain viable viruses (Zhang et al. 2020c).
There is evidence that support that in about 10% of COVID-
19 patients, viral RNAwas still detected in the feces even after
no viral RNA was found in respiratory tract samples suggest-
ing that GI infections may occur first in a subset of coronavi-
rus infections (Xiao et al. 2020). It can therefore be deduced
that staff handling sewage may be exposed to these pathogens
days before an outbreak is reported. Occurrence of viral RNA
in sewage systems has put the workers at sewage treatment
plants (STPs) under the possible threat of exposure within the
STPs through aerosol inhalation or direct contact with infec-
tious viral particles.

Survival

Nonenveloped enteric viruses, like adenoviruses, polio virus-
es, enteroviruses, noroviruses, and rotaviruses, are transmitted
primarily through the fecal-oral route (Ye et al. 2016). Thus,
majority of the available reports on the occurrence of viruses
in sewage are focused on these nonenveloped enteric viruses
(Katayama et al. 2008; Fumian et al. 2010). Ye et al. (2016)
However, existence of enveloped viruses, like coronaviruses,
in water environment may differ greatly due to different sur-
vival and partitioning behavior in water (Ye et al. 2016;
Arbely et al. 2006). Fate of these viruses in wastewater mainly
depends on their ability to survive in the extreme wastewater
environment and their removal during different stages of
wastewater treatment. Various intrinsic or extrinsic factors
such as viral structure, characteristics/composition of the wa-
ter environment, temperature, pH, antagonistic microorgan-
isms, etc. can influence the survival of coronaviruses in waste-
water (Naddeo and Liu 2019). Though human enveloped vi-
ruses are presumed to undergo rapid inactivation in the water
environment (Kampf et al. 2020; Ye et al. 2016), reports of
these viruses in feces and wastewater suggest that they may
survive longer than presumed. A few studies have indicated
the occurrence of live SARS-CoV-2 in stool samples and its
cultivation has also been reported (Wang et al. 2020c; Zhang
et al. 2020c). There are evidences in support that surrogate
coronaviruses could remain infectious in water contaminated
with feces for days to weeks (WHO 2020a; Casanova et al.
2009). Given the possible active gastrointestinal replication of
SARS-CoV-2 and the presence of viral RNA in faces, urine,
and sewage samples, viral cells could be present in sewage
treatment systems, regardless of its concentration and viability
which remains to be confirmed (Foladori et al. 2020). Other
known coronaviruses have been observed to be infectious in
natural environmental waters, reagent grade waters, and water
contaminated with human fecal waste (sewage) for periods of
weeks (Casanova et al. 2009). SARS-CoV has been found to
be able to survive for 2 days in dechlorinated tap water, do-
mestic, and hospital wastewater; 17 days in urine; and 3 days
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in feces at 20 °C. At lower temperature (4 °C), SARS-CoV
persists for at least 17 days in feces or urine and 14 days in
sewage (Wang et al. 2005). These findings suggest that in
colder regions, coronaviruses may survive longer in wastewa-
ter as compared to tropical regions. The decreasing survival of
the virus with increase in temperature could be attributed to
denaturation of proteins and nucleic acids, and enhanced ac-
tivity of extracellular enzymes (Aquino de Carvalho et al.
2017). Though there is no direct information about the effect
of pH on the survival of coronaviruses, stability of the surro-
gates for coronaviruses such as the mouse hepatitis virus
(MHV) and transmissible gastroenteritis virus (TGEV) indi-
cates the possible impact of pH on coronaviruses. While
MHV is considered to be stable in the pH range of 5–7.4 at
37 °C and 3–10 at 4 °C (Casanova et al. 2009; Daniel and
Talbot 1987), the stable pH range for TGEV is 5–7 at 37 °C
and 5–8 at 4 °C. In acidic pH, reversible acid denaturation of
RNA through protonation of GC base pairs and consequent
formation of Hoogsteen base pairing (Mariani et al. 2018)
disturbs the viral stability. Also, at lower pH, viral adsorption
on suspended particulates increases and thus influences the
viral stability (Schaub et al. 2017).

Chance of infection

Inactivation of emerging viruses such as SARS-CoV, MERS-
CoV, and other coronaviruses using common biocidal agent
varied from 2 h to 9 days depending on different inanimate
surfaces (Kampf et al. 2020; WHO 2020a). This is enough
time to infect people coming in contact with the contaminated
surfaces. Coronaviruses can also remain infectious for long

periods (days) in sewage and in drinking water. Therefore,
water contaminated by coronaviruses may act as a potential
fomite if aerosols are generated. Moreover, coronavirus can
creep into drinking water distribution network due to inade-
quate disinfection process. In distribution network, biofilm-
forming colonizing bacteria can help maintaining its viral sta-
bility and eventually it may find its way to individual homes.
Easy aerosolization due to weak plumbing system can further
add more threat to public health. It has been observed that
turbulent and unsteady flow of wastewater due to random
discharge induces pressure fluctuations in plumbing systems
which in turn can compromise the fragility of water seals.
There are very high chances for deposition of aerosols con-
taminated with virus on the fomites and direct contact may be
a major route of infection (Amoah et al. 2020). Such defects
were identified in 50-storey building leading to a
superspreading event of SARS in 2003 that killed 42 people
and caused 342 confirmed cases (WHO 2003). It was further
tested that the turbulence created by toilet discharge is suffi-
cient to aerosolize the ‘virus laden droplets’ (as shown in Fig.
1) which can potentially infect the surfaces in living area
(Gormley et al. 2017). Thus, there are chances of cross-
infection in healthcare centers due to weak plumbing network
and transmission of viral load in wastewater systems. Using
old buildings and other settings for quarantining greater num-
bers of infected people is also a big concern because of the
interconnectedness of the whole plumbing system (Gormley
et al. 2020). Aerosols generated from such networks are actu-
ally microparticles laden with viruses that may stay in ambient
environment. A little movement of air circulation may spread
and can infect everyone in a room (Liu et al. 2020; Zhang
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2020). These aerosols, laden with viruses, may also infect
sewage treatment plants workers through aerosol inhalation
or direct contact with surfaces of particles contaminated with
viral cells. Currently, there is no experimental data available
on the formation and rate of formation of such aerosols laden
with SARS-CoV-2 during sewage treatment processes. In a
study, the risk of exposure was highlighted using E. coli as a
standard microbial exposure and it was assessed that the risk
of exposure associated with the SARS-CoV-2 is 30 times
higher for wastewater workers (Zaneti et al. 2020). Weak
sewage treatment infrastructures and untreated sewage dispos-
al practices in receiving waterbodies may further increase the
chances of infection in developing countries.

Sewage surveillance as an early warning
system

The concept of sewage-based epidemiology aims to use sew-
age analysis as an early warning system for disease outbreak
(Xagoraraki and O’Brien 2020). This is based upon the detec-
tion of chemical/biological signature compounds/entities from
sewage samples and interpretation of the analytical results
much before the onset of illness/outbreak. These compounds
are biomarkers that are specific to human excretions such as
metabolites that formed endogenously in response to onset of
any particular disease. Detection of these biomarkers can be
geographically linked to whole population served by those
sewage treatment systems. Thus, sewage-based epidemiology
can be used as fingerprint of the community’s lifestyle and
health status (Kasprzyk-Hordern et al. 2014). Sewage surveil-
lance has been previously used as an early warning system for
tracking drugs or pharma consumption, poliovirus and infec-
tious disease monitoring, etc. (Nakamura et al. 2015; Sims and
Kasprzyk-Hordern 2020). Since viral RNA of SARS-CoV-2
can be detected in feces, and subsequently in sewage, weeks
before the onset of illness, extrapolation of viral load together
with the other relevant information could help in predicting
the trend of infection in a community. The detection of SARS-
CoV-2 viral RNA in sewage has gained much attention and
has been validated for early warning in developed as well as in
developing countries (Arora et al. 2020; Bar-or et al. 2020;
Bogler et al. 2020; Gonzalez et al. 2020; Haramoto et al.
2020a, 2020b; Mao et al. 2020a, 2020c; Polo et al. 2020;
Street et al. 2020). Moreover, data from sewage-based epide-
miology can help in estimating the realistic number of virus-
infected people in the community covering pre-symptomatic
and asymptomatic individuals that may remain unobserved
during clinical observations (Tang et al. 2020). Regular inves-
tigation of sewage could also be helpful in observing current
status and additional SARS-CoV-2 infection outbreak or any
other future viral epidemics (Daughton 2018). When individ-
ual and frequent testing becomes difficult in a populated

country, such aggregated information could be useful for
monitoring the level of the outbreak in containment zones.

Key indicators of sewage-based epidemiology

It is crucial to choose markers of interest from wide-ranging
panel that could provide information on pathogenic organ-
isms, physiological changes, biological response, and antimi-
crobial resistance. Detection through biomarkers is carried out
by mass spectrometry (MS) or ELISA which can provide
better detection limit with accuracy and validation in compar-
ison to standard PCRmeasurements. Various pharmaceuticals
used to treat many infectious diseases consequently end up in
sewage in either in metabolized or un-metabolized forms. An
increment in load of various drugs such as antibiotics includ-
ing ciprofloxacin and erythromycin in sewage typically ob-
served in winters and can be attributed to the respiratory in-
fections (Coutu et al. 2013; Golovko et al. 2014). Similar to
these pharmaceuticals, biological entities such as residual
RNA/DNA/metabolites related to pathogens from sewage/
wastewater could also indicate occurrence and rate of infec-
tion of particular disease circulating in the population (O'Brien
and Xagoraraki 2019). Thus, assessment of elevated levels of
these markers in sewage can be used for early warnings in
disease tracking. There are various potential chemicals as well
as biological key indicators that have been used previously for
monitoring infectious diseases circulating at community level
through wastewater (Table 1).

Currently, genetic material RNA is the only established
primers/probe (nucleocapsid and envelope protein genes)
used as biomarkers for detection of SARS-CoV-2.
Therefore, investigation of such biomarkers linked to SARS-
CoV-2 could be used to track the spread of virus, if allied with
effective response system.

New paradigm for real assessment of COVID-19

Detection of viral (SARS-CoV-2) RNA in various samples of
excreta such as feces and rectal swabs from infected patients is
possible within 3 weeks from the date of sample collection as
the median duration of survival of virus out of the body such
as in stool is 22 days. This is significantly higher than that
found in respiratory airways and serum samples (Zheng et al.
2020). Over one-half of the fecal samples collected from hos-
pitalized patients were found positive for SARS-CoV-2 infec-
tion, including cases with and without gastrointestinal symp-
toms (Lin et al. 2020; Xiao et al. 2020; Wang et al. 2020c).
Study conducted by Xiao et al. (2020) revealed that over 20%
of the infected individual found positive in feces; however,
their respiratory samples produced negative results. Another
investigation revealed that patients were persistently given
positive test on rectal swabs samples even after their negative
nasopharyngeal tests (Xu et al. 2020). This suggests that even

22225Environ Sci Pollut Res (2021) 28:22221–22240



after negative test for virus in the respiratory tract, theymay be
actively replicating in the gastrointestinal tract. Therefore, col-
lection of sewage sample could be used as a bundle of infor-
mation leading to the true picture of infection. A few studies
have successfully supported sewage-based epidemiology as
an early warning system. For example, samples collected from
wastewater at Amsterdam airport were analyzed using quan-
titative real-time reverse-transcription polymerase chain reac-
tion (RT-PCR) methodology and the presence of viral RNA
was detected within the 6th day of first reported case of
COVID-19 disease (Lodder and de Roda Husman 2020).
Also, domestic wastewater samples were tested positive for
viral RNA in Tilburg, Netherlands, within a week of first
detection of COVID-19 patient (Medema et al. 2020a).
Interestingly, sewage samples of Amersfoort (Netherlands)
gave positive qRT-PCR test for SARS-CoV-2 6 days before
the first case was reported (Medema et al. 2020a) A median
range (171 to 1090) of infected persons was found to be in
good agreement with clinical observations using the concept
of sewage surveillance (Ahmed et al. 2020). Indeed, investi-
gating sewage/wastewater samples could be used as a sensi-
tive epidemiological tool and serve as an early warning sys-
tem. Prolonged incubation period of virus in gastrointestinal

tract and survival in stool also authenticate sewage surveil-
lance as a tool for diagnostic and tracking method for
COVID-19 infection across communities.

It takes around 14 days for symptom to be evident in any
SARC-CoV-2 infected person (CDC 2020a; Al-Tawfiq
2020). A large percentage of people is clinically diagnosed
positive for SARS-CoV-2 that remain asymptomatic (Lai
et al. 2020; Rothe et al. 2020). However, clinical diagnosis
for SARS-CoV-2 is usually recommended only if the symp-
toms persist for long duration. On the contrary, even with mild
or no symptoms, detection of viral RNA in sewage is highly
possible within a week of infection (Medema et al. 2020a).
This showed the advantages and effectiveness of sewage-
based epidemiology as an early detection tool for the disease.
While sewage-based epidemiology can predict CoV-2 out-
breaks within a week, symptoms-based epidemiology (clinical
diagnostics) needs at least 2 weeks for detection of CoV-2
outbreak. Higher titer values of SARS-CoV-2 in sewage than
clinically confirmed cases elucidate the underestimation of
positive but asymptomatic cases by the latter method (Wu
et al. 2020b). Therefore, sewage investigation may also give
an idea about extent of possible spread of novel coronavirus in
the surrounding area. Thus, this approach can substantially

Table 1 Potential biomarker used for monitoring infectious disease

Biomarker Example Indicator of Reference

Chemical:
Drug and metabolites

Azithromycin
n-Demethyl azithromycin

intestinal infections and middle
ear infections, Pneumonia,
strep throat and

Senta et al. 2019

Ciprofloxacin Respiratory tract and skin
infections, gastroenteritis

Guerra et al. 2014

Clarithromycin
n-Demethyl clarithromycin

skin infections, pneumonia,
and Lyme disease.

Senta et al. 2019

Sulfamethoxazole
n-Acetyl sulfamethoxazole

Bronchitis and Urinary tract
infections

Hijosa-Valsero et al. 2011;
Guerra et al. 2014

Erythromycin Respiratory tract infections Kasprzyk-Hordern et al. 2009

Oseltamivir phosphate
Oseltamivir carboxylate

Flu virus (influenza) Leknes et al. 2012

Zanamivir TAKANAMI et al. 2012

Clotrimazole Skin and vaginal infections Huang et al. 2010

Acetaminophen Painkiller Guerra et al. 2014

Ibuprofen Guerra et al. 2014

Interlukin-8 (IL-8) Inflammation in urinary
tract infections

Taha et al. 2003; Rice and
Kasprzyk-Hordern 2019

C-reactive protein (CRP) Inflammation Stuveling et al. 2003

Biological:
Pathogenic bacterial DNA,

viral RNA/DNA and
Antibiotic resistant genes

Klebsiella pneumoniae UTI, Pneumonia, bacteremia
and endophthalmitis

Shannon et al. 2007)

Norovirus (GI) Gastroenteritis Hellmér et al. 2014

Zika Mild infection, microcephaly Gourinat et al. 2015

mecA Methicillin resistance Börjesson et al. 2009

ermB Erythromycin resistance Wang et al. 2015

tetW Tetracycline resistance Wang et al. 2015
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improve the prediction efficiency of infection dynamics and
help alerting public health authorities when an area becomes
hotspot much before the population is diagnosed properly or
have mild symptoms. In the absence of proper viral diagnostic
facilities, monitoring sewer system could be used for screen-
ing the whole area and act as a mirror of the infected
population.

Challenges in sewage-based epidemiology

Complex sample matrix

Low concentration of viral load in sewage, target non-
specificity due to interference of chemical micro-pollutants
in the sample matrix, and lack of statistically representative
samples are the challenges in development of sewage-based
epidemiology for monitoring the trends in COVID-19 mass
infection. The loading of viral genome also depends upon the
inhabitants served by sewage treatment plant in order to rank
communities with respect to their community-wide infection
rates (Daughton 2020). Quantitative detection in wastewater
was directly linked to the number of cases reflecting the cir-
culation of COVID-19 in population (Wurtzer et al. 2020). A
few studies have shown the median viral concentration rang-
ing between 5 × 103 and 5 × 107.6 copies/mL in the faces of
positive SARS-CoV-2 cases (Zhang et al. 2020d). It was also
observed that the load of virus in faces is little higher (1.26 ×
105 copies/mL) in patients experiencing diarrhea in compari-
son to non-diarrheal patients (7.9 × 103 copies/mL) (Cheung
et al. 2020). The SARS-CoV-2 viral load in swage/wastewater
was detected in countries reported with low as well as high
prevalence of COVID-19 cases. Almost 22% of the wastewa-
ter samples in Australia were detected positive for SARS-
CoV-2 with the viral concentration 1.9 to 12 copies/100 mL
(Ahmed et al. 2020). Viral concentration in 11 treatment
plants and 38 other locations in UAE ranged between 34
and 75 copies/100 mL. Similarly, in India where huge number
of COVID-19 positive cases were detected, high viral RNA
concentration of 8.05 × 103 copies/100 mL was recorded in
influent samples (Kumar et al. 2020a). Furthermore, 20% of
the samples from secondary-treated effluent showed 2.4 × 102

copies/100 mL of viral load while the influent samples were
tested negative for CoV-2 (Haramoto et al. 2020a, 2020b).
Such discrepancies could be due to huge difference in volume
of water samples (20 mL for influent and 5000 mL for treated
water) (Saawarn and Hait 2021). Different primers and probes
targeting different parts of the viral genome could also results
into varying results of detection in different water samples.
For instance, from different sets of primers (N1, N3, and E),
N1 was found to produce high reproducibility. In contrast, a
high frequency of positive amplification was observed when
ORF1ab was targeted as compared with the E, S, and N genes.

Therefore, this could be entirely attributed to sensitivity of
primer/probe used, interferences or inhibitors to PCR and sta-
bility of the virus and/or viral genome in the wastewater sam-
ples from different sites (Amoah et al. 2020). There are differ-
ent methods that have been opted for calculation of copies or
viral load in water sample. Medema et al. 2020b estimated the
expected concentration of CoV-2 by undertaking a Monte
Carlo simulation assuming no decay of RNA. The concentra-
tion was given as (Eq. 1):

Csewage ¼ N :fl:Cfaces=Q ð1Þ

where N is the number of shedders, fl is the fecal load (g.
person−1 day−1), Cfaces is the concentration of RNA in faces
of infected people, andQ is the total flow of sewer in a day. In
another study, a new index namely normalized viral load
(NVL) was calculated using the N1 standard curve equation
(Eq. 2) (Yaniv et al. 2020):

Normalized viral load NVLð Þ

¼ RNA copy number #=Lð Þ*Cummulative sampling floe Lð Þ
population size=1000

ð2Þ

Viral concentration decreases from 3 × 103 copies/100 mL
to 2 copies/mL in wastewater systems due to large dilution
and other unknown factors (Wu et al. 2020b). This dilution
roughly decreases the viral load approximately by 5-fold of
magnitude or more. Therefore, the sewage samples with low
viral load may require pre-concentration of large volumes of
sewage. Besides insufficient concentration of genetic material,
sewage matrix contains a large number of interfering sub-
stances such as enzymatic molecules including ribonuclease
(RNases) that can easily degrade the viral RNA. Sample ma-
trix can also contain inhibitors like potassium chloride, sodi-
um chloride, EDTA, and phenol that have huge impact on
viral genetic material (Demeke and Jenkins 2010).
Therefore, utmost care is needed for sewage sample handling
and utilization of other reagents, glassware for conservation of
original characteristics of sample in case of SARS-CoV-2.

Sampling strategies

Relying on sewage-based surveillance also requires a robust
sampling strategy to actually estimating true extent of infec-
tion. Determination of viable SARS-CoV-2 virus half-life in
sewage and establishing a sampling strategy and schedule that
will represent the whole population is another big challenge
that needs to be resolved (Orive et al. 2020). Data from devel-
oped countries possibly make sense of surveillance for draw-
ing the full picture of hotspots as the data is quite robust.
However, at the same time, in developing countries like
India where treatment facilities are either overloaded or
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underperforming, it is difficult to make some logical interpre-
tations. Selectively checking the sampling points from up-
stream (as the inlet is a mixture of many areas) reduce the
chances of putting a burden on zones by excluding the com-
munities where the novel coronavirus may currently not pose
a threat. Therefore, it is crucial to develop a robust sampling
strategy to generate representative information for mass inves-
tigation of COVID-19 outbreak and other epidemics as well.
Only a few studies have provided the time of grab sampling
while detecting SARS-CoV-2 in wastewater (Randazzo et al.
2020; Rimoldi et al. 2020). Moreover, recording such infor-
mation of sampling provide accurate picture of the peak of
daily fecal load in sewage/wastewater. As the viral content
in the sewage samples depends upon the flow rates, viral con-
centrations and fluctuation during the day and therefore com-
posite sampling technique could be more helpful and accept-
able for drawing the true picture (Simpson 2013; Gerrity et al.
2021; Medema et al. 2020b; Yaniv et al. 2020). Composite
sampling can give true average concentration of the viral RNA
during the collection period, without discriminating any peak
values recorded within the sampling period. Concentration of
volume less than 100 mL of sewage seems to be adequate for
enteric viruses, whereas volume of at least 1 L of sample was
suggested to obtain high of concentration of enteric viruses in
both treated and untreated sewage (Farkas et al. 2018;
Haramoto et al. 2009). However, in the case of SARS-CoV-
2, up to 500mL sample of raw sewage has been used, whereas
a few have used up to 2 L of the sample also (Michael-
Kordatou et al. 2020; Nemudryi et al. 2020; Ahmed et al.
2020; Wurtzer et al. 2020). Viability of SARS-CoV was sig-
nificantly reduced when kept at 56 °C for 90 min (Duan et al.
2003). An apparent inactivation was also observed for SARS-
CoV-2 virus within 5 min when incubated at 70 °C (Chin et al.
2020) Therefore, any fluctuations in temperature might affect
the true concentration of viral load in water samples. Thus, it is
recommended that the collected samples should be kept in any
case maintained at low temperature (preferably 4 °C) at the
collection time and stored in ice box during transportation as
this would help for preservation of viral load and viability.

Detection methodologies

Currently, the confirmation test for humans is based upon the
detection of specific sequence of virus RNA by nucleic acid
amplification test (NAAT) based on RT-PCR and serological
test (antigen/antibody test) as approved by Centers for Disease
Control and Prevention (CDC 2020b). RNA extraction of
SARS-CoV-2 requires at least biosafety level-II (BSL-II) or
the equivalent lab. Antibody testing can also be performed for
checking COVID-19 disease but only when there is develop-
ment of antibodies in response to the infection. However,
antibody test is not recommended for currently sick person
as there may be chances of no antibodies in someone with a

current COVID-19 infection. Due to the shortage of molecular
testing facilities and tools, various diagnostic test manufac-
turers have developed novel rapid test kits. However, valida-
tion of these test kits is still not confirmed byWHO. These kits
are either based on the detection of viral proteins in samples
taken from respiratory tract (sputum, throat swab) or in blood
or serum, of antibodies produced in human against infection.
A list of already developed test methods along with test
methods under development that might prove to be useful
for SARS-CoV-2 detection is given in Table 2. However,
applicability of these methods for detection of SARS-CoV-2
in sewage is still unknown.

Since the knowledge about half-life of SARS-CoV-2
(viable) in sewage is still limited, the detection methodologies
should be more aligned toward both viable and non-viable
particles. Hence, detection in the sewage could probably be
done using associated debris like RNA fragments, capsid sub-
units or mRNA, and viable virus which is certainly relatable to
the direct shedding from stool and urine.

Moreover, not whole population contributes to the total
viral concentration, but specifically depends on the number
of positive cases in the community served by a treatment
plant. Therefore, viral copy numbers in sewage are signifi-
cantly diluted in comparison to the viral concentration in the
feces and are not consistent. These figures of viral load are
important for better implementation of sewage-based epide-
miological approach in developing an early warning system
and consequent effective intervention system that will require
a rapid analytical method for the on-site detection of viruses at
the sample collection point.

Nucleic acid amplification test The detection and quantifica-
tion methodology of coronaviruses (SARS CoV-2, SARS-
CoV) in sewage is the same as of stool or rectal swab and is
done by RT-PCR technique (Wang et al. 2005; Ahmed et al.
2020; Holshue et al. 2020; Medema et al. 2020a; Wang et al.
2020c; Wu et al. 2020b; Zhang et al. 2020a).

Before jumping to the detection of any genetic material, the
sample needs to be concentrated and extracted effectively.
Essays like RT-qPCR for detection of viruses in water matrix
essentially requires sample processing using different physi-
cochemical methods such as pre-concentration [by polyethyl-
ene glycol (PEG) precipitation], adsorption and elution [using
electropositive filter media particle (Al(OH)3 plus silica gel,
buffer solutions], ultrafiltration, glass wool filtration, ultracen-
trifugation, etc. (Ahmed et al. 2020; La Rosa et al. 2020).
Variety of RNA extraction methods, insufficient nucleic acid
amount due to incomplete cell lysis, and presences of RNases
that degrade RNA are some of other associated challenges that
may be handled during RNA extraction and subsequently
SARS-CoV-2 detection in influent wastewater (Mumy and
Findlay 2004). In RT-PCR technique, extraction methods
are specific and have been validated by CDC. Although both
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CDC-validated and other relevant extraction kits are in use, till
now there are no comparative studies on different RNA ex-
traction methods that would help in establishing their RNA
extraction efficacies from sewage samples. To be specific,
there is no other standardization of RNA extraction protocol
available that allow comparable SARS-CoV-2 extraction
from sewage samples (Michael-Kordatou et al. 2020).

Although PCR is a sensitive and specific technique, re-
quirements for complicated sample handling, skilled staff,
and a long duration of data analysis (4–6 h) and processing
are not favorable in real-time monitoring of samples on
location.

Paper-based device Very recently, potential of paper-based
devices that can be used for on-site detection of SARS-CoV-
2 in sewage is also highlighted. These devices are small, por-
table, and can help in tracking virus carriers in the community
(Mao et al. 2020b).

Loop-mediated isothermal amplification Loop-mediated iso-
thermal amplification (LAMP) is another nucleic acid ampli-
fication technique that has been used for detection of SARS-
CoV-2 RNA from different body fluids and also expected to
be developed for easy and rapid detection of the viral RNA in
wastewater media, especially in situations where sufficient
analytical services are not available (Giri and Rana 2020).

Others Similar to the detection in humans, at present RT-PCR
and its allied approaches, ELISA in association with most
probable number (MPN) methods are also used for quantify-
ing the viable and non-viable virus particles in sewage sys-
tems (Daughton 2020).

Development of such low-cost device would definitely
serve as an early monitoring tool even in case of asymptom-
atic carriers in new areas, especially in developing countries
that lack extensive testing facilities. However, their low accu-
racy, specificity, and sensitivity against ‘gold standard’

Table 2 Possible diagnostics emerged for SARS-CoV-2

Tests Biomarkers Working principle Reference

Clustered Regularly Interspaced Short
Palindromic Repeats (CRISPR)

Nucleic acid PCR, CRISPR/Ca9-mediated lateral flow nucleic
assay (CASLFA)

Wang et al. 2020b

CRISPR RPA, CRISPR- Cas13- or Cas12-mediated
detection via fluorescent and colorimetric readouts

Kellner et al. 2019

Loop-mediated isothermal
amplification (LAMP)

isothermal DNA synthesis using self-recurring
strand displacement reactions; sample gets
turbid on positive test

Imai et al. 2007

Recombinase polymerase
amplification (RPA)

forward and reverse primers bind to DNA and
amplification occurs at 37 °C

Amer et al. 2013

Feluda test (Paper Based Approach) Based on cutting-edge gene-editing
CRISPR-CAS-9 technology

Azhar et al. 2020

CDC SARS-CoV-2 qRT–PCR transcription-based amplification for RNA targets CDC 2020b

Nucleic acid sequence-based
amplification (NASBA)

RNA targets amplification (transcription) Wat et al. 2008

Rolling circle amplification RCA DNA polymerase extend the circular primer and
replicate the sequence repeatedly

Martel et al. 2013

Abbott ID NOW COVID-19 PCR isothermal test amplifying virus genome Abbott 2020

RT-LAMP reverse transcriptase LAMP reaction for RNA targets Shirato et al. 2007

SARS-CoV-2 DETECTR assay lateral flow assay: CRISPR–Cas12-based Broughton et al. 2019

Quantum dot barcode RPA detection of captured viral DNA via
multiplexed quantum beads

Kim et al. 2016

Magnetic bead Bacteria isolated by magnetic beads for PCR
detection

Nilsson et al. 1996

Smartphone dongle Protein cassette operating an ELISA (microfluidics-based) Laksanasopin et al. 2015

Paramagnetic bead magnetic separation of protein targets Aytur et al. 2006

ELISA enzymatic reaction producing colored product
when target is present

Rowe et al. 1999

Simoa digital readout of colored product by enzymatic
reaction when target present

Rissin et al. 2010

Biobarcode assay protein signal is indirectly linked and detected
by amplifying DNA conjugated to gold
nanoparticle

Thaxton et al. 2009

Rapid antigen test gold-coated antibodies give colorimetric test in
the presence of target

Bosch et al. 2017

Magnetic bead isolation Whole bacteria magnetic isolation of bacteria Bicart-See et al. 2016
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protocol (RT- PCR) is still a big challenge. Therefore, looking
at the exponentially incremental trend of occurrence of
COVID-19 globally, there is an urgent need for development
of rapid and simple detection method for sewage sample.
Achieving high sensitivity (especially considering low viral
concentration), specificity and selectivity toward viable or
non-viable viral entities in a complex sample matrix are the
essential factors for assays to produce comparable results with
clinical studies. Hence, development of suitable detection
methodologies for detection of novel coronavirus and associ-
ated particles will dictate the future of sewage surveillance.

Available treatment option and chances
of occurrence of viruses in treated water

The prolonged occurrence of SARS-CoV-2 viral RNA in fe-
cal samples can allow its existence at various stages of treat-
ment facility. Removal or treatment of such threatening frag-
ments would be one of the biggest challenges for treatment
facilities. Hydrophobicity (given by the presence of protein
envelop) pertained by viruses can make them less soluble in
sewage water. However, this can enhance their adherence to
the solids or organic matter present in sewage and provides
more protection from predatory microorganisms. It suggests
that an early removal can also be expected if the solids settled
out. Furthermore, it has been observed that the survival of the
viruses in primary treatment system is slightly higher than the
secondary due to the presence of higher suspended solids that
offer protection from inactivation (Gundy et al. 2009). Viruses
if concentrated in suspended solids can be removed by mem-
brane bioreactors (MBRs) as an efficient filtration technique.
Appropriate reduction over 4 logs of pathogenic viruses has
been observed with full-scale MBR in wastewater treatment
(Chaudhry et al. 2015). However, removal capability of
SARS-CoV-2 with these traditional bioreactor systems is still
unclear due to lack of research and absence of experimental
data (Oliver et al. 2020). Specific disinfection approaches
such as simple chlorination for disinfecting coronaviruses is
still considered to be easiest and economical method. But then
again, even after the process of chlorination, occurrence of
low level of adenovirus, norovirus, and human enteric viruses
have been observed with seasonal changes (Purnell et al.
2016; Jumat et al. 2017). Survival of adenovirus after the
exposure to UV light has also been observed. This may hap-
pen due to the irregularity in the action of polychromatic me-
dium and low-pressure lamps (Qiu et al. 2015). Therefore,
disinfection through chlorination and UV exposure again
questioned the efficiency of treatment facilities. Recently, it
was demonstrated that ca. 2 Log removal could be achieved
after primary and secondary treatment and > 100 copies/mL
was detected in the treated water. Disinfection using chlorina-
tion resulted in the complete removal of SARS-CoV-RNA.

Viral RNA was detected only once due to inadequate chlorine
dose (Ali et al. 2020). Since it is believed that coronavirus
being enveloped viruses are more susceptible toward oxidants
than non-enveloped, their low removal after traditional oxi-
dants is of huge concern (La Rosa et al. 2020).

The major focus of the current research is inclined toward
the detection of SARS-CoV-2 mainly in inlet of sewage treat-
ment plants and only a few have provided the data for occur-
rence of the virus at different stages of treatment plants.
Inadequate treatment and uncontrolled discharge of sewage
could allow virus to enter into environment. More recently,
SARS-CoV-2 RNA was also detected in surface water body
(Quito’s river, Ecuador) at concentration of 105–106 gene
copies/L in where disposal of untreated sewage is practiced
(Guerrero-Latorre et al. 2020). Positive signals for occurrence
SARS-CoV-2 were also obtained in river samples probably
due to combined sewage overflows (Rimoldi et al. 2020). On
the contrary, river samples from Yamanashi Prefecture Japan
showed absence of SARS-CoV-2 (Haramoto et al. 2020a).
However, negative reports do not necessarily indicate the ab-
sence of virus in the sample as detection and other methodol-
ogies consideration still lack adequate quality control mea-
sures and require trained personnel that may again complicate
the viral determination in wastewater (Michael-Kordatou et al.
2020). It is also noteworthy, incidence of respiratory disease
was linked to the swimming in sewage-contaminated water,
and similar situation can also exacerbate in case of current
SARS-CoV-2 (Kitajima et al. 2020). Reusing the water for
agricultural practices from downstream of water bodies re-
ceiving untreated sewage and associated potential exposure
of SARS-CoV-2 has also not been elucidated.

A comprehensive review shed light upon the efficacy of the
disinfection using chlorination and UV irradiation in water/
wastewater and suggested that doses suggested for non-
enveloped viruses are expected to efficient for inactivation
for the coronaviruses (Silverman and Boehm 2020). In a
study, it was observed that the viral SARS-CoV-2 RNA could
be detected in all stages of treatment facility. Approximately 2
log removal was achieved at primary and secondary treatment
setting indicating high attachment of viral RNA to large bio-
solids (Ali et al. 2020). However, the viral RNA could still be
detected in the effluent from secondary treatment system. This
warns the chance environmental transmission especially in
developing countries due to inadequate performance of
existing treatment facility, absence of tertiary treatment sys-
tem, and disposal of untreated sewage/wastewater in surface
water bodies or on to land. Therefore, development and rein-
forcement of treatment facilities to prevent such chances of
transmission is an absolute necessity. However, according to
the new control and prevention guidelines issued by the U.S.
Occupational Safety and Health Administration (OSHA), it
dictates that the disinfection practices like oxidation with hy-
pochlorite (i.e., chlorine bleach) and peracetic acid, as well as
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inactivation through the use of ultraviolet irradiation are con-
sidered to be sufficient for SARS-CoV-2 (OSHA 2020).

Indiscriminate use of therapeutic
and non-therapeutic antimicrobials:
environmental presence of CECs
and antimicrobial resistance

Therapeutics In the absence of any particular established
drugs against Covid-19, many antivirals and antibiotics are
being used for controlling the disease (Kumar et al. 2020b;
Rawson et al. 2020). Although continuous contribution of
pharmacies for tackling and easing the burden of current
COVID-19 on already burdened healthcare system in much
needed, unconfirmed and often misleading drug information
for preventing or treating COVID-19 and panic behavior of
people around the world has caused a surge in unsafe medi-
cation habits (Kretchy et al. 2020). Moreover, people are self-
medicating therapeutic agents (antibiotic and antiviral) in an
unwise attempt to protect themselves from infection. It will
not be an exaggerated apprehension that a huge demand and
an increase in use of various therapeutics including antibiotics
and antivirals will lead to an increase in the occurrence of their
residuals in untreated sewage. The situation is worse in devel-
oping countries having unregulated over-the-counter sales of
medicines and a weak sewage treatment infrastructure.
Influents containing antivirals can significantly disrupt the
microbial consortia and destabilize the overall functioning of
treatment facility from where they may enter the natural sys-
tems (Slater et al. 2011). Similar circumstances during current
COVID-19 disease may lead to the development of new anti-
microbial resistant (AMR) and increase in the concentration of
contaminants of emerging concern (CEC) in wastewater
(Usman et al. 2020a) including antibiotic resistant bacteria
(ARBs) and antibiotic resistant genes (ARGs). It is well rec-
ognized that AMR is a global threat toward the human and
environmental health (Maillard et al. 2020). Considering the
easy and rapid mutation in virus genome, the emergence of
resistance to the antiviral and antibacterial drugs is highly
susceptible and could generate challenges for treatment of
humans in the post COVID-19-pandemic Anthropocene
(Kumar et al. 2020c). Furthermore, there are no data available
whether the microbial consortia in treatment system can de-
grade the pharmaceuticals when exposed to pandemic-scale
doses. The future research and innovation projects related to
Covid-19 should support integrated and cross-sector ap-
proaches for risk-management and combine the research areas
of CECs, pathogens and AMR.

Non-therapeutic antimicrobials Contact with contaminated
surface is one of the major routes of disease transmission.
Therefore, WHO-WASH (water, sanitation, and hygiene)

has recommended frequent cleaning/washing hands for at
least 20 s as one of the most important steps to avoid the
spread of COVID-19 (White et al. 2020). Unfortunately, due
to continuous news of spread of COVID-19 and struggle for
adequate social and medical support due to restricted normal
activities in many parts of the world, people are in great fear
that has left many in high stress levels (Huang and Zhao 2020;
Kretchy et al. 2020). Commonly available soaps are effective
enough for inactivation of enveloped viruses and therefore,
soaps with additional antibacterial agents may not always be
required for inactivation of SARS-CoV-2 (UNESCO 2020).
Despite this, usage of disinfectants and soaps with active an-
tibacterial ingredients have been amplified as evident from
their sharp increase in sales worldwide (Cleaning Matters
Coronavirus 2020). Quick transmissions from uncertain fo-
mites have created a havoc of panic buying of sanitizers (al-
cohol/non-alcohol based), floor cleaners, soaps handwashes,
detergents, and other personal protective equipment. Overuse
of these disinfecting agents has critically posed a threat of
occurrence of their excessive residuals in wastewater. In par-
ticular, handwash and soap contains triclocarban and triclosan
which are indiscriminate killer of bacteria and other microbial
communities (Pycke et al. 2014). Triclosan being an antibacte-
rial agent can easily disfunction the biological (aerobic/anaero-
bic) treatment systems. In the present scenario, increased use of
handwash, sanitizer’s load-up triclosan down the drain and
eventually paved its way to the sewage treatment plant that
can severely interfere with the plant’s bacterial diversity
(Lozano et al. 2013). Triclosan and Triclocarban are harmful
to mammals and can also be metabolized by plants (Olaniyan
et al. 2016). These metabolites may act as metabolic precursors
(including chlorinated dibenzo-p-dioxins and chlorinated ani-
lines) of carcinogens (Paull and Halden 2005; Macherius et al.
2012). Hence, for all practical purposed safeguarding the entire
water cycle: from water resources of river basins, estuaries, and
oceans to wastewater discharge, recycle and reuse will be high-
ly challenging in post-COVID-19 pandemic world.

Sewage surveillance of populous developing
countries: current Indian scenario

The robust sewage treatment and tracking in developed coun-
tries can make full use of sewage surveillance data to help in
predicting any community infection and identification of pos-
sible hotspots. On the contrary, the growing crisis due to
COVID-19 has disproportionately hit developing countries.
Minimum-resourced healthcare units and fragile health sys-
tem may exacerbate the current infection status as nearly
75% of the population in developing countries lack basic need
of water and sanitation (UNDP 2020). Poor urban planning
system and overpopulated cities and traffic congestion further
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weakens the efficiency of sewage water treatment facilities
that may again add to the caseload.

As per the World Water Development Report-2017
(WWDR-United Nations), over 80% of wastewater worldwide
and more than 95% in developing countries is directly disposed
in to environment without any treatment (WWDR 2017). It is
also very common that downstream of rivers, canals, etc. (surface
water bodies) are being used for purposes like drinking water or
irrigation. In such vulnerable conditions, exposure to SARS-
CoV-2 virus is a possible threat to the communities. Therefore,
any unintentional contamination of surface water bodies with
untreated sewagewhich is commonplace in developing countries
can lead to mass infection (Usman et al. 2020b).

Challenges for sewage-surveillance in developing
countries

The importance of access to clean water and basic sanitation
for good public health has been again highlighted by COVID-
19 pandemic. Well-structured water, sanitation, and hygiene
are crucial for the safety of human health during disease out-
breaks (WASH 2020). In lack of these basic needs, develop-
ing countries are at risk of direct exposure to viruses, bacteria,
and parasites and hence are at risk to waterborne diseases.
Inadequate treatment facilities, exposure to sewage, and fecal
sludge can be potential reason of spreading of COVID-19 in
developing countries. At the moment, high prevalence of
COVID-19 in resourceful countries can be linked to availabil-
ity of screening and testing facilities whereas low prevalence
in poorly resourced regions may be linked to underreporting
(Kavanagh et al. 2020; Hart and Halden 2020). Looking at the
developing countries, such as Africa, hosting 62% of urban
population are under potential threat of getting infected and
could become hotspot of COVID-19. Other countries such as
Bangladesh, Afghanistan, Nepal, India, Myanmar, and
Indonesia where ~ 22–63% of the urban population is living
in slums could spread COVID-19 due to poor sanitation
(Pandey et al. 2021). Therefore, sewage-surveillance may pro-
vide critical information for COVID-19 spread in many low-
income countries where healthcare system, screening, and
testing and access to basic hygiene are poor. However, there
are many challenges for sewage-surveillance in developing
countries that have been listed below:

I. Inadequate sewage treatment facilities: The number of
treatment facilities serving the population is very less
and only a few percent (8–28) of sewage/wastewater un-
dergoes treatment procedure (UNU-INWEH 2019).

The surveillance begins with sampling of influent of
treatment plants, which are not representative in develop-
ing countries due to lack of proper sewer system leading to
insignificant collection of sewage, low number of treat-
ment plants, etc. This kind of surveillance does not

produce a reliable data and it becomes impossible to esti-
mate the prevalence of viral content circulating in whole
population. Sampling and monitoring plan for such na-
tions should represent the local reality to generate true data
for early warnings for possible disease prevalence.

II. Low service level of operational facilities: It has been also
reported that the treatment facilities are not working up to
their service level. However, it is also mentioned that 80–
95% treatment facilities are not even in working condi-
tion (WaterAid 2019).

III. Dysfunctional operational facilities: Existing facilities
that are in operational condition does not work adequate-
ly due to their possible inappropriate technology choices,
poor design and inadequate operations and maintenance
(O&M) (WaterAid 2019).

IV. Mismanagement of sewage: Inadequate separation of
runoff from domestic effluents leads to combined sewer
overflows that can further increase the chances of path-
ogenic exposure (WWRD 2017).

V. Unavailability of analytical services: Testing of SARS-
CoV-2 in sewage requires expensive equipment and
skilled laboratory staff for processing and handling the
sewage sample. However, most of the treatment facilities
are not equipped with laboratory even to monitor the reg-
ular physicochemical changes.

VI. Open-defecation: Open-defecation is prevalent in low-
income and densely populated countries and considered
to be worst kind of sanitation. The practice significantly
increases implications to public health and add huge
bacteriological and virus population other than the spe-
cies of interest. Therefore, it increases the complexity of
sample matrix hindering the detection of SARS-CoV-2.

In the absence of an adequate sanitation facility, transmis-
sion of COVID-19 through fecal-oral route are of huge con-
cerns especially in countries like India that have high open
defecation rate. After major improvements in sanitation and
hygiene education since 2012, the picture of completely OD
free India is still not clear. Almost 28.7% of rural population
of the whole country lacks access to latrines (National
Statistical Office 2019). Recent study has indicated that 44%
of the population in rural areas (of Bihar, Madhya Pradesh,
Rajasthan, and Uttar Pradesh) defecate in open and those with
private toilets (23%) prefer to defecate outside (RICE 2019).
Moreover, during the pandemic, setting up of new quarantine
centers, healthcare facilities, dedicated testing laboratories,
etc. topped up with the seemingly unhygienic sanitation prac-
tices by the millions of Indian migrant workers fleeing to their
villages have obviously added to the viral load in sewage/
wastewater (Kataki et al. 2020). Such ground realities cannot
be overlooked and should be accounted for possible transmis-
sion of SARS-CoV-2 through unregulated wastewater man-
agement systems.
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Future actions should concentrate not only on setting up
adequate treatment facilities but also on public education and
community-led actions to eliminate open defecation activities,
while better designs and prevention strategies to minimize the
transmission of fecal contaminants associated with the usage
of squat toilets. Fecal transmission of human diseases remains
a continuing challenge to public health, and having access to
better sanitation services should be included as a priority in
their long-term community development strategy (Sun and
Han 2020). On-site sanitation (OSS) systems are the most
effective means of treating excreta in low-income countries
as these facilities aim at treating human waste at source and
can provide a hygienic and affordable method of waste dis-
posal. (Rose et al. 2015).

However, developing countries like India where sewage/
wastewater treatment plants are either overloaded or
underperforming, it is difficult to make any logical interpreta-
tions. Sewage generation, existing treatment capacity, and ser-
vice level in India are summarized in Table 3. An estimated
61,754 million liters of household wastewater per day (MLD)
is produced from urban centers (ENVIS 2019). The present
installed capacity of existing sewage treatment facilities is
22,963 MLD, i.e., only around 37% of the total sewage gen-
erated per day (ENVIS 2019). Owing to service and mainte-
nance issues, even the current treatment capacity is often not
adequately utilized (81.1%). The operation and maintenance
of existing plants is unsatisfactory, as almost 39% of treatment
plants do not comply with the minimum requirements speci-
fied in the Environmental (Protection) Rules for discharge into
streams (CPCB 2015).

The current treatment capacity remains underused in a
number of towns while a lot of waste is dumped in the same
town without treatment. Thus, the gap between existing facil-
ities, service level, and required demand are staggeringly high.
Facilities should be developed to bridge this gap to achieve
effective management of wastewater in the surface
waterbodies’ catchment. Government of India assists local
authorities in setting up water treatment plants under the
Ganga Action Plan and subsequently the National River
Conservation Plan (National River Conservation Plan
(NRCP) 2020). Whether these are really able to secure the
urban water system is the question that needs to be answered.
Since the challenge is huge and equally important, it may take
a longer time to tackle whole wastewater treatment. Currently,
920 sewage treatment plants installed in India works on

various treatment technologies such as activated sludge pro-
cess (ASP), up-flow anaerobic sludge blanket (UASB), oxi-
dation pond, etc. Advanced technologies such as MBR and
sequential batch reactor (SBR), are being adopted for sewage
treatment. Disinfection by chlorination of drinking and sew-
age water is practiced only in a few plants.

The water quality criteria in India in terms of total coli-
forms for receiving waterbodies varies between 500 and
5000 MPN/100 mL based on the designated best uses, and
are thus quite relaxed (CPCB 2020). In addition to it, dis-
charge of untreated sewage into open storm water drains pol-
luting the waterbodies that contributes approximately 60% of
urban India’s waste and rendering it unfit for human use.
Therefore, risk of transmission through water does exist.
Though considering the subsequent dilution it may not be
significant, but it is difficult to analyze the extent. Thus, in
view of current SARS-CoV-2 spread, mere compliance with
discharge norms is not enough. Implementation of stringent
water quality standard is required to prevent unwarranted
spread of infectious diseases at large scale.

Future needs and way forward

Whether sewage/wastewater can lead to fecal-oral contamina-
tion that can further spread the COVID-19, is still unknown.
While feces/stools have been shown to contain the viable
SARS-CoV-2, the extent of its potential threat to humans
needs to be adequately assessed. Despite many challenges like
low concentration of viral entities in samples and complex
sample matrix, sewage-based surveillance is an emerging ap-
proach for early prediction of waves of infection. This ap-
proach may be effectively used in developing countries where
human diagnosis that would cost billions of dollars using con-
ventional techniques is difficult to conduct at large scale. Such
routine analysis of sewage surveillance could only be used as
a non-invasive early-warning system to alert communities to
COVID-19 infections. The chances of infection will increase
if social distancing measures are not followed especially when
the lockdown will be lifted. However, there are huge chal-
lenges for sewage-based epidemiology in nations with low-
or/and middle-income countries due to inadequate treatment/
non-functional/dysfunctional facilities. Poor analytical ser-
vices, unskilled professionals, and lack of access to clean wa-
ter and sanitation are add-on to the current worse situation.

Table 3 Sewage generation, treatment capacity, and service level in India (ENVIS 2019*; CPCB 2020$)

Sewage Generation*
(× 1000 MLD)

Available treatment
capacity* (× 1000 MLD)
[% of total generation]

Service level* (× 1000
MLD) [% of available
capacity]

Service Level* (× 1000
MLD) [% of total
generation]

Plants
not complying
with standards (%)

Surface water
criteria$-total coliforms
(MPN/100 mL)

62 23 [37] 19 [81.1] 19 [30] 39 500–5000
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Currently, nucleic acid amplification test (NAAT)-based RT-
qPCR assay is being used for SARS-CoV-2 RNA detection in
sewage samples. Alternative rapid test methods or assays must
be validated against NAAT-based results to increase the fidelity
of the acquired analytical data. Development of a robust, rapid,
and easy to use analytical technique is highly desirable. At the
same time, sewage/wastewater treatment plants are critical nodes
to stop the influx of virus transmission and important for
protecting the public health. Therefore, current research should
also be focused on development of treatment facilities to prevent
further transmission of coronaviruses from wastewater of quar-
antine centers, healthcare setups, community clinics, and nursing
homes. This would not only improve the availability of clean
water to the public sector but also reduce the chances of second-
ary transmission of pathogenic microorganisms. A better under-
standing of transmission of viruses like SARS-CoV-2 and other
coronaviruses is needed with additional stringent regulatory
guidelines of higher-log removal capacity to ensure the safe po-
table water. Impact of excessive use of therapeutics and non-
therapeutics (disinfectants) at pandemic-dose toward the efficacy
of sewage treatment systems especially the biological compo-
nents which may increase the chance of AMR need to be
assessed. Interconnectedness of wastewater plumbing network
can facilitate the spread of SARS-CoV-2 within human settings
(Gormley et al. 2020). Hence, a proper check-up of plumbing
system is highly recommended.

To address the present and future challenges, the govern-
ment and scientific community including water engineers, en-
vironmentalists, microbiologist, and chemists have to come
together and should work in a synergistic way to protect the
citizens of their own and other countries. Concerns have been
expressed on the productivity of national lockdown and the
serious damage that it can cause to a country’s economy. It is
imperative that lockdowns alone are not enough to fight
against COVID-19; rather, other measures must be taken to
fight against further waves of infections (UN News 2020).
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