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Abstract: SARS-CoV-2 is a new type of coronavirus capable to infect humans and cause
the severe acute respiratory syndrome COVID-19, a disease that has been causing
huge impacts across the Earth. COVID-19 patients, including mild, pre-symptomatic
and asymptomatic cases, were often seen to contain infectious fragments of SARS-
CoV-2 in feces and urine samples. Therefore, studies to detect the new coronavirus in
wastewater, which collect and concentrate human excreta, have been extremely useful
as a viral tracking tool in communities. This type of monitoring, in addition to serve as
a non-invasive early warning of COVID-19 outbreaks, would provide better predictions
about the SARS-CoV-2 spread and strongly contribute to maintenance the global health.
Although current methods to detect viruses in wastewater, based on molecular RT-PCR
and RT-gPCR techniques, were considered as reliable and provided accurate qualitative
and quantitative results, they have been facing considerable challenges concerning the
SARS-CoV-2 surveillance. In this review, the methods used to detect the SARS-CoV-2 in
wastewater and the challenges to implement an international viral monitoring network
were described. The article also addressed the emerging perspectives associated with
the SARS-CoV-2 epidemiological surveillance in this environment and the importance of
a worldwide collaboration to generate and disseminate the detection results.

Key words: Collective health, epidemiology, molecular epidemiology, preventive medi-
cine, public health, sewage monitoring.

secretions, such as saliva, respiratory droplets,
and through aerosol particles transported and

SARS-CoV-2 is a new type of coronavirus capable
to infect humans and cause the severe acute
respiratory syndrome COVID-19, a disease that
has been responsible for serious infections
in the human respiratory system (Shi et al.
2020). Although a controversial origin, SARS-
CoV-2, which phylogenetically belongs to the
Coronaviridae family, Betacoronavirus genus
and Sarbecovirus subgenus, was firstly detected
on December 31 of 2019 in the city of Wuhan,
China (Andersen et al. 2020, Tian et al. 2020).
According to studies, the SARS-CoV-2 virus has
been transmitted through the direct contact with

dispersed through the air (Correia et al. 2020,
Meselson 2020, Morawska & Cao 2020). Reports
also indicated the viral transmission by the
indirect contact through contaminated surfaces
(Enyoh et al. 2020, Mouchtouri et al. 2020, Ong
et al. 2020). The best practices to limit the
transmission of the disease have been protective
measures, such as personal hygiene, use of face
masks, eye protectors, surface disinfections,
adequate ventilation of closed spaces, physical
distancing and immunization by vaccines (Chu
et al. 2020, Dagotto et al. 2020, Ding et al. 2021,
Fathizadeh et al. 2020, Who 2020a).
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COVID-19 disease was seen to cause
manifestations in several human systems,
including neurological, cardiovascular,
visual, renal, immune, musculoskeletal and
gastrointestinal (Cipollaro et al. 2020, Diao
et al. 2020, Hong et al. 2020, Lin et al. 2020,
Pontelli et al. 2020, Zheng et al. 2020, Chen et
al. 2021). Symptomatic patients, in general, have
indicated clinical symptoms such as taste and
smell dysfunctions, fever, dry cough, fatigue,
rhinorrhea, dyspnea, lethargy, muscle pain,
headache, diarrhea, vomiting and, in some
cases, severe pneumonia (Eliezer et al. 2020,
Sun et al. 2020, Yang et al. 2020). COVID-19,
due to its high spread and lethality rate, was
considered as a global health emergency by the
World Health Organization in late January 2020
and acquired pandemic proportions in March
2020 (Who 2020b). In the year of 2020, there were
219 countries, areas or territories affected by the
COVID-19, approximately 47 500 000 confirmed
cases and 1220 000 deaths (Who 2020c¢).

COVID-19 patients, including mild, pre-
symptomatic and asymptomatic cases were
often seen to contain fragments of SARS-
CoV-2 in stool and urine samples (Furukawa
et al. 2020, Jeong et al. 2020, Jiang et al. 2020,
Li et al. 2020, Long et al. 2020, Wei 2020). The
fragments, usually viral genome particles that
were detected by molecular biology methods,
have presumed an active replication of SARS-
CoV-2 in those environments (Bronimann et al.
2020, Qian et al. 2020). The presence of viral
fragments in those samples, infectious in some
cases, has evidenced the possibility of the SARS-
CoV-2 transmission through the direct contact or
by the aerosols generated by feces and urine of
infected patients (Jeong et al. 2020, Kang et al.
2020, Kashi et al. 2020, Parasa et al. 2020, Patel
2020, Van Doorn et al. 2020, Xiao et al. 2020).

The presence of SARS-CoV-2 fragments in
stool and urine samples has also brought the

SARS-COV-2 SURVEILLANCE IN WASTEWATER

importance of the viral detection in wastewater.
The first report was made by Medema et al.
(2020a), which detected the SARS-CoV-2 in
wastewater samples collected on March 4 of
2020 in the Netherlands. Other studies have also
indicated the presence of SARS-CoV-2 in archived
wastewater samples collected in the respective
months of March, November and December of
2019 in Spain, Brazil and lItaly, dates prior to the
first official case reported in China (Chavarria-
Mird et al. 2020, Fongaro et al. 2020, La Rosa
et al. 2020a). The findings, although requires
detailed studies and verifications (Nikolaenko
2020), corroborated clinical, immunological
and molecular evidences that indicated that
the SARS-CoV-2 was circulating before the
supposed (Apolone et al. 2020, Basavaraju et al.
2020, Birtolo et al. 2020, Deslandes et al. 2020,
Gerbaud et al. 2020, Paolo et al. 2020, Valenti et
al. 2020, Amendola et al. 2021).

The occurrence of SARS-CoV-2 in wastewater
was also reported in samples collected in
February of 2020 in England, China and Denmark,
and in March of the same year in the United
States, France, Japan, Pakistan, Australia and
Israel (Jorgensen et al. 2020, Martin et al. 2020,
Wang et al. 2020a, Ahmed et al. 20203, Bar Or et
al. 2020, Hata et al. 2020, Sharif et al. 2020, Wu et
al.2020a, Wurtzer et al. 2020). Other studies have
indicated the presence of the new coronavirus
in wastewater samples collected in April of 2020
in Germany, Greece and the Czech Republic, in
May of 2020 in the United Arab Emirates, India,
Turkey and Chile, and in July of the same year
in Bangladesh (Ahmed et al. 2020b, Ampuero
et al. 2020, Arora et al. 2020, Hasan et al. 2020,
Kocamemi et al. 2020, Mlejnkova et al. 2020,
Petala et al. 2020, Westhaus et al. 2021). The
locations and the chronology of the SARS-CoV-2
detections in wastewater were respectably
summarized in Table | and shown in Figure 1.
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Table I. Reports of SARS-CoV-2 detection in wastewater and sludge.

Country Approximate location Sampling date Reference
Spain Barcelona 2019/03/12 Chavarria-Mir0 et al. (2020)
Brazil Florianopolis, Santa Catalina 2019/11/27 Fongaro et al. (2020)
Italy Milan, Lombardy and Turin, Piedmont 2019/12/18 La Rosa et al. (2020a)
England South East Region 2020/02/11 Martin et al. (2020)
China Hangzhou, Zhejiang 2020/02/19* Wang et al. (2020a)
Denmark Solrpd, Zealand. 2020/02/24 Jorgensen et al. (2020)
Italy Milan, Lombardy 2020/02/24 La Rosa et al. (2020b)
Spain Valencia region 2020/02/24 Randazzo et al. (2020a)
China Wuhan, Hubei 2020/02/26 Zhang et al. (2020)
United States Massachusetts 2020/03/03 Wu et al. (2020a)
Netherlands Den Haag, Zuid-Holland 2020/03/04 Medema et al. (2020a)
France Paris 2020/03/05 Wurtzer et al. (2020)
United States Southeastern Virginia 2020/03/11 Gonzalez et al. (2020)
Spain Murcia 2020/03/12 Randazzo et al. (2020b)
United States Massachusetts 2020/03/18 Wu et al. (2020b)
Japan Ishikawa-ken 2020/03/19 Hata et al. (2020)
United States New Haven, Connecticut 2020/03/19 Peccia et al. (2020)
Pakistan Quetta district 2020/03/20 Sharif et al. (2020)
Australia Southeast Queensland 2020/03/27 Ahmed et al. (2020a)
United States Santa Clara County, California 2020/03/29 Graham et al. (2020)
United States Bozeman, Montana 2020/03/30 Nemudryi et al. (2020)
Israel Jerusalem 2020/03/30 Bar Or et al. (2020)
Spain Ourense, north-western Spain 2020/04/06 Balboa et al. (2020)
United States Southern Louisiana 2020/04/08 Sherchan et al. (2020)
Germany North Rhine-Westphalia 2020/04/08 Westhaus et al. (2021)
United States Detroit, Michigan 2020/04/08 Miyani et al. (2020)
China Dongxihu district 2020/04/11 Zhao et al. (2020)
Italy Milano Metropolitan Area 2020/04/14 Rimoldi et al. (2020)
Japan Yamanashi-ken 2020/04/14 Haramoto et al. (2020)
Brazil Niterdi, Rio de Janeiro 2020/04/15 Prado et al. (2021)
Spain A Corufia, NW Spain 2020/04/15 Vallejo et al. (2020)
Israel Hura 2020/04/21 Ali et al. (2020)
Greece Thessaloniki 2020/04/21 Petala et al. (2020)
Czech Republic Various Regions 2020/04/26* Mlejnkova et al. (2020)
United States Norfolk, Virginia 2020/05/02 Curtis et al. (2020)
United Arab Emirates Different locations 2020/05/03 Hasan et al. (2020)
India Jaipur 2020/05/04 Arora et al. (2020)
United States Syracuse, New York 2020/05/06 Green et al. (2020)
Turkey Istanbul 2020/05/07 Kocamemi et al. (2020)
France Montpellier 2020/05/07 Trottier et al. (2020)
India Ahmedabad, Gujarat 2020/05/08 Kumar et al. (2020)
United States Houston, Texas 2020/05/11 Stadler et al. (2020)
Israel Ashkelon 2020/05/17 Yaniv et al. (2020)
Chile Santiago 2020/05/25 Ampuero et al. (2020)
Japan Tokyo 2020/07/07 Torii et al. (2021)
India Hyderabad metropolitan city 2020/07/08 Manupati et al. (2020)
Bangladesh Noakhali 2020/07/10 Ahmed et al. (2020b)
Pakistan Lahore, Punjab 2020/07/13 Yaqub et al. (2020)

*Approximate date.

An Acad Bras Cienc (2021) 93(Suppl. 4)

€20210163 321



PEDRO H. MAINARDI & EDERIO D. BIDOIA

Analyzes in wastewater, which collect and
concentrate human excreta, have often been
used to qualitatively or quantitatively monitor
the presence of chemical compounds, pollutants
and pathogens in communities (Choi et al.
2018, Daughton 2018). The approach has been
used as a quick, non-invasive and economical
diagnosis to generate near real time information
about people’s habits and behaviors (Mao
et al. 2020a, Sims & Kasprzyk-Hordern 2020).
This type of monitoring, so called Wastewater
Based Epidemiology (WBE), has provided the
understanding of the circulation dynamics of
different types of substances and pathogens in
populations and has been commonly used as a
health surveillance tool (Figure 2) (Orive et al.
2020, Messina 2020).

SARS-COV-2 SURVEILLANCE IN WASTEWATER

Wastewater surveillance, when focused on
the detection of viral pathogens, such as the
SARS-CoV-2, has the potential to enormously
contribute to maintain the public health. The
approach has been considered as a fast,
economical, non-invasive and robust form of
viral tracking and epidemiological control (Sodré
et al. 2020, Souza et al. 2020, Thompson et al.
2020). The detection of SARS-CoV-2 in wastewater,
e.g., would provide better predictions about
the spread of COVID-19 in the communities,
promote the generation of rapid alerts on
emerging and reemerging outbreaks of COVID-19
and the application of better viral containment
measures (Bogler et al. 2020, Kitajima et al. 2020,
Lodder & De Roda Husman 2020).

Surveillance of SARS-CoV-2 in wastewater
would enable the enumeration of people who
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Figure 1. Time course of SARS-CoV-2 detections in wastewater

References: a: Chavarria-Miro et al. (2020), b: Fongaro et al. (2020), c: La Rosa et al. (2020a), d: Martin et al. (2020), e:
Wang et al. (2020a), f: Jorgensen et al. (2020), g: Wu et al. (2020a), h: Medema et al. (2020a), i: Wurtzer et al. (2020),
j: Hata et al. (2020), k: Sharif et al. (2020), l: Ahmed et al. (2020a), m: Bar Or et al. (2020), n: Westhaus et al. (2021), o:
Petala et al. (2020), p: Mlejnkova et al. (2020), g: Hasan et al. (2020), r: Arora et al. (2020), s: Kocamemi et al. (2020),
t: Ampuero et al. (2020), u: Ahmed et al. (2020b), *: Approximate date”.
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do not have access to health care, as well as pre-
symptomatic and asymptomatic cases, which
are not detected by clinical diagnoses and may
still spread the COVID-19 (La Rosa et al. 2020b,
Larsen & Wigginton 2020, Lee et al. 2020, Nabi et
al. 2020). The approach could be used to assess
the genetic diversity of SARS-CoV-2 variants
that are circulating in communities, infer a viral
ancestry and estimate their prevalence across
time and space scales (Crits-Christoph et al.
2020, lzquierdo Lara et al. 2020, Nemudryi et
al. 2020). In addition, SARS-CoV-2 surveillance
in wastewater could be used to assess the
efficiency of viral disinfection systems and
coordinate resources to administer vaccines
(Bogler et al. 2020, Messina 2020, Sodré et al.
2020, Stadler et al. 2020, Zhang et al. 2020).

SARS-COV-2 SURVEILLANCE IN WASTEWATER

In this context, given the importance of
promoting studies aimed at better predictions
about the SARS-CoV-2 spread in populations
and approaches to ensure the maintenance
of the global health, this review article aimed
to present the procedures used to detect the
SARS -CoV-2 in wastewater, and describe the
challenges and the emerging perspectives
inherent to the epidemiological surveillance of
the new coronavirus in this environment.

MATERIALS AND METHODS

The literature review was written based on
articles indexed in the Google Scholar, PubMed,
ScienceDirect, Web of Science, Scopus and
MedRxiv databases. The terms used in the

Residences Industries Hospitals Rainfall
Domestic sewage @ Industrial sewage @ Hospital sewage Stormwater
. Sewer
network
Wastewater L
i ~~. Analyses
surveillance .
' \ 4
Treatment Surface and/or
station Groundwater
-------------- > > >
Information Path Minor path

Figure 2. Schematic diagram of wastewater-based epidemiology as a surveillance strategy.
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surveys were a combination of “SARS-CoV-2",
“presence”, “detection”, “wastewater”, “sewage”,
“monitoring”, “epidemiological”, “surveillance”,
“challenges”, “issues”, “problems”, “emerging
perspectives” and “trends”. The surveys were
conducted until January 31, 2021 and included
public open-access and institutional available
articles published in English or Portuguese. After
the acquirement of the documents, they were
screened according to their titles, abstracts and
contents in order to eliminate duplicates and
verify their adequacy to the theme proposed in
this article. Then, the documents were classified
according to the following topics: (1) Detection
and surveillance of SARS-CoV-2 in wastewater,
(2) Methods to detect the SARS-CoV-2 in
wastewater, (2a) Sampling, (2b) Processing, (2¢)
Data interpretation, (2d) Results dissemination,
(3) Challenges and issues related to the SARS-
CoV-2 surveillance in wastewater and (4)
Emerging perspectives related to the SARS-
CoV-2 monitoring in wastewater. Afterwards,
180 articles that presented great quality were
chosen to be used as the theoretical basis in
the preparation of this article and included in
the references.

RESULTS AND DISCUSSION

Detection methods of SARS-CoV-2 in
wastewater

The methods used to detect the SARS-CoV-2
in wastewater have been made through the
use of molecular biology techniques, which
enable the copy and the analysis of genetic
material fragments of the virus through in-vitro
replications, called “Polymerase Chain Reaction”
(PCR) (Toze 1999). The copies of the SARS-CoV-2
viral genome fragments, which are composed
by Ribonucleic acid (RNA) (Rangan et al. 2020),
have been initiated with the production of
complementary DNA strands (cDNA) from the

SARS-COV-2 SURVEILLANCE IN WASTEWATER

viral RNA. PCR methods that amplify fragments
of RNA, called “Reverse Transcription Polymerase
Chain Reaction” (RT-PCR), have been made by
the use of a specific enzyme, called Reverse
Transcriptase (Corpuz et al. 2020).

Most studies on wastewater samples,
however, have been done using real-time
RT-PCR methods, called RT-qPCR. Unlike RT-
PCR, RT-qPCR methods have enabled the
amplification of the nucleotide acids, as well as
the simultaneous quantification of the target
sequences (Mackay et al. 2002). Another great
advantage of RT-gPCR techniques, according to
Corpuz et al. (2020), have been the elimination of
the agarose gel electrophoresis stage. Real-time
RT-PCR analyses, also called quantitative RT-PCR,
have been considered as the “gold standard”
in the detection of low amounts of genetic
material (Hamouda et al. 2021). Depending on
the degree of the epidemic, RT-qPCR methods
were able to detect concentrations of up to 1.9
copies of SARS-CoV-2 gene particles per 100 mL
of wastewater (Ahmed et al. 2020a).

Challenges of an epidemiological surveillance
of SARS-CoV-2 in wastewater

Methods that use RT-PCR and RT-gPCR
techniques to detect viruses in wastewater, in
general, have demonstrated high reliability,
specificity and sensitivity. According to reports,
they were capable to successfully determine
the diversity and abundance of different viruses
in wastewater samples, including human
Herpesvirus 6 and 8, Salivirus, Hepatitis A and
E, Aichi, Noroviruses, Sapovirus, Rotavirus, Zika
and Poliovirus (Nakamura et al. 2015, Haramoto
et al. 2018, Azhdar et al. 2019, Beyer et al. 2020,
McCall et al. 2020, Muirhead et al. 2020). Although
the feasibility of the detection techniques was
already proven, the achievement of useful
information for the epidemiological monitoring
of SARS-CoV-2 in wastewater, however, depends
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on several relevant factors (Figure 3) (Ahmed et
al. 2020c, Medema et al. 2020b).

The methods, firstly, require adequate
sampling, preservation and processing
procedures(Oriveetal.2020).Thedetectionresults
have also required appropriate validations and
interpretations, made through quality control
plans and epidemiological models that cover
a large number of variables (Pecson et al. 2020,
Medema et al. 2020b). In addition, an effective
SARS-CoV-2 surveillance system in wastewater
has required specialized laboratories, with
modern infrastructures, adequate levels of
biosafety and qualified professionals (Orive et
al. 2020). In the following topics, the challenges
inherent to the implementation of a SARS-
CoV-2 epidemiological surveillance system in
wastewater were described. The methodological
emerging perspectives, which have focused
on more accurate estimates of viral incidence
and prevalence, and the importance of a global
collaboration to generate and disseminate the
detection results were also detailed.

SARS-COV-2 SURVEILLANCE IN WASTEWATER

Sampling, preservation and transport

The results of the SARS-CoV-2 detection analyzes
in wastewater depend on adequate sampling.
The proceeding has been crucial to adequately
represent the characteristics of an entire
population. In the sampling stage, both spatial
and temporal resolutions have been considered,
including the mode, volume and frequency of
the procedure. In general, the researches have
been collecting volumes between 50 to 1000 mL
of residual water, however, only an aliquot has
been used in the RT-gPCR analyzes (Hamouda
et al. 2021). Although most of the authors
have sampled at specific part of the days, the
collections have been preferably made in fixed
aliquots collected at defined time intervals
during the day. This type of sampling, called 24
h composite, has been used to represent the
average characteristics of wastewater during the
day, thus, include relevant pulses of wastewater
(Foladori et al. 2020).

The collected samples have also required
adequate preservation, responsible for
conserving the SARS-CoV-2 viability and viral
load (Foladori et al. 2020). Although there is

Sampling Processing
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Figure 3. Main steps of a SARS-CoV-2 epidemiological surveillance strategy in wastewater.
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no standardized procedure, in general, the
samples have been kept at a temperature of
4°C and the analytical procedure done within
2 to 3 days (Ahmed et al. 2020c¢). Some authors,
due to long distances between the sampling
site and the laboratory, lack of supplies or
lockdowns, have frozen the wastewater samples
at temperatures of -80°C until the analytical
procedures (Medema et al. 2020b). Freezing
and archiving wastewater samples have been
widely recommended in order to promote future
studies aimed at estimating the spread and the
SARS-CoV-2 ancestry (Dolfing 2020).

Concentration, extraction and amplification

The detection results have also required
adequate sample processing, which include
the steps of concentration, extraction and
amplification of the viral RNA (Ahmed et al.
2020c¢). The concentration step, called primary
concentration, has aimed the recovering of
the largest amount of viral RNA and removing
the impurities from the samples (Rusifol et al.
2020). Although there is no standardization, in
general, it has been preferable methods with
great viral recovery efficiency, high repeatability
and reproducibility. The methods have also
been highly recommended to be as simple,
fast and economical as possible (Michael-
Kordatou et al. 2020, Lu et al. 2020). According
to reports, four main methods have been used
to concentrate the SARS-CoV-2: ultrafiltration,
precipitation, ultracentrifugation and filtration
by electronegative membranes (Hamouda
et al. 2021). As a safety measure, SARS-CoV-2
inactivation steps by pasteurization have
also been recommended before the sample
processing stages (Jorgensen et al. 2020, Pecson
et al. 2020, Whitney et al. 2020, Wu et al. 2020b).

The extraction and amplification steps have
included the extraction of the genetic material
from the concentrated sample, production

SARS-COV-2 SURVEILLANCE IN WASTEWATER

of cDNA strands from the viral RNA using the
reverse transcriptase, and the amplification
of the template sequences by RT-gPCR. The
extraction stage has been proceeded through
the use of commercial kits based on organic
extraction techniques, mostly by solutions such
as phenol-guanidine isothiocyanate, silica-
membrane rotation column or through the use
of paramagnetic particles (Michael-Kordatou
et al. 2020). The amplification step, in turn, has
been using specific gene sequences that detect
and copy unique fragments of the SARS-CoV-2
viral genome in the RT-PCR reaction, so called
primers.

In general, the amplifications have been
made by the use of primers that targeted the
viral RNA polymerase gene RdRP, the envelope
protein gene E, the nucleocapsid proteins
N, N1 and N2, and the spike protein gene S
(Corpuz et al. 2020, Foladori et al. 2020). The
RT-gPCR reactions, due to their quantitative
characteristic, have required hybridization
probes, which are DNA sequences marked
with fluorescent dyes (reporters), such as
6-carboxyfluorescein (FAM), carboxyrhodamine
(ROX) and tetrachlorofluorescein (TET) (Michael-
Kordatou et al. 2020). The main primers and
hybridization probes used in the SARS-CoV-2
detections in wastewater were indicated on
Table 1.

The qualities of the kits, primers and the
reagents used in the extraction and amplification
procedures have significantly influenced the
detection results of SARS-CoV-2 in wastewater
(Ye et al. 2016, Ahmed et al. 2020¢). The methods
used in those stages, moreover, were prone to
be highly sensitive to the presence of inhibiting
compounds in the complex matrix of residual
water. The compounds, including metals, fats,
proteins, humic and fulvic acids, nucleases,
organic and inorganic material, were capable
to inhibit the reverse transcription and the PCR
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Table Il. Main primers and probes used to detect and quantify the SARS-CoV-2 in wastewater.

Target gene
RdRp
RdRp
RdRp
RdRp
E (envelope protein)
E (envelope protein)
E (envelope protein)
N (nucleocapsid protein)
N (nucleocapsid protein)
N (nucleocapsid protein)
N1 (nucleocapsid protein)
N1 (nucleocapsid protein)
N1 (nucleocapsid protein)
N2 (nucleocapsid protein)
N2 (nucleocapsid protein)
N2 (nucleocapsid protein)
S (spike protein)
S (spike protein)
S (spike protein)

S (spike protein)

Name
RARp_SARSr-F
RARp_SARSr-R
RARp_SARSr-P2
RARP_SARSr-P1
E_Sarbeco_F
E_Sarbeco_R
E_Sarbeco_P1
N_Sarbeco_F
N_Sarbeco_R
N_Sarbeco_P
2019-nCoV_N1-F
2019-nCoV_N1-R
2019-nCoV_N1-P
2019-nCoV_N2-F
2019-nCoV_N2-R
2019-nCoV_N2-P
WuhanCoV-spki-f
WuhanCoV-spk2-r

NIID_WH-1_F24381

NIID_WH-1_R24873

SARS-COV-2 SURVEILLANCE IN WASTEWATER

Sequence (5' to 3')
GTGARATGGTCATGTGTGGCGG
CARATGTTAAASACACTATTAGCATA
FAM-CAGGTGGAACCTCATCAGGAGATGC-BBQ
FAM-CCAGGTGGWACRTCATCMGGTGATGC-BBQ
ACAGGTACGTTAATAGTTAATAGCGT
ATATTGCAGCAGTACGCACACA
FAM-ACACTAGCCATCCTTACTGCGCTTCG-BBQ
CACATTGGCACCCGCAATC
GAGGAACGAGAAGAGGCTTG
FAM-ACTTCCTCAAGGAACAACATTGCCA-BBQ
GACCCCAAAATCAGCGAAAT
TCTGGTTACTGCCAGTTGAATCTG
FAM-ACCCCGCATTACGTTTGGTGGACC-BHQ1
TTACAAACATTGGCCGCAAA
GCGCGACATTCCGAAGAA
FAM-ACAATTTGCCCCCAGCGCTTCAG-BHQ1
TTGGCAAAATTCAAGACTCACTTT
TGTGGTTCATAAAAATTCCTTTGTG
TCAAGACTCACTTTCTTCCAC

ATTTGAAACAAAGACACCTTCAC

FAM: 6-carboxyfluorescein, BBQ: blackberry quencher, BHQ-1: Black Hole Quencher 1.

Reference
Corman et al. (2020)
Corman et al. (2020)
Corman et al. (2020)
Corman et al. (2020)
Corman et al. (2020)
Corman et al. (2020)
Corman et al. (2020)
Corman et al. (2020)
Corman et al. (2020)
Corman et al. (2020)

CDCP (2020)
CDCP (2020)
CDCP (2020)
CDCP (2020)

CDCP (2020)

CDCP (2020)
Shirato et al. (2020)
Shirato et al. (2020)
Shirato et al. (2020)

Shirato et al. (2020)

reaction (Hjelmsg et al. 2017, Graham et al. 2020,
Michael-Kordatou et al. 2020, Sims & Kasprzyk-
Hordern 2020). In order to mitigate the inhibitory
effects, purification procedures have been used,
such as the solvent extraction, cation exchange
resins, column chromatography and silica
columns, magnetic silica beads and the dilution
of the samples (Graham et al. 2020, Jorgensen et
al. 2020, Michael-Kordatou et al. 2020).

Interpretation and validation

The viral detection results, when used as
an epidemiological surveillance tool, have

been based on the assumption that there
was a quantitative relationship between
the concentration of the SARS-CoV-2 RNA in
wastewater and the circulation of the virus
in the population (Medema et al. 2020b). The
interpretation of those results, therefore,
has required the estimation of the size of
the population that was contributing for the
actual volume of the residual water, and the
rationalization of parameters that compensated
the variability of non-human inflow of
wastewater, like domestic appliances, industrial
effluents, stormwater, combined sewage (Mao et
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al. 2020a, Medema et al. 2020b). The calculations
regarding the size of the contributing population,
called de facto population, in general, have
used exogenous and endogenous markers that
propitiated the estimation of the combination
of residents, passengers and occasional visitors
of a given location (Gracia-Lor et al. 2017).

Exogenous markers, like caffeine, nicotine,
artificial sweeteners, pharmaceuticals (atenolol
and hydrochlorothiazide) and endogenous
markers (linked to human metabolism), like
ammonia, 5-hydroxyindoleacetic acid (5-HIAA),
coprostanol and creatinine, have been used to
estimate the size of a target population and
normalize the detection results (Gracia-Lor et
al. 2017, Choi et al. 2018, Westhaus et al. 2021).
In SARS-CoV-2 studies, researchers have used
ubiquitous viruses of human intestinal tracts,
such as crAssphage and pepper mild mottle
virus (PMMoV) (Polo et al. 2020, D'Aoust et al.
2021, Jafferali et al. 2021). Authors have also used
the amount of water, electricity consumption,
and data regarding the use of cell phones at
the collection time (Medema et al. 2020b).
Noteworthy, there is no consensus concerning a
standard normalizing indicator and, in general,
in order to infer the actual size of a population,
the number of viral copies of SARS-CoV-2 has
been related to the number of inhabitants
registered at the studied site (Medema et al.
2020b).

The quality of the detection results has
been validated through the use of positive
process controls, generally non-pathogenic viral
strains that structurally and morphologically
resembled SARS-CoV-2, like bovine coronavirus,
Pseudomonas bacteriophage @6, murine
hepatitis virus or non-infectious nucleotide
sequence Hep G Armored RNA (Ahmed et
al. 2020d, Gonzalez et al. 2020, LaTurner et al.
2020, Alygizakis et al. 2021, Torii et al. 2021). The
researchers have also conducted confirmatory
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sequencing of the PCR products, included
negative controls that evidenced the presence
of false positives and cross-contaminations,
besides the addition of multiple replicates that
ensured the variability and the efficiency of
the detection procedures (Ahmed et al. 2020c,
Medema et al. 2020b, Alygizakis et al. 2021).

Viral infectivity

The results of the RT-PCR and RTqPCR tests,
based on the detection of SARS-CoV-2 nucleic
acids, have not been able to distinguish
infectious from non-infectious particles (Maal-
Bared et al. 2020). Virological methods, based
on in vitro cell culture techniques, have been
used to provide estimates regarding the number
of infectious viruses in wastewater (Rimoldi et
al. 2020, Westhaus et al. 2021). In general, the
protocols used to characterize the infectivity
status of enveloped viruses, such as SARS-CoV-2,
have been made by the use of techniques and
reagents that could not disruptthe sensitive lipid
bilayer that surrounded the virus (Wigginton et
al. 2015, Ye et al. 2016). The procedures, although
requiring laborious techniques, specialized
equipment and laboratories with high degrees
of biosafety, have been crucial to assess the risk
that a sample poses to animal hosts and human
health (Polo et al. 2020).

Emerging perspectives

The perspectives regarding the detection and
surveillance of SARS-CoV-2 in wastewater, in
general, have aimed at more precise analytical
methods, with greater simplicity, practicality,
economy and safety. In the sampling stage,
according to studies, it has been preferable
the use automatic samplers and pragmatic
methodological protocols in the selection
of the sampling sites and the collecting
periods, ensuring accurate calculations and
representativeness of the results (Colosi et al.
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2020, Yeager et al. 2020, Alygizakis et al. 2021). The
genetic materials used in the detection analysis
could be obtained from the sludge precipitate of
wastewater treatment plants (Balboa et al. 2020,
D’aoust et al. 2021). The strategy was responsible
for an increase of the SARS-CoV-2 detection
sensitivity in comparison to samples collected
atthe influent of treatment plants (Graham et al.
2020). In addition, researchers have developed
methods to extract the viral RNA directly from
the sample, hence, reducing the number of
steps and the time required for processing the
analyzes (Parra Guardado et al. 2020, Whitney et
al. 2020).

More accurate techniques for detecting
the viral genome, such as the Nested RT-
PCR, which uses two sets of primers in two
successive polymerase reactions, and the RT
digital droplet PCR (RT-ddPCR), which partitions
the samples into thousands of nanodroplets
through oil-water emulsions, have been
successfully applied in the detection of SARS-
CoV-2 in wastewater (Alygizakis et al. 2021). The
methods, although laborious, expensive and
more prone to influences caused by reaction
inhibitors, especially in complex matrices such
as wastewater, have provided results with
greater sensitivity and specificity (Cassinari et
al. 2020, Falzone et al. 2020, Wang et al. 2020b,
D'aoust et al. 2021). The methods have also
provided the confirmation of the quality of the
detections, decreased false-negative results,
and provided useful information concerning the
viral nucleotide variability (Ahmed et al. 2020c,
Hata et al. 2020, Martin et al. 2020, Zhou et al.
2020).

The complete SARS-CoV-2 genome
sequencing and metagenomic analyzes from the
total genetic material of the samples, which use
next generation sequencing techniques (NGS),
have been considered as promising, capable
to perform high resolution genotyping of the

SARS-COV-2 SURVEILLANCE IN WASTEWATER

predominant strains circulating in a community
and to overcome certain RT-PCR limitations,
such as the presence of false negatives due to
viral nucleotide polymorphisms that can corrupt
the primers and probes binding sites (Nemudryi
et al. 2020, Sims & Kasprzyk-Hordern 2020, Giri
et al. 2021). The approaches have also enabled
the detection of new viral strains, the estimation
of the ancestry of SARS-CoV-2 strains, the
elucidation of their gene products, molecular
mechanisms, and their genotype variability
across spatial and temporal scales (Wigginton et
al. 2015, Haramoto et al. 2020, Izquierdo Lara et
al. 2020, Chiara et al. 2021).

Hybrid immunological methods of detecting
SARS-CoV-2 structural proteins, based on
PCR amplification techniques of sequences
attached to specific antibodies, were seen to
be highly sensitive and specific. The methods
were able to generate satisfactory results even
in complex wastewater matrices (Feng et al.
2020, Neault et al. 2020). Fast, transportable
and economical detection devices have been
developed in order to simplify, improve and
reduce the detection costs of SARS-CoV-2.
The devices, based on different types of
technologies, such as isothermal amplification,
isothermal amplification incorporated with
CRISPR technology, microfluidic systems and
paper-based biosensors, have aimed at the
detection of SARS-CoV-2 at the sampling site,
without the need to transport material and use
centralized laboratories (Corpuz et al. 2020, Feng
et al. 2020, Ghernaout & Elboughdiri 2020, Mao
et al. 2020b, Ongerth & Danielson 2020, Patel et
al. 2020, Giri et al. 2021). The approaches have
been able to generate near real time detection
results and promote analyzes with greater
practicality and efficiency (Bhalla et al. 2020,
Tymm et al. 2020). Those devices, although under
development, have great potential to be used
in the environmental monitoring of SARS-CoV-2
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and other pathogen taxa. The techniques could
provide a valuable tool for the authorities
to assess and act quickly towards epidemic
outbreaks (Farkas et al. 2020).

Epidemiological models, crucial in the
analysis and prediction of future scenarios,
have been mainly constructed by the use of
differential equations or stochastic procedures
that related the number of copies of SARS-CoV-2
genes detected in wastewater with the number
of infected individuals in defined regions of
interest (Medema et al. 2020b, Piccolomini &
Zama 2020). The models, in order to promote
more accurate estimates, have considered the
effect of several chemical-physical-biological
factors as a function of the SARS-CoV-2 viral
load variability, such as flowrate, temperature,
pH, presence of other microorganisms, amount
of organic matter and chemicals dissolved in
the wastewater (Hart & Hadden 2020, Petala
et al 2020, Polo et al. 2020, Stadler et al. 2020,
Hamouda et al. 2021). The mathematical
structures, indeed, have a great potential
to provide better estimates about the true
number of infected individuals in a population
if combined with other epidemiological models,
such as serological data, rhinopharyngeal
swabs diagnoses, clinical records and hospital
admissions (Medema et al. 2020b, Piccolomini &
Zama 2020, Kaplan et al. 2021).

Adequation and international collaboration

The methods used to detect and analyze
the monitoring data demand specialized
laboratories, with modern infrastructures
and adequate levels of biosafety. The
decentralization of certified laboratories used
to carry out detection tests, which in the
current situation are mainly centrally located
nearby the main capitals, would tend to provide
better quality and speed of results (Silva Reis &
Santos et al. 2020, Magno et al. 2020). In order

SARS-COV-2 SURVEILLANCE IN WASTEWATER

to foment a diagnostic service network, it has
been advised to use university laboratories,
public research institutes and certified third-
party laboratories. Considering the high degree
of complexity of the analytical procedures, it
has also been recommended the qualification
of the personnel involved in the monitoring and
surveillance tasks (Orive et al. 2020, Magno et
al. 2020).

Due to the need to provide sensitive,
representative and reproductive results, the
methods used to detect SARS-CoV-2 have
been advised to follow plans that guarantee
the quality of the researches and diagnostics
(Huggett et al. 2020). The Quality Assurance
Project Plan (QAPP), e.g., have focused on
an interlaboratory sharing and comparison
of results through the use quality control
procedures. The strategy has aimed at covering
the entire monitoring process, from collection,
handling, sample processing, data management
and validation (Pecson et al. 2020). The efforts
may support a global collaborative repository
of SARS-CoV-2 surveillance in wastewater that
could be used to generate comparable results
across different geographical and temporal
scales (https://www.covid19wbec.org/) (Bivins
et al. 2020). The approach has a great potential
to contribute in the refinement of wastewater
monitoring techniques and to foment a useful
global surveillance network (Collivignarelli et
al. 2020, Larsen & Wigginton 2020, Michael-
Kordatou et al. 2020).

Public health decisions have been advised
to include educational and training courses to
aware citizens and workers about the SARS-CoV-
2'srisks and protection measures (Saraiva Soares
et al. 2020, Stadler et al. 2020). Sewage networks
and wastewater treatment plants, if necessary,
must be decentralized and readjusted for better
safety, quality of disinfection and waste disposal
(Adelodun et al. 2020, Ali et al. 2020, Maal-Bared
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et al. 2020, Rollemberg et al. 2020). According
to researches, greater investments have
been widely recommended in environmental
monitoring, water supply and sanitation areas.
Moreover, it has been also advised greater
commitments by government agencies and
policies aimed at public health, which are surely
indispensable for better preventive measures
and maintenance of a worldwide quality of
life (Da Silva Ferreira et al. 2020, Ghernaout &
Ghernaout 2020, La Rosa et al. 2020c, Sodré et
al. 2020).

CONCLUSION

Due to the fact that patients with COVID-19,
including mild, asymptomatic and pre-
symptomatic cases, have often been seen
to contain infectious fragments of SARS-
CoV-2 in stool and urine samples, monitoring
the new coronavirus in wastewater, which
collect and concentrate human excreta,
has shown a great potential to be used as
an epidemiological surveillance tool. The
approach, called WBE, would provide better
predictions about the spread of SARS-CoV-2
and foment the implementation of better viral
containment strategies, including rapid alerts
concerning possible emerging and reemerging
outbreaks of COVID-19. Surveillance of SARS-
CoV-2 in wastewater would also propitiate the
enumeration of people who do not have access
to health care, evaluate the genetic diversity of
SARS-CoV-2 variants circulating in communities,
the effectiveness of disinfection systems and the
allocation of resources to administer vaccines.
An effective SARS-CoV-2 surveillance system
in wastewater, however, depends on many
relevant factors, including adequate sampling,
preservation and processing procedures.
Moreover, the detection results have required
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appropriate interpretations and validations,
vital to generate an interlaboratory comparable
results and predict future scenarios. In order
to promote better viral containment measures,
the adequacy of the diagnostic infrastructures,
disinfection systems, and qualification of
professionals involved in the monitoring and
operation of wastewater treatment plants
have been strongly recommended. Above all,
considering the degree of dangerousness
and the uncertainties around the SARS-CoV-2
pandemic, it has been urgently needed greater
investments in environmental monitoring,
sanitation and water supply sectors, as well as
greater commitment from government agencies,
public health policies and citizens.
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