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Abstract

On March 11, 2020, the World Health Organization declared the coronavirus disease
2019 (COVID-19), whose causative agent is the Severe Acute Respiratory Syndrome
Coronavirus 2 (SARS-CoV-2), a pandemic. This virus is predominantly transmitted via
respiratory droplets and shed via sputum, saliva, urine, and stool. Wastewater-based
epidemiology (WBE) has been able to monitor the circulation of viral pathogens in the
population. This tool demands both in-lab and computational work to be meaningful for,
among other purposes, the prediction of outbreaks. In ’his context, we present a
systematic review that organizes and discusses laboratory .-oc2dures for SARS-CoV-2
RNA quantification from a wastewater matrix, along with mc2zling techniques applied to
the development of WBE for COVID-19 surveillance. The goal of this review is to
present the current panorama of WBE operationa! as, ects as well as to identify current
challenges related to it. Our review was conrdcted in a reproducible manner by
following the PRISMA guidelines for systeraalic reviews. We identified a lack of
standardization in wastewater anal,ucil procedures. Regardless, the real-time
guantitative polymerase chain reaction (RT-gPCR) approach was the most reported
technique employed to detect and 7 1antify viral RNA in wastewater samples. As a more
convenient sample matrix, we s.'ag~%t the solid portion of wastewater to be considered
in future investigations due to ‘ts higher viral load compared to the liquid fraction.
Regarding the epidemiological modeling, the data-driven approach was consistently
used for the prediction ot v ariables associated with outbreaks. Future efforts should also
be directed toward the development of rapid, more economical, portable, and accurate

detection devices.
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1 INTRODUCTION

The Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) has
caused a major pandemic where millions of people have been infected globally. It
belongs to the Coronaviridae family and comprises spiked glycoproteins (S) on the
surface of a spherical virion that varies from 60 to 140 nm in diameter and is surrounded
by a lipid envelope (Zhu et al., 2020). Particularly, SARS-CoV-2 is the causative agent
of the coronavirus disease 2019 (COVID-19), which is a liic -threatening disease that
represents a major threat to public health (Bar-Or et al, “C241; Flood et al., 2021; Li et
al., 2020). SARS-CoV-2 is predominantly transmittea ‘a respiratory droplets, which are
generated during sneezing, breathing or coughing « ~d direct or indirect contact through
different secretions (Tanhaei et al., 2021; vva~- Daoremalen et al., 2020). In this regard,
this virus has not only been detected ‘n <putum and saliva but its RNA has been also
found in stools and urine, as wen as in anal/rectal swabs (Cheung et al., 2020;
Mesoraca et al., 2020; Peng et ~l., 2320). Rather than testing individuals, wastewater-
based epidemiology (WBE) 1.2s been applied to detect viral pathogens in sewage shed
from stool and urine, th''s *upresenting a viable alternative to estimate the infection
prevalence in the com.nunity. WBE was theorized in 2001 (Jones-Lepp, 2001) with the
original purpose of monitoring the use of illicit drugs at the community level (Claro et al.,
2021). Recently, it has been successfully applied for the detection and monitoring of
several viral pathogens in the population (e.g., poliovirus, enterovirus, norovirus, and
hepatitis) (Barbosa et al., 2022; Hellmer et al., 2014; Medema et al., 2020; Nasseri et

al., 2021; Robotto et al., 2022).
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It has been proven that SARS-CoV-2 can be shed in feces after its replication in
human intestine enterocytes (Ding and Liang, 2020; Haramoto et al., 2020; Lamers et
al., 2020; Lescure et al.,, 2020), even when the patient had no gastrointestinal
symptoms (Xiao et al., 2020a; Zuo et al., 2021). The shedding of this virus from stools
can occur after becoming undetectable in the respiratory tract (Wu et al., 2020).
Thereby, the SARS-CoV-2 shedding period was found to be longer in fecal than in
upper respiratory samples, but its RNA is generally detecteu >arlier in the latter (Zhang
et al., 2021a). Additionally, it has been reported that S~.”< ZoV-2 RNA could be shed
through respiratory and fecal routes before the infected individual exhibits symptoms
(Buscarini et al., 2020; He et al., 2020; Zhang et @' . 2021b). According to the above-
mentioned insights, shedding in feces, sputi'r.> ard saliva contribute to the SARS-CoV-2
load in wastewater (Markt et al., Z927). Interestingly, however, the analysis of
wastewater performed through cel ~ulture indicated that the SARS-CoV-2 particles
were found non-infectious (T*~vati et al.,, 2022), bringing evidence to previous
observations suggesting thot SARS-CoV-2 is not potentially associated with a
waterborne transmission n." in community wastewater influents (Rimoldi et al., 2020;
Westhaus et al, .721). The detection of SARS-CoV-2 in wastewater (or,
interchangeably, sewage), even at low COVID-19 prevalence, makes sewage
surveillance a sensitive tool to monitor its circulation in the population (Prakash, 2021).
Quantifying a specific genome of an enteric virus in wastewater is an indirect,
noninvasive form of assessing the current health status of the local population (Prevost
et al., 2015). Moreover, wastewater surveillance enables both providing early notice of

the SARS-CoV-2 (re)emergence in a population when applied routinely (Karthikeyan et
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al., 2021; Zhao et al., 2022), and supplementing clinical testing by assessing temporal
and spatial trends, evaluating asymptomatic and symptomatic individuals, and
observing the efficiency of public preventive strategies (Castiglioni et al., 2022; Gupta et
al., 2020; Tomasino et al., 2021).

The development of analytical methods for WBE purposes, starting from
sampling and viral detection to RNA quantification, emerges as an important research
theme that has been approached by a considerable numbei of studies in the last two
years (Carducci et al., 2020; Kabdasli and Tunay, 202Z: 1itajima et al., 2020). In this
context, a dearth of standardization in the sample ai.?lysis methodology was identified
(Ahmed et al., 2021; Calderon-Franco et al., 2022; ‘cMinn et al., 2021; Peinado et al.,
2022), which has been characterized by the Le »f a myriad of methods to concentrate,
extract, detect, and quantify SARS-C V-2 RNA (de Sousa et al., 2022; Pillay et al.,
2021; Xie et al., 2022). Furthermore, the normalization of quantitative information has
not been addressed: for examr'e, =tandard units to express viral loads in wastewater
have not been established co 1ar (Shah et al., 2022). Regarding the output of the
laboratory analysis, th~ >~<curate estimation of viral genomic concentration in
wastewater is an iss.'e that must be addressed in future COVID-19 surveillance
research since this variable has been used to estimate the number of COVID-19 cases
when confronted with clinical testing data (Ahmed et al., 2020a; de Sousa et al., 2022;
Pillay et al., 2021). Analytical accuracy is imperative for building the path towards
understanding the infection dynamics through WBE by designing trustful correlations
and mathematical models relating sewershed viral concentration and epidemiological

clinical data. To address this issue, we elevated the need to systematize the available
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knowledge on the technology for wastewater analysis as well as the scientific effort to
unravel and model COVID-19 infection dynamics through existing or developed WBE
mathematical models.

The purpose of this systematic review is twofold: identify the reported
methodology of techniques/procedures to quantify SARS-CoV-2 viral RNA in domestic
wastewater, and the mathematical methods and models by which viral loads have been
associated with epidemiological data. It should be noted tha! this integrated approach
has not been considered by any previously published :=v.cw on the field. Thus, this
study may serve as a reference for upcomina research that requires detailed
information on these subjects, thus readers inte, =sted in one or both operational
aspects of WBE for COVID-19 can find th.- s.udy relevant given the exposition of
methods and findings from a total of * 58 studies. This review is structured as follows.
After this introduction, Section 2 brin.as a comprehensive description of the systematic
search method and selection nrocess for evidence-based publications discussing
analytical methods and math.omauiical modeling for COVID-19 surveillance up to August
2022. Next, in Section 2, we *eport our findings from the selected literature regarding in-
lab and computationa: ‘works that have been performed. Section 4 critically discusses
our findings in terms of current issues, gaps to fill, and promising alternatives to treat
wastewater towards the refinement of WBE for COVID-19 surveillance. Finally, we finish

with the main conclusions drawn from this analysis and directions for further research.
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2 METHODS
2.1 Search strategy

This systematic literature review (SLR) was conducted by following the
guidelines of the Preferred Reporting Items for Systematic Reviews and Meta-Analyses
(PRISMA) method (Page et al., 2021). The SLR is a reliable way to acquire a consistent
overview of a specific research theme in an organized and replicable manner (Denyer
and Tranfield, 2009; Tranfield et al., 2003). Before engaging i~ the systematic collection
of studies, we conducted a non-structured search tz \ucatify regularly associated
keywords and concepts about the subject. Keywora. such as “COVID-19/SARS-CoV-
2”, “wastewater”, “surveillance”, “methods”, “anaiy~s”, “modeling”, and “correlation”
were commonly used to identify records of pe ~¢-r2viewed articles in the multidisciplinary
literature. Next, we chose the -olluwing databases: ISI Web of Science
(www.webofscience.com) and Scopus (www.scopus.com) given their relevance in the
academic literature (Wang ard WMaltman, 2016), along with Engineering Village
(Elsevier's Compendex) (wv.w.engineeringvillage.com) due to its importance in the
interdisciplinary enginc~n.,~5 field (Cusker, 2013), and PubMed (MEDLINE)
(www.pubmed.ncbi.nlii: nin.gov) for its reliability as a medical database for evidence-
based studies such as systematic reviews (Falagas et al.,, 2008; Gusenbauer and
Haddaway, 2020). As presented above, to address the current panorama of WBE for
COVID-19 surveillance to a fuller extent, we considered a conjoint exploration of two
pillars: laboratory procedures to quantify viral RNA in wastewater, and modeling
(computational) methods to, among other goals, predict outbreaks in the community and

city levels. The latter pillar is fed with input generated by the former. To fulfill this
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purpose, we performed two independent collections of records from the databases (one
for viral RNA analysis and quantification and another for epidemiological modeling), with
each one adopting suitable search strings as shown in Table 1. We decided to
approach the search in this manner due to the extensive number of studies returned
upon conducting a single search for both subjects. Then, we were able to significantly
reduce the initial number of records found in the databases and work with a reasonable
sample of articles. Table 1 summarizes the keywords used <.r search strings and how
they were combined to compose each search.
2.2 Selection of studies and filtering

The academic coverage and analysis ot “ie COVID-19 pandemic and its
consequences demand trustable data to m'ti; ate the risk of misconceptions in matters
of public health information and public nol’cies (Davenport et al., 2020; Tagliabue et al.,
2020). Accordingly, we favored the cide of selecting records from trustworthy sources
when pondering the trade-off that exists between considering a high-quality level of
discussion and broadening wv*e iformation basis, with the latter often associated with
doubtful reliability (Trarfie.d et al., 2003). Thus, we decided to include only peer-
reviewed, original artic'es, therefore excluding other types of studies and publication
formats, such as reviews, short communications, technical reports, letters, notes,
abstracts, and surveys. Any available but unpublished work was excluded as well.
Studies published between January 2020 and August 2022 were included in the
sample. The deduplication, screening, filtering, and application of inclusion criteria were
performed in EndNote 20 to reduce the original sample of studies to a trustful and

representative collection of knowledge in the field. The initial search using the terms
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expressed in Table 1 returned a total of 2,400 articles, most of them unrelated to our
subjects. Next, we engaged in the screening phase as described: collected records
were primarily screened for their title only, and subsequently, for their abstracts and
content in full. Throughout this phase, we considered ineligible any publication that
addressed topics outside our focus, such as other types of viral pathogens in
wastewater, COVID-19 diagnosis and treatment, other matrices such as soil, leachate
and air, elimination of various pathogens in water, wate, ~wuality, wastewater from
aircraft and ships, drug detection, and biosensors, to nzmc & few. About their content,
we included publications that presented (1) clear and concise descriptions and/or
comparisons of analytical methods, protocols, and .~chnologies currently used for pre-
treatment, concentration, extraction, and qua *fication of SARS-CoV-2 nucleic acid in a
wastewater matrix, and/or (2) precic2 irformation on the characteristics of studied
wastewater, study location, time ra."qe, application of statistical tests for correlating
WBE variables, as well as any 1’'~e(' «r developed mathematical model toward exploring
COVID-19 infection dynamice.

Regarding the fi"*=1,.~y procedures, we first used EndNote 20 to detect and
exclude duplicated rec~ras independently for each search, then we applied time range
and language filters, followed by the last filter regarding the type of publication from an
initial total of 1,106 identified literature records. After this screening step, we assessed
the remaining studies through the lens of the established inclusion and exclusion
criteria, thus excluding 558 and 84 records by title-only and abstract, respectively; these
studies were considered out of the scope of this review, and thus deemed ineligible.

Besides, 21 studies were unclear about their methodological procedures or had not
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presented any type of wanted information, therefore excluded. Last, we combined the
two groups into a single pool and ran a second deduplication, thus excluding another
seven studies. Finally, we finished with a list of 96 studies from the first group and 62
studies from the second group as presented in Figure 1, amounting to a final pool of

158 works.

2.3 Data extraction

To properly organize the data extraction proctss, we used a MS Excel
spreadsheet with designated columns to include the fo.'zwing information reported by
the selected studies: study location, samp.'e collection period, wastewater
characteristics (wastewater treatment plant f'WWTP) influent, sewage, or treated),
sample pre-treatment, concentration/etrc cticn methods, gene targets, quantification
method/technology, initial samplc voluine processed, lowest and highest viral
concentrations recovered in both scfic and liquid phases, the estimated time offset (lag)
between sample analysis a.10 <pidemiological reporting, statistical test to correlate
wastewater viral load ai.1 cunical data and its result, and mathematical modeling
strategy. Not all thc <t'dies were thorough in reporting this set of systematized
categories, nevertheless, we reasoned that these categories were potentially discussed
at some level in our sample of studies, and thus every publication on the selected

portfolio should be able to contribute within the scope of this review.

10
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3 RESULTS
3.1 Scientific contribution of the selected studies to SARS-CoV-2 WBE

A meaningful result from the analysis of the reviewed publications was the
identification of six main types of contributions in the WBE for COVID-19 surveillance
field from 2020 to 2022, which are listed next and depicted in Figure 2: (1) quantitative
comparison of concentration, extraction or quantification methods through parametric
studies, (2) local reporting of SARS-CoV-2 detection in wasw>water and the respective
methodology, (3) development, adaptation and/or optimizauZ:1 of analysis protocols, (4)
building correlations between viral concentration le.<ls and clinical testing data, (5)
mathematical modeling, simulation or parameter csimations for SARS-CoV-2 WBE,
and (6) phylogenetics, genotyping and/or <er tification/quantification of variants of

concern (VOC).

3.2 Aspects of wastewater analysis 1or SARS-CoV-2 detection and quantification
SARS-CoV-2 RNA ca v~ found thermically stable in untreated wastewater at
temperature values rangi. frum 4 to 37°C (Ahmed et al., 2020c). This particularly wide
range allows labore.w v orerations to reliably preserve and detect the virus, even having
passed through sample collection and processing. The general methodology to
generate a quantified viral concentration, in terms of cycle threshold (Ct) units or
genomic concentration, from a wastewater sample, follows a sequential procedure of
well-defined steps, namely sampling, pre-treatment, concentration, extraction (or
isolation), and detection followed by quantification. This framework is depicted in Figure
3. We found that the operationalization of these steps is well diverse, containing
different technologies and protocols that use a wide range of reagents (Kaya et al.,

11
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2022). A complete list of the procedures and technology used can be found in Table 2.
Next, we describe the general aspects of each step of the current paradigm of

wastewater testing for SARS-CoV-2 WBE.

Pre-treatment. Pre-treatment of the wastewater samples has been ignored as a
step of the laboratory analysis process in previous review articles, even though several
procedures preceding the concentration step were found in *oughly 80% of the studies
in our pool. Nevertheless, the term “pre-treatment” was eipolc yed only in a few studies
(Torii et al., 2021; Zhang et al., 2022). Common pre-rect:nent procedures involve viral
inactivation, pre-centrifugation, pH adjustment, cnd filtration through a single or a
sequence of membrane filters. Pre-treatmert serves the purpose of removing coarse
solid material (Jmii et al., 2021), sep~.ra.'ng fine solids, and further purifying against
bacterial beings (Reynolds et al., 2022). ~or the inactivation, we found that it can be
performed through thermal treatinzr. (Calderon-Franco et al., 2022; McMinn et al.,
2021), UV light (Castiglioni e. al., 2022; Pellegrinelli et al., 2022), or chemically
(Tomasino et al., 2021). F 'tfraion was done at the micrometer level (maximum pore size
of 2 ym), and pre-ccnuigation was performed at a minimal value of 1,500g but not
exceeding 6,000g for a minimum duration of 5 minutes and a maximum of 45 minutes.
Adjustment of sample pH was done when required for the following concentration step
by using negatively charged membranes or precipitation using polyethylene glycol
(PEG) (Farkas et al., 2021; Hasing et al., 2021).

Concentration. Concentration methods should ideally fulfill some features,
including but not limited to being sensitive, reproducible, simple from a technical point of
view, economical, rapid, and provide high viral recoveries (Prakash, 2021). A single

12
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standardized method for SARS-CoV-2 concentration from sewage has not been
reported (Wehrendt et al., 2021). However, several methods have been described in the
literature for that purpose (Prakash, 2021). Following the criteria of Birnbaum et al.
(2022), these methods can be classified into two categories: (i) size-based techniques,
such as ultrafiltration (Dumke et al., 2021; Hasing et al., 2021), ultracentrifugation
(Zheng et al., 2022), centrifugal ultrafiltration (Anderson-Coughlin et al.,, 2021), and
adsorption-elution with electronegative membranes (Barril et &' . 2021; Jmii et al., 2021),
and (ii) entrapment in chemical precipitates, namely, P=C urecipitation (Alexander et
al., 2020; Farkas et al., 2021), aluminum flocculatio.» (Pino et al., 2021; Salvo et al.,
2021), or skimmed milk flocculation (Philo et al., 20.27%; Pino et al., 2021). Explaining the
fundamentals of these concentration methc~s s beyond the scope of this review,
nevertheless the literature is rich in _uicelines for the application of these methods.
Readers can refer to the studies of Kaya et al. (2022), Dumke et al. (2021), Barril et al.
(2021), and Salvo et al. (2021) *~ u.~rerstand in detail these concentration methods and
how they have been conhared quantitatively. Overall, these studies share the
conclusion that PEG pr~c,ation, aluminum flocculation, and ultrafiltration methods
favor higher viral recov ~ry rates during the concentration step.

Detection & Quantification. The most frequently used method in WBE for SARS-
CoV-2 RNA detection is polymerase chain reaction (PCR)-based quantification (Ni et
al., 2021). In this regard, real-time reverse transcription—PCR (real-time RT-PCR) has
been employed for identifying SARS-CoV-2 genetic targets (Ni et al., 2021; Thongpradit
et al., 2022) and is still considered the gold standard method for the detection of SARS-

CoV-2 (Ambrosi et al., 2021). Regarding its genomic targets, the nucleocapsid (N) or

13
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the envelope (E) protein genes, as well as the ORFlab gene are the most often used
RT-PCR targets, as presented in Table 2 (Corman et al., 2020; Kitajima et al., 2020).

The Centers for Disease Control and Prevention (CDC) indicates the use of probes

targeting several loci (N1 and N2) of the nucleocapsid via separate reactions (CDC,

2020). Particularly, N1 is commonly employed as an indicator for detecting SARS-CoV-

2 in wastewater (Navarro et al., 2021). Different PCR |wocedures form a list that
encompasses the reverse transcription loop-mediated soti ermal amplification (RT-
LAMP) (Amoah et al., 2021), the reverse transcriptios 'roulet digital PCR (RT-ddPCR)
(Flood et al., 2021), the reverse transcription quan. tativ e PCR (RT-qgPCR) (Ahmed et al.,

2020a) and its variations and improvements (.. Posa et al., 2020; Navarro et al., 2021).

~

As can be concluded from Table 7, ‘he RT-qPCr is the most often employed
detection/quantification technology ond was used in roughly 87% of the studies in our

pool.

3.3 Correlating clinical t=sti."g data to viral concentrations in wastewater

The correlation ~etvveen SARS-CoV-2 viral concentration in sewage water and
the number of COV.J-19 cases is one of the major challenges of applying viral
detection in sewage water to track the scale of SARS-CoV-2 spread in a community
(Haque et al., 2021). According to Peccia et al. (2020), some studies have reported the
successful correlation of viral RNA levels in wastewater and sludge with the number of
reported COVID-19 cases. Such correlation is useful to predict the number of active
cases in the population (Ahmed et al.,, 2020a; Hellmer et al., 2014; Li et al., 2021b;

Saththasivam et al., 2021). Particularly, with this information, WBE models can translate

14
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viral concentrations in wastewater to the incidence of SARS-CoV-2 shedders within a
community (Cao and Francis, 2021).

There are mainly two statistical-based approaches to evaluate these correlations,
the estimation of Pearson’s correlation coefficient (Forthofer et al., 2007), which is
applied to evaluate the level of linear association between two normally distributed
variables, and Spearman’s rank correlation coefficient for non-normally distributed data
prone to contain outliers (Schober et al., 2018). Both coeffiuionts vary within the range
from -1 to +1, where -1 indicates a perfect negative rel~:n.Zhip between the variables,
0 indicates the inexistence of a linear relationship «~d +1 points to a strong positive
linear association. We found rather high positive coc*iicients peaking at values of 0.947
(Galani et al., 2022), 0.95 (D'Aoust et al., »%27), and 0.96 (Layton et al., 2022), for
instance, but we also collected mode: ate (Giraud-Billoud et al., 2021; Tandukar et al.,
2022; Tomasino et al.,, 2021) ana weak (Ahmed et al., 2020a) correlations when
evaluated through these two s*~tictical approaches depending on the nature of their
data. Additionally, some stu.'ies in the literature have reported negative correlations
(Wehrendt et al., 2021) Re-~2ntly, a meta-analysis study conducted by Li et al. (2023)
collected 133 correla’on coefficients ranging from -0.38 to 0.99 for Pearson’s or
Spearman’s coefficients; according to the authors, such a wide range of coefficient
values is endorsed by several factors, including variations of the environmental
conditions, epidemiological conditions, sampling design, air temperature, etc. This
observation is consistent with the numbers found throughout our review process, which

also showed a spacious range of values.

15
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To maintain concentration levels meaningful and consistent, normalizing the viral
concentration is of paramount importance due to the variability of viral levels in
wastewater, which is caused by several factors (Li et al., 2023), such as wastewater
flow rate, weather conditions, total suspended solids, and daily fecal discharge. This
normalization has been reported in the literature to be addressed via various
approaches, such as daily mass flux and/or the use of biomarkers (Qiu et al., 2022).
One of these biomarkers, the Pepper Mild Mottle Virus (PMiw2V), found in human fecal
excreta (Rosario et al., 2009), has been used to nor~a.z: the SARS-CoV-2 signal
(LaTurner et al.,, 2021; Qiu et al., 2022; Robotto e. al., 2022), contributing to obtain
strong correlations between the viral concentration '=vel in wastewater and COVID-19
clinical cases (D'Aoust et al.,, 2021). When -«dr.ressing the correlation between viral
concentration in wastewater and CO'/ID 19 cases it should be noted that viral RNA
concentrations in wastewater can L= considered a lagging indicator since the virus
continues to be shed after the ‘~fe~tad individuals have been recovered (McMahan et
al., 2021). This lag time has . =en reported in several studies to range between 2 and 28
days (Zhao et al., 2022}, h.* it lacks a well-accepted definition as discussed in the next
paragraphs. Such variction in the lag times can be caused by multiple factors, including
but not limited to, daily changes in population size, wastewater sampling methods,
responses of the society to the pandemic, and variations in the time required for
reporting case data (Medema et al., 2020; Peccia et al., 2020). For instance, some
authors have reported that the duration of viral shedding in the stools can be extended
up to 33 days after obtaining a negative nasopharyngeal swab (Gupta et al., 2020;

Jones et al.,, 2020). From a symptom onset perspective, it has been suggested that
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fecal viral shedding can hold up to more than 20 days (Wolfel et al., 2020; Wu et al.,
2020), with Miura et al. (2021) having estimated a value of 26 days. Although different
lag time values have been proposed in several WBE studies, these works usually lack a
definition for this term, which can be a potential source of confusion when comparing
SARS-CoV-2 WBE studies. Zhao et al. (2022) consider the lag time as the temporal gap
between the measured SARS-CoV-2 concentration peaks and the reported COVID-19
clinical testing cases peaks, while Omori et al. (2021) deine this term as “the lag
between the detection timing from wastewater and repz+h..5 by passive surveillance’;
ideally, detection and reporting timing should be conc irrent, however in practice that is
not the case, especially in low and middle-income -ovuntries (Li et al., 2021d). Finally,
lag times may also be influenced by SAL‘-(CoV-2 incubation time and shedding
duration (Zhao et al., 2022). For insta \ce, Wu et al. (2022) explained that the lag time
they reported (4 days) was consiswcnt with the common incubation period from viral
infection to symptom inception, **hi-t is considered to be between 4 and 5 days. Other
studies reported lag periods _‘milar to this value (Lara-Jacobo et al., 2022; Peccia et al.,

2020; Xiao et al., 2022)

3.4 Modeling of WBE t>r COVID-19 surveillance

Modeling techniques for COVID-19 surveillance in wastewater comprise a rather
wide spectrum, going from a plethora of regression techniques to the application of
conservation principles and more elegant and contemporary data-driven methods.
Comparing or ranking the results from each modeling approach is beyond the scope of
this review and itself is a complex task, although several studies have presented

comparisons between the performance of different predictive models as in Zhao et al.
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(2022), Aberi et al. (2021), and Li et al. (2021b). Table 3 brings a complete description
of the methodological approaches reported in our pool of studies for modeling WBE for

COVID-19 surveillance.

4 DISCUSSION
4.1 Issues and promising alternatives for SARS-CoV-2 analysis in wastewater
Quantifying low viral loads from non-clinical samples reresents one of the major
challenges of WBE (Calderon-Franco et al., 2022). ‘'hc:: viral particles enter the
sewage system, dilution occurs by the addition of o.er types of water (i.e., domestic
sewage and stormwater combined or separatec .- the sewer), while concomitantly
being exposed to a diverse range of ct.“m.cal agents and physical conditions
(Haramoto et al., 2020; Krivonakova € al , 2021). In this regard, a concentration step is
required due to the low levels at vhich SARS-CoV-2 RNA is found in wastewater
(Boogaerts et al., 2021; Peinacz e. =l., 2022; Zheng et al., 2022). Several works have
reported viral RNA detection n untreated wastewater (influent of the WWTP), being its
concentration in the rarg= ¢ 10%-10° copies per liter and the maximum exceeding 10°
copies per liter (Kitajin.a et al., 2020). PEG precipitation represents a simple and low-
cost alternative for viral concentration in wastewater (Flood et al., 2021). In PEG
precipitation, the solvent is preferentially trapped, and proteins (e.g., virion) are sterically
excluded from the solvent phase by PEG. This way, proteins can be concentrated and
precipitated once their concentrations surpass the saturated solubility (Torii et al.,
2022). Despite being used in many laboratories, this method suffers from losing

approximately half of the viral fragments bound to solid matter (Perez-Cataluna et al.,
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2021). On the other hand, skimmed milk flocculation can be considered a promising
approach for low-resource areas since extensive laboratory resources are not needed.
Additionally, this method does not require consumables that are challenging to acquire,
thus enabling the performance of uninterrupted surveillance (Philo et al., 2021). It is
worth highlighting that some of these methods were developed for detecting non-
enveloped enteric viruses (e.g., norovirus, adenovirus, and enterovirus), which have
been the focus of most studies that investigate the existeii.= of viruses in municipal
wastewater and human excreta (Ahmed et al., 2020c; "'~ 2 et al., 2021). Additionally,
SARS-CoV-2 concentration methods have been ass~ssed using surrogate viruses to
mimic SARS-CoV-2, since personnel with specia! . .aining and a laboratory that fulfills
Biosafety Level 3 are required for the culture <. this virus. Examples of these surrogate
viruses include Alphacoronavirus H oV 229E, bovine respiratory syncytial virus
(BRSV), bovine coronavirus BCoV, norcine epidemic diarrhea virus (PEDV), murine
hepatitis virus, F-specific RNA rha<s, avian coronavirus of infectious bronchitis virus,
mengovirus or Pseudomonas nhage Phi6 (Ahmed et al., 2020c; Aquino de Carvalho et
al., 2017; Balboa et al., 20.2; Flood et al., 2021; Gendron et al., 2010; Hata et al., 2020;
Kocamemi et al.,, 2023 La Rosa et al.,, 2020; LaTurner et al., 2021; Medema et al.,
2020; Randazzo et al., 2020; Torii et al., 2022).

When it comes to the precise detection and viral quantification, multiplex PCR
enables multiple target detection and/or quantification with a sensitivity comparable to
that of singleplex PCR. Hence, multiplex PCR is a promising technology since it is more
cost-effective and time-saving, reduces the required sample volume, and minimizes the

variability due to pipetting. Nevertheless, the complexity of this assay requires
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optimization to prevent several undesired phenomena, such as primer-probe sets
interaction (Navarro et al., 2021; Xiao et al.,, 2020b). On a different note, the
implementation of RT-qPCR to detect SARS-CoV-2 in wastewater has some limitations,
as is time-consuming (it could take 24 h), is highly susceptible to the presence of
inhibitors, and sample contamination may occur, resulting in false negative results
(Ahmed et al., 2022a). Following this problem, it is necessary to explore new, alternative
approaches for the detection of SARS-CoV-2 RNA in was.>water. Apart from PCR-
based approaches, other methods can also be emp'z:ed for viral detection (Lara-
Jacobo et al., 2022). For instance, metatranscripton.'= sequencing also referred to as
Next Generation Sequencing is an alternative or SARS-CoV-2 detection and
guantification. This technology allows captu™a the whole virus genome, which is of
paramount importance due to the ir<id.nces of mutation events that increase the
virulence, thus significantly improving the sensitivity (Boogaerts et al., 2022; Ni et al.,
2021). However, the low SARS-"0' /-2 RNA concentration in wastewater, along with the
existence of nucleic acids frcm bacteria, other viruses, animal products, and humans,
makes conventional m~2*tau-ascriptomic sequencing an inappropriate technology for
WBE applications at u.'s developmental stage (Boogaerts et al., 2022; Ni et al., 2021).
To surmount the low viral RNA concentration challenge, the ARTIC Network amplicon
library (Nemudryi et al., 2020) and ATOPIlex (Xiao et al., 2020b) have been developed.
Moreover, RT-LAMP has also been used for SARS-CoV-2 detection (Wei et al., 2021).
This method is based on the amplification of the nucleic acids under isothermal
conditions, thus avoiding the need for thermal cyclers. Different RT-LAMP approaches

can be distinguished, such as the colorimetric or visual RT-LAMP or the fluorescent RT-
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LAMP. The former enables the visual reading of the results, whereas the latter
facilitates the detection of positive amplification by using a fluorescent dye (Amoah et

al., 2021; Huang et al., 2020).

Prominent alternatives in the field may be the use of sensors based on
electrochemical principles (Chaibun et al., 2021; Kumar et al., 2022; Ramanujam et al.,
2021), which have been extensively studied in terms of soecificity and selectivity for
different types of nanomaterials. Another plausible appr..-h is the use of magnetic
devices where magnetic nanoparticles (MNPs) de«ign>d for the separation and
detection of the viral pathogens in water samples > employed (Gomez-Pastora et al.,
2014; Materon et al.,, 2021; Yue et al.,, 2020). rhe_e devices might be a promising
detection technology as they could be sirole:, more accurate, economic, rapid, and
portable, allowing the measurements «© be performed at the WWTPs by plant
technicians.

Finally, it has been repoii=a that viral RNA detection can be influenced by
several factors, such as the mothod used for RNA concentration, or the prevalence of
COVID-19 infections ir tho community (Haramoto et al., 2020; Ni et al., 2021). As an
instance of the urgen need for analytical accuracy when performing wastewater
processing for WBE, we found a decent number of studies that addressed the
comparison of the measured viral recovery amongst distinct concentration and
extraction procedures; we also found studies exploring the divergences in the detection
and quantification of the viral loads using variations of the PCR approach (Ahmed et al.,
2022b; Flood et al., 2021). These problematics elevate the magnitude of the issue.

Standardization will be a natural consequence of addressing this problem.
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4.2. SARS-CoV-2 epidemiological modeling

The common assumption when using WBE for COVID-19 surveillance is that the
number of viral copies observed in the wastewater samples and the reported cases
from clinical sources result from the real number of infections, which encapsulates
symptomatic and asymptomatic cases (Schmitz et al., 2021; Xiao et al., 2022).
Following this premise, wastewater-based epidemiological models have demonstrated
to be a valuable tool for estimating the number of infected inu iduals within a population
and identifying COVID-19 infection hotspots. WBE has ~c.x nampered by the difficulty
of properly correlating viral RNA measurements .~ wastewater to the number of
infections. Also, the real number of infected individu:is is generally unknown due to the
limitations of the current individual testing <. ar.ity systems, especially in low-income
areas. To overcome these issues, the aurber of infected individuals has been linked to
the viral concentration (gene copies ver volume) and the mass rate of viral RNA in
wastewater (gene copies per d-v) ‘McMahan et al., 2021). The latter is argued to be
preferable over the former be ~ause of the serial dilutions of wastewater that might occur
due to rainfall, for insta~~e, *vhich alters the viral concentration levels along the sewer
network. Using the vi.Al mass rates can be a promising approach when developing
epidemiological models given that fluctuations in flow rates compensate for the changes
in viral concentrations, leaving viral mass rates unaltered. Regarding the modeling
techniques, a wide range of tools has been used as demonstrated in Table 3, which can
be categorized into (1) regression techniques (Krivonakova et al., 2021; Peccia et al.,
2020; Tomasino et al., 2021), (2) conservation principles (McMahan et al., 2021;

Saththasivam et al., 2021), and (3) data-driven methods (Aberi et al., 2021; Li et al.,
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2021b; Pereira et al., 2020). Different regression approaches have been explored, to
name a few: simple univariate and multivariate linear regression (Kuhn et al., 2022;
Roka et al., 2021; Zhao et al.,, 2022), logistic regression (Scott et al., 2021),
Autoregressive Integrated Moving Average (ARIMA) (Karthikeyan et al., 2021; Zhao et
al., 2022), and the Vector Autoregression (VAR) model (Cao and Francis, 2021; Zhao et
al., 2022). WBE can be applied for the back-calculation of infection prevalence. For that
purpose, regression techniques are one of the most importa.'t tools in WBE modeling.
However, these methods may lead to misleading infercccz, since they are proposed
for independent data with linear correlations, and th> WBE data are time series data
(Aberi et al., 2021; Cao and Francis, 2021). In the ¢ inservation principles category, an
example is the application of the suscen.”le-exposed-infectious-recovered (SEIR)
model, which has shown promising re ults, to predict infection prevalence through a set
of interconnected ordinary differe.tial equations (Fernandez-Cassi et al.,, 2021;
McMahan et al., 2021; Nourbakhsl <t al., 2022; Proverbio et al., 2022). Furthermore,
we found that data-driven 1, ethuds have acquired considerable popularity given the
number of studies that ~n.~!oyed these approaches to address the complex task of
building epidemiologicol models, with Artificial Neural Networks (ANN) (Galani et al.,
2022; Jiang et al., 2022; Li et al.,, 2021b; Zhu et al.,, 2022), Adaptive Neuro-Fuzzy
Inference System (ANFIS) (Li et al., 2021b), and the Generalized Additive Model (GAM)
method (Aberi et al., 2021; Anneser et al., 2022; Vallejo et al., 2022), as examples of a
larger group of techniques listed in Table 3. The common interest in using these

approaches may have a root in the fact that epidemiological data are generated in large
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amounts with a daily frequency, and that data-driven models must be constantly fed and
updated with new inputs for better prediction performance.

Ideally, WBE models should account for the changeability and uncertainty in their
variables, specifically for the shedding quantities and secretion routes, such as feces,
urine, and sputum (Tiwari et al.,, 2022). We found that the usual way to associate
uncertainty appears to be through the Monte Carlo simulation, which was mostly used
to associate uncertainty when estimating the infection prevaiwce (Amereh et al., 2022;
de Sousa et al.,, 2022; Gonzalez-Reyes et al.,, 2027; \Wzag et al., 2021) and the
shedding rates (de Freitas Bueno et al., 2022; Wu et al., 2022). Going further into
modeling uncertainty, it should be noted that relev. it variables are potentially able to
create a certain degree of uncertainty. These *.ar.ables are included as model variables
or functions in different WBE mode’'s. ':xamples are: the number of active cases
influencing viral counts in wastevater (persons) (Gonzalez-Reyes et al., 2021;
Rodriguez Rasero et al., 2022) da.v stool mass (greces.person™) (Ahmed et al., 2020a;
Amereh et al., 2022; Claro e. al., 2021; Pillay et al., 2021), shedding rate of SARS-CoV-
2 RNA (gene copies. g, «s = gene copies. g eces.day ™) (Ahmed et al., 2020a; Claro et
al., 2021; Kuhn et al., 2022; Li et al., 2021c; McMahan et al., 2021; Pillay et al., 2021;
Schmitz et al., 2021), decay of SARS-CoV-2 RNA due to storage (time™) (Kaya et al.,
2022; Li et al.,, 2021c; Yanac et al., 2022) and time-dependent RNA degradation
(McMahan et al.,, 2021), the offset between the observed wastewater viral RNA
concentration and the estimated patient viral load (Zhu et al., 2022), and RNA
temperature-dependent half-life (h) (Ahmed et al., 2020b; McMahan et al., 2021). On

the same note, from a clinical perspective, it is not established the influence of the
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severeness of the disease on the magnitude of daily shedding (genome copies per
gram of stool), and this constitutes another major source of uncertainty in WBE
modeling.

Apart from the aforementioned uncertainty sources, Pillay et al. (2021) reported
that the variability of the WBE approach may be mainly caused by changes in the
environmental conditions (e.g., the viral dilution and stability in water are influenced by
rainfall events and temperature) and the unique features oi MWTPs. They highlighted
the major importance of accurate knowledge of the sheZ"..5 pattern within the WWTP
catchment. Additionally, these authors explained thea* the weight of stool that is daily
produced per person, which is regionally depend=:.® and may be impacted by several
factors, influences the accurate estimaticn of the number of infected individuals.
Furthermore, we found several facto:s tr.at may influence the accuracy of the back-
calculation of the infection prevalence, namely population size, bioindicators’ stability
(PMMoV), excretion rates, sarnling, method, and sample preparation. Additionally,
several parameters, includin,} the temperature, per-capita water, and average travel
time in the sewer, repro=e.t critical variables that are needed for identifying infection

hotspots when the Wb model is applied.

4.3 Current research gaps and future guidelines for SARS-CoV-2 WBE

Further clarifications on SARS-CoV-2 WBE that need to be addressed in the
near future include the persistence of the virus in the wastewater, the effect of the
shedding dynamics of the virus in feces, whether urban and rural wastewater systems
exhibit significative differences in their characteristics, and how the normalization of viral

levels in wastewater with regard to population size should be performed (Fitzgerald et
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al., 2021). Additionally, one must bear in mind that COVID-19 is unevenly distributed
across population types so considering cross-city differences is of paramount
importance. Hence, a ‘one size fits all’ approach should not be applied to disease
surveillance (Kuhn et al., 2022). We suggest that public health information should not be
predicted by wastewater analysis alone but by a combination of wastewater-derived
information and other data sources. This is due to the fact that changes in factors such
as local demographics along with the limitations of currern.: clinical testing/reporting
systems may affect the potential of domestic wastewate: a. 4 source of information for
prediction tools (Xiao et al., 2022). Other factors ti.~t should be considered in WBE
modeling are reported by Kuhn et al. (2022), incliu. g the shedding duration (i.e., how
long an infected individual may shed viral pa.*cl.:s through feces), and the relationship
between the infection severity and th + n..mber of viral particles that are shed. At this
point, it is not completely understoo. how these two variables may cause changes in
the observed wastewater viral conc > r.iration.

We also suggest the utilization of the solid portion of the wastewater as an
alternative matrix for th2 a.>~uysis. There is evidence that enveloped viruses feature a
high inclination to bin'' to the surface of solids in wastewater in comparison to non-
enveloped viruses (Ye et al.,, 2016). As it was previously mentioned, SARS-CoV-2
possesses a lipid outer envelope (Klein et al., 2020) whose hydrophobicity may promote
greater viral binding to solids in the wastewater, thus affecting viral recovery (Ahmed et
al., 2020a; Ahmed et al., 2020c; Anderson-Coughlin et al., 2021). It has been pointed
out that the chain of wastewater analysis procedures should not only focus on the

supernatant fraction but also on the solid portion of the wastewater (Westhaus et al.,
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2021; Yanac et al., 2022). Additionally, and from a WBE perspective, concentration
levels from the solid portion have been correlated better with COVID-19 incidence
numbers when compared to signals obtained from the liquid part of the wastewater
(Tanimoto et al., 2022). For modeling purposes, normalization of the concentration
levels from the solid portion of the wastewater can be performed through either total
suspended solids measurements (Nourbakhsh et al., 2022) or using the concentration
of PMMoV; however, comparability between the concentratiu.>s obtained from the solid
and liquid phases through PMMoV normalization is stil' r=stricted (Kim et al., 2022). In
this regard, different studies have reported the preva:=nce of viral particles in the solid
phase obtained from domestic wastewater, as w =il as observations pointing to a
significantly higher amount of viral RNA . tae solid portion (Kim et al.,, 2022;
Kumblathan et al., 2023). For instanca, '.tamura et al. (2021) reported that a higher
level of SARS-CoV-2 RNA, compa.~d to PMMoV RNA, was contained in the solid
fraction, whereas supernatant fro<tir.s comprised lower SARS-CoV-2 RNA levels. They
reasoned that the different de*ection of SARS-CoV-2 RNA and PMMoV RNA in the solid
and liquid fractions cou' rc-dlt from the fact that PMMoV lacks an envelope, which is
present in SARS-CoV- 2. Similarly, Li et al. (2021a) found that SARS-CoV-2 RNA was
considerably more abundant in the solid than in the liquid fraction. This observation was
further endorsed by the studies of Ni et al. (2021) and Tomasino et al. (2021) in terms of
viral recovery. The higher viral RNA concentration in the solid phase of wastewater,
along with the more time-efficient processing of the solid fraction (Li et al.,, 2021a;

Nourbakhsh et al., 2022), led us to suggest that wastewater solids may represent a
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more convenient sample matrix, thus being a promising approach to improve analytical
accuracy in WBE for SARS-CoV-2.

As highlighted throughout the present study, WBE represents a valuable tool for
predicting COVID-19 cases. To this end, WBE can be implemented via several
statistical models with data gathered from wastewater (Ando et al., 2023; Anneser et al.,
2022). However, establishing and standardizing protocols are still required so that
worldwide conducted studies could be successfully compa >d (Amereh et al., 2022;
Fitzgerald et al., 2021). In further words, the current lac!: o7 ccandardization is revealed
by the wide range of sample initial volumes and conc~ntration methods that have been
reported by the different studies. Thereby, sample 1. ‘ual volumes range from 2 mL to 1
L; moreover, the extensive variety of conc-atration methods that have been used
include size-based and entrapment in chemical precipitates techniques, such as
conventional filtration, ultrafiltration, ultracentrifugation, centrifugation, filtration using
negatively charged membrane<, pr-ecipitation, and direct extraction, as well as their
combinations. Furthermore. 1. is s.ill unclear how different pre-treatment techniques may
affect the detection perfz mor.ce through PCR methods. In this sense, the recognition of
the pre-treatment step ‘n the wastewater analysis process is crucial to further develop
standard protocols for SARS-CoV-2 detection and quantification. Finally, quality
controls, variable testing, and the optimization of the methodology are considerably
lacking; however, they are required in order to provide analytical accuracy (Calderon-

Franco et al., 2022).
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5 CONCLUSIONS

SARS-CoV-2 will remain a constant threat to public health given the increasing
infectibility of new VOC:s. In this study, we reviewed the recent WBE research endeavor
to mitigate the hefty burden of COVID-19 on the health systems around the globe. More
specifically, this review collects and organizes the recent progress on the analytical
methods reported between 2020 and 2022 to detect and quantify SARS-CoV-2 RNA
from wastewater samples. We also review the methoas by which SARS-CoV-2
wastewater-based epidemiological modeling has been =~ >n,zuached to use the output of
lab analysis for diverse purposes, such as predicting outbreaks in a community,
estimation of active human shedders (or infected .. dividuals), and shedding rates, to
name a few. Correlating the amount of gencn “c raaterial in wastewater with the number
of COVID-19 cases within a commur ity .s a component of epidemiological modeling
that has been tried through a wide ange of mathematical methods, with data-driven
models considered the most =op 'lur approach to address predictions of variables
correlated to outbreaks with..> a certain time horizon, based on genomic viral material
measurements in dome-<tic *» astewaters. We also highlight the promising opportunities
to improve the accurc.cy and rapidness of viral detection using the solid portion of
wastewater as an alternative testing matrix, and the design of novel sensors based on
electrochemical or magnetic devices. However, as evidenced throughout this work,
recent research has not focused on ways to standardize the analytical procedures for
comparability between different locations. Implementing the WBE surveillance as a
prediction tool for outbreaks and infection waves, which in turn would result in the

mitigation of the COVID-19 burden, remains challenging. To promote the worldwide
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applicability of WBE surveillance, this lack of standardization should be managed along
with the establishment of a testing framework that accounts for the different analytical
sensitivities throughout the different steps of the analysis. Notably, this study contributes
to future research as a reference guide for what has been proposed and worked so far
to understand the dynamics of viral concentrations in wastewater. Since the effort to
mitigate the effects of COVID-19 is a global one, future research must expand the
scope of this review and consider the needs of low-inconi. countries, whose health
systems are often restricted and the implementation of *hc WBE surveillance strategy

can thus become more arduous.
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Table 1. Search strings and Boolean operators used for each search.

Boolean
Search strings Category
operator
COVID?19 OR SARS-CoV-2 OR coronavirus Topic
) AND wastewater OR ww or sewage Topic
o
% AND “SARS-CoV-2 RNA” OR RNA OR “ribonucleic acid” OR “nucleic acid” Topic
E
i OR genet*
=
g AND analy* OR method* OR procedure OR protocol OR . ~hn* All Fields
<
AND detect* OR concentrate* OR quantif* OR estima.” OF. measur* All Fields
o COVID?19 OR SARS-CoV-2 OR coronavit s Topic
£
% AND wastewater OR ww OR “wastewater-b::seu epidemiology” or WBE Topic
E
= AND surveill* OR monitor* OR track* All Fields
2
g AND predict* OR forecast* OR foresnau. ™.~ OR model* OR correlate* OR All Fields
£
5 relation*
=

“kn

Note: “?” denotes a wildcard and was used = 1 different spellings of the term adopted in the literature. The

symbol allows variations of the search strir2 Q. ~’ation marks strictly limit the appearance of the word as it is input.
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Table 2. Description of analytical

contributions.

methods from selected

literature and their

Analyz
Location | Wastewat RNA Quetiir:)trl]flca in?t(ijal Type of
and er type Sample pre- Concentratio - contribut
Study 3 extraction method sampl : -
sampling and treatment n methods . ion (Fig.
eriod sources Kit/protocol and gene e 2)
P targets volum
e (mL)
USA
i I . QlAgen
Anderspn August Raw Filtration using a Centrifugal QlAamp® RT-GPCR 40—
Coughlin et 2020 - 0.22um PES oo : 3
(sewage) ultrafiltration Viral RNA N1 and N2 45
al. (2021) March membrane P
2021 mini Kit
1) QlAger
. . (1) pH Adsorption- RNer~ -
Australia adjustment to elution with Powel Nate
Ahmed et %azrgrl Raw 3.5/4 ué';'g HCl, electronegativ Kit &, RT-gPCR 100 - 5
al. (2020a) April (influent) Centrifugation at lf QIAL N N 200
membranes, "Nee sy
2020 4‘751?%{2; 30 2 2owerMicrobi
Ultrafiltration __~me Kit
(1) Acidification
to pH 4 using 2N
HCI, (2) NR, (3)
MgCI2 addition (7,2,
to afinal Ads rtior -
concentration of elation wuing
25mM MgClI2, ~lec -anegativ
(4,5) e
. .. QlAgen
Ahmed et Australia Raw Canth)UQ?;lrofod‘ mengj)rsa)nes, RNeasy RT-gPCR 50 15
al. (2020c) NR (influent) mi‘nuteg al °C UItrafiIiration PowerMicrobi NR ’
©® (6) PEG ome Kit
Centrifu 1at’'o, =t | precipitation,
10,0n0g r .0 @)
mir dte_ at 4°C, Ultracentrifug
(@) ation
“ entrinc gation at
10,.10g for 1h at
___4°C
Banglade C 2ntrifugation at Favor Prep
sh . 4,500g for 30 . - RT-gPCR
Ahmed et |y, 5000 ReEW  minutes, filtration PEG Viral Nucleic N and 50 15
al. (2021a) Sovag . precipitation Acid
— August using 0.22ym Extraction Kit ORFlab
2020 filters
@
Concentrating QIAgen
Q) pipette QlAamp®
Centrifugation at | (InnovaPrep), Viral RNA :
,;hr(r;%c;it)) NR (inﬁﬁgnt) 4,000g for 30 2 mini Kit and RT EECR NR 1
’ minutes at 4°C, Adsorption- RNeasy
(2) NR elution with PowerWater
electronegativ Kit
e membranes
Australia Adsorption- QlAgen RT-aPCR
Ahmed et February Raw NR elution using RNeasy N1 ISIZ and 100 — 2
al. (2021c) 2020 — (influent) electronegativ | PowerMicrobi ' N3 200
May 2020 e membranes ome Kit
QlAgen
QlAamp® 3
Ahmed et Australia Raw Centrifugation at | Concentration Viral RNA ZT](?E?R
June ) 3,000g for 5 Pipette mini Kit and 50 4,6
al. (2022b) 2021 (influent) minutes (InnovaPrep) QlAgen dPCR
P g N1 and N2
RNeasy
PowerMicrobi
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Analyz
Location | Wastewat Qua_ntlflca . (.a(.j Type of
. RNA tion initial .
and er type Sample pre- Concentratio . contribut
Study 3 extraction method sampl ; :
sampling and treatment n methods . ion (Fig.
. Kit/protocol and gene e
period sources 2)
targets volum
e (mL)
ome Kit (for
the solid
phase)
Sequential
concentration
using
Centrifugation at 2|Cli.lsti(:)rrr1)t\llt1)i?l';
USA 2,5009 for 10 ositivel QlAgen RT-ddPCR
Ai et al. July 2020 Raw minutes at 4°C, p y RNeas, 100 —
. A : charged : .| N1, N2 and 45,6
(2021) - January (influent) filtration using a PowerMic, oi 200
; membrane, . E
2021 0.45uM sterile * ome Kit
- - organic
filter unit -
flocculation,
and
centrifugal
ultrafiltration | -
Iran
. . OlAgen
Amereh et Septemb Raw Centrifugation at PEG QIAamp® RT-gPCR
al. (2022) er 2020 — (influent) 4,000g for 10 precipitation Viral RNA N and 50 4
' April minutes mini Kit ORFlab
2021
RT-ddPCR
and RT-
South Heat inactivation . QIAgen LAMP
Amoah et - Raw o C. ntrifugal QlAamp®
al. (2021) Africa (influent) 60°C for 90 Altran.tration Viral RNA E. N, 250 s
) NR minutes ! mini Kit ORF1lab,
RdRP and
S
USA (1) PEG TRizol-
h Raw A chloroform
Anneser et Marc (influent precipitation, protocol RT-gPCR
2020 - NR 2) ’ N1, N2 and NR 45
al. (2022) and RNeasey
March lud Spectrophoto Soil N3
2021 sludge) metry PowerSoil
[ Total RNA Kit
. .Mat inactivation
India N RT-PCR
Aroraetal. | May 2020 Raw N thecs: f?ilrtl%(t)ion PEG ﬁgpclﬁ/x ’350529_ N, S, E, 50 )
(2020) —June (influent) ;m a’045 m precipitation Kit y ORFlab
2020 | ~singav.aou and RdRp
_ membrane
Switzerla
nd Maxwell®
. . RT-gPCR
Bagutti et July 2021 Rav RSC Environ
al. (2022) - (influent) NR NR Wastewater | " 2 and | 40 4
Decembe TNA Kit
r 2021
Raw
(influent)
and
Italy treated Filtration using a QlAgen RT-aPCR
Baldovin et April (effluent: 0.22um Ultrafiltration QlAamp® N?cmd 100 16
al. (2021) 2020 — activated polyether sulfone Viral RNA ORF1lab ’
May 2020 sludge, (PES) mini Kit
peractic
acid and
UV lamps)
Brazil Raw QlAgen
Barbosa et May 2020 (influent NR Ultracentrifug QlAamp® RT-gPCR 40 245
al. (2022) - October sewa e’ ation Viral RNA N1 and N2 B
2020 ge) mini Kit
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Analyz
Location | Wastewat RNA Qu?ir:)trgflca in(iat(ijal Type of
and er type Sample pre- Concentratio . contribut
Study 3 extraction method sampl ; :
sampling and treatment n methods it/ | d ion (Fig.
eriod sources Kit/protoco and gene e 2)
P targets volum
e (mL)
Israel .
. . Adsorption-
Bar-Or et August Raw Centrifugation at elution with NucliSENS RT-gPCR
2020 - ) 4,6969 for 5 ; 25 2
al. (2021a) Februar (influent) minutes electronegativ EasyMAG E
2021 y e membranes
(1) PEG
Israel precipitation, QlAgen
Bar-Or et March Raw ) Skl_mmed RNeasy mini RT-GPCR 250 —
al. 20210) | 2920° | (sewage) NR milk Kit, NandE | 1,000 | L2
' April flocculation, NucliSENS ’
2020 3) EasyM, G
Ultrafiltration
) Varies
Argentina A total of 11 from
. March - Maxwe. RS(
Barril et al. 2020 - Raw NR different 48 cx. ~cuon RT-gPCR metho 24
(2021) (influent) methods were e NlandN2 | dto '
October Syste n
2020 evaluated. medtho
Argentina
. June Heat inactivation TRIzol-
Barrios et Raw PEG RT-gPCR
2020 - ) 60°C for 90 Lo chloroform 200 4
al. (2021) April (influent) minutes precipitatic . protocol N1
2021 ' 7.
QlAgen
USA
. L QlAamp® RT-gPCR
Barua et al. June Raw Heat inactlvatlon Y pIA . Viral RNA and RT-
2020 - . 75°C for 40 ¢ lectrunegativ L 20 1
(2022) Novembe (influent) minutes e filtration mini Kit and ddPCR
r 2020 NucliSENS N1 and N2
EasyMAG
Raw Phenol- RT-PCR
France (influent (1) . chloroform- and RT-
Bertrand et April Ultrafiltration, .
after NR isoamyl ddPCR 50 1,2
al. (2021) 2020 - decantatio (2) PEG alcohol E and
May 2020 precipitation
n) protocol RdRp
QlAgen
QIAamMP® | pr 4ypcR
Bivins et al Raw Centrifugal V|r_aI_Rl_\lA and RT-
’ NR (influent, NR o mini Kit, NR 1,3,4
(2022) B ultrafiltration LAMP
sewar; ., AllPrep
! N2 and E
PowerViral
A DNA/RNA Kit
QlAgen
1) QlAamp®
. Centrifugation at Viral RNA
Belgium 4,600g for 30 ) mini Kit, RT-qPCr
August . " . and RT-
Boogaerts Raw minutes at 4°C, Ultracentrifug RNeasy plus 20 -
2020 - ] - S dPCR 145
et al. (2021) (influent) ) ation, (2) PEG miniKit, and 90
January Centrifugati t iitati A N1, N2, N3
2021 entrifugation a precipitation QIAgen and E
4,654q for 30 RNeasy
minutes at 4°C PowerMicrobi
ome Kit
. Maxwell®
Belgium
. . RSC RT-gPCr
Boogaerts Septemb Raw Centrifugation at Ultracentrifug PureFood and RT-
er 2020 — . 4,000g for 30 : 20 3,6
et al. (2022) Novembe (influent) minutes ation GMO and dPCR
r 2021 Authenticatio | N, Sand E
n Kit
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Analyz
Location | Wastewat RNA Qu?ir:)trgflca in(iat(ijal Type of
s and er type Sample pre- Concentratio . contribut
tudy 3 extraction method sampl ; :
sampling and treatment n methods . ion (Fig.
. Kit/protocol and gene e
period sources targets volum 2)
e (mL)
@
Adsorption-
elution with
electroenegatlv Fast RNA
Netherlan membranes Blue Kit,
Calderon- 3 ds Heat inactivation 2) F.AST RNA RT-qPCR
uly 2020 Raw o Kit, MagMax 50 -
Franco et ; 65°C for 30 Polyethersulfo S, Nand 1,3
- (influent) - CORE 550
al. (2022) minutes ne . . ORFlab
Decembe membranes Nucleic Acid
r 2020 L Purification
(3) Anion- Ki
it
exchange
diethylaminet
hyl cellulose
columns o~
Japan
. ) (2) DIAg n
Canh et al. Jzez]n;f Y Raw anStggugatlon at Ultrafiltration, Qs cunp® RT-gPCR
- . ,500g for 15 S 100 1,2
(2021) February (influent) minutes (2) PEG ‘iral RNA N1
2021 precipitatior L rnini Kit
Raw
(influent, L 4
Carrillo- Mexico sewage) Filtration using (2“1 ' QlAgen RT-aPCR 1)
Reyes et al April and 0-2um A Jso. i a- RiNeasy Rdg S 120, 12
y ' 2020 - treated polyethersulfone it PowerMicrobi P, (2) 30 ’
(2021) e, tion with . and E
July 2020 | (secondary membrane ) ; ome Kit - 100
sludge, ¢ ,ectr..gegatlv
effluent) e membranes
Castiglioni 2020 - Raw Centrifuc ":n N PEG QlAamp® RT-PCR 45 125
et al. (2022) June (influent) 4.500¢ fAr N * precipitation MinElute N1 and N3 e
2020 kg Y » Virus Spin Kit
min'*es ¢ *4°C
Raw
(influent) Composite,
Chakrabort India and Supernatant, Q?Lg?nen(@ RT-qPCR
y et al. Septemb treated NR Sediment and Viral Rl‘\)lA N1 a%d N2 250 1
2021 er 2020 primary ‘ Syringe S
mini Kit
sludo~, | Filtration
efflu :nt)
. Spain RT-gPCR
ﬁﬂi":{ r{j" April R NR PEG NucliSENS N1, N2, 800 5
(2021) ’ 2020 - (influe 1t) precipitation miniMAG RdRp, IP2
July 2020 and IP4
Iirazil Centrif . PureLink™
une entrifugation at -
Claro et al. 2020 — ~Raw 8,000g for 120 PEG _ Viral RT-gPCR 40 4
(2021) April (influent) minutes at 4°C precipitation RNA/_DI\_IA N1 and N2
2021 mini Kit
Raw (post- | Decantation and
grid serially filtered
Ci\n%?a influence) | through a 1.5um QlAgen RT-gPCR
D'Aoust et 2020 ) and glass fiber filter PEG RNeasy and RT- 32 35
al. (2021) June treated followed by a precipitation PowerMicrobi ddPCR ’
(primary 0.45um GF6 ome Kit N1 and N2
2020 o ;
clarified mixed cellulose-
sludge) ester filter
de Freitas JaBrrli‘ZaI:y PureLink
Buenoetal. | 2021— | . RaW NR PEG Viral RT-GPCR | 4o 45
(influent) precipitation RNA/DNA N1 and N2
(2022) January mini Kit
2022
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Analyz
Location | Wastewat Qua_ntlflca . (.a(.j Type of
. RNA tion initial .
and er type Sample pre- Concentratio . contribut
Study 3 extraction method sampl ; :
sampling and treatment n methods . ion (Fig.
. Kit/protocol and gene e
period sources 2)
targets volum
e (mL)
pH adjustment to
Brazil Raw Haé? zﬁglgeﬂ\gt MagMAX
de Sousaet | January | (influent) °4C for 30 PEG VirallPathoge | pr (peR
2021 - and - Lo n Nucleic 50 5
al. (2022) minutes, precipitation . - N1 and N2
August treated Centrifugation at Acid Isolation
2021 (effluent) Sl 4ggf0r 20 Kit
minutes at 4°C
Water
(1) PEG
precipitation, [r)n'\lag/riNf
(2) PEG
precipitation bead Ki,
with glycine QIAC...
Greece (3) Direct ' RN¢ asy RT-gPCR
Dimitrakopo | Novembe Raw capture, (4) Pov i i and RT-
ulos et al. r2021 - ) NR ! ome .it, ddPCR 50 2,6
(2022 Decembe | (nfluent 2&?&?3&3{ Al ~epF ower | N1, N2 and
r20 2021 electroneqativ Viral N3
Y L IA/RNA
membranes, Jit, Manual
©) cnviroWaste
Ultraf* ~tion vater TNA
Y & Kit
1, TEG
. . [ “Cipliauon, QlAgen RT-gPCR
Dumke et Germany, Raw an;ggugfaotlrogoat 2) RNeasy kits and RT- 40 2
al. (2021) NR (influent) mi’nutegs at 4°C /_entrifugation | (not specified ddPCR
with Vivaspin what series) SandE
columns
Centrifugatic ~ at
3,0000 7« " 30 NucliSENS
minute 2.4 = lysis buffer
or1770g "r 10 and
Farkas et NR Raw (NR) | mirutes *t4°C, PEG NuclisENs | RT-APCR | 54 1,3
al. (2021) . ™ precipitation - N1 and N2
P’ alfustment of miniMag
s nerna@ntto 7- extraction
7.. using 1M system
NaOH
USA |
I . QlAgen
Feng et al. August Re v Filtration using Bashing Bead RNeasy RT-ddPCR
2020 - N 0.8um cellulose- . . . 25 1
(2021) (in. eny, . Lysis PowerMicrobi | N1 and N2
January ester filters ome Kit
2021
Switzerla
) nd ) . QlAgen
Ezgns?gctjizl February Raw zFlger?gslesfliE%r Centrifugal QlAamp® RT-qPCR 50 5
’ 2020 - (influent) Hm 9 ultrafiltration Viral RNA N1 and N2
(2021) . filters s
April mini Kit
2020
@
Scotland Centrifugation at | Ultracentrifug QlAgen
Fitzgerald April Raw 4.’0009 for 300 atlon,_ (.2) I.DEG QlAamp® RT-gPCR 20 -
etal. 2021) | 2920~ | (influenyy | Minutesat4’C, | precipitation, | Gio'oNA | NlandE | 40 12
’ January filtration using a (3) skimmed mini Kit
2021 syringe filter milk
flocculation
USA 1) )
March Raw Centrifugation at 1,2) QlAgen RT-qPCR, 100
Flood et al. 2020 — (influent 2,500q for 5 Ultrafiltration, QlAamp® RT-ddPCR (2)’ 1
(2021) ' minutes at 4°C, (3) PEG Viral RNA N1, N2 and
Septemb sewage) 5 AT T 100,
or 2020 ' 2) ' precipitation mini Kit E (3)NR
Centrifugation at
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Location | Wastewat Qua_ntlflca . (.a(.j Type of
. RNA tion initial .
and er type Sample pre- Concentratio . contribut
Study 3 extraction method sampl ; :
sampling and treatment n methods . ion (Fig.
. Kit/protocol and gene e
period sources 2)
targets volum
e (mL)
4,654q for 30
minutes at 4°C,
(©)
Centrifugation at
4,700g for 45
minutes at 4°C
Brazil
QIAgen 3
Fongaro et October Raw PEG QlAamp® RT-gPCR
al. (2021) 2019 - (sewage) NR precipitation Viral RNA N1, S and 25 4
' March mini Ki* RdRp
2020 \
1)
Ultrafiltration,
Heat inactivation 2
60°C for 90 Adsorption- M=al
minutes, filtration elution with Vi al/Pa hoge
Brazil Raw using 1.2um electronegativ v, 3
ZIO rgg(z:g)et March (influent, pore size e KingFisher ,\FflT aCLZCNRZ 40 4,6
' 2021 river) microfiber filters, membranes Duo
Centrifugation at | (3) Aluminu Surification
4,500g for 30 hydroxide System
minutes at 4°C precipitatic .1,
4 Prs
prec ~atic n
Water
DNA/RNA
Magnetic
Bead Kit,
QlAgen
Greece
. . (1) PEG RNeasy
. )t o
Galani et al. August Raw Centnfugenol precipitation, Power RT-qPCR
2020 - . 4,700¢ for ™0 . . : 50 4,5
(2022) (influent) ! ) £ (2) centrifugal Microbiome N1 and N2
March minutes ¢ (4°C A .
2021 ultrafiltration Kit, and
QlAgen
RNeasy
Serum/Plasm
a Advanced
L Kit
| (1) Hollow-
USA () NR, (2,3) uItra]lt‘Iiﬁgtion purelink viral | RI-APCR
Gerrity et March VAW Centrifugation at (2) Centrifu e’1I RNA/DNA N1, N2, E 50 13
al. (2021) 2020 - (influe 1t) 3,500g for 15-30 niriug g and ’
May 2020 minutes at 10°C Ultrafiltration, mini Kit ORFla
Y (3) PEG
precipitation.
(1) PEG
Argentina precipitation,
Giraud- July 2020 Heat inactivation 2): 3
Billoud et - (inﬁﬁ(‘;"m) 60°C for 90 | Polyaluminum | NucleoZOL ,\TlT a?]ZCNRZ 300 56
al. (2021) Novembe minutes chloride
r 2020 (PAC)
flocculation
. Filtration using a QlAgen 3
Goncalves Slovenia Raw 0.70um glass Ultracentrifug QlAamp® RT-gPCR
June . ) : ; E and 100 1
et al. (2021) (sewage) fiber filter ation Viral RNA
2020 T RdRp
membrane mini Kit
1)
USA @ .
1) Concentration NucliSENS 3
Gonzalez et leazrgkl Raw Centrifugation at Pipette Easy Mag SI ?\IOIZP;Z 125 5
al. (2020) (influent) 10,0009 for 10 (InnovaPrep), TNA '
August . . . N3
2020 minutes, (2) NR 2 _ Extraction Kit
Adsorption-
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. RNA tion initial .
and er type Sample pre- Concentratio . contribut
Study 3 extraction method sampl ; :
sampling and treatment n methods . ion (Fig.
. Kit/protocol and gene e
period sources 2)
targets volum
e (mL)
elution using
electronegativ
e membranes
Mexico Heat inactivation
Gonzalez- June Raw 60°C for 90 PEG TRIzol RT-gPCR
Reyes et al. (influent, minutes, filtration Lo N1, N2 and 150 2
2020 - - precipitation protocol
(2021 July 2020 sewage) using a 0.2pum N3
Y membrane
(inﬁﬁgnt) (1) (1) QlAgen
and Adsorption- QlAam, ®
Japan treated elution with Viral RNA RT-gPCR
Haramoto March (activated NR electronegativ mini K, (O N1, N2, S 200 - 2
et al. (2020) 2020- sludae e QIA ven and 5000
May 2020 9 membranes, Ptiaa. ORFlab
before ] robi
chlorinatio ) Direct Pcwerl, <robi
n) adsorption e it
(1,2) Heat <
Rew inactivation 60°C /-\.)\I/?rg:ne
UAE (influent) for 90 minutes, (2) DNA/RNA
Hasan etal. | May 2020 filtration using a Ultrafiltratic i, . . RT-gPCR 1,2)
and g rxtraction Kit 1,4
(2021) - June 0.22um (CARTRE] RdRp 50
treated AV 4 and TRIzol-
2020 polyethersulfone prec o”’atic n
(effluent) (PES) chloroform
protocol
membrane N\
. MagMAX96
Canada pH adjustment ! Viral RNA
Hasing et October Raw 9'6'1,\?;5'?9 SN Isolation Kit, | oo oop
9 2020 - . g, Ultrafiltration King Fisher q 100 3
al. (2021) (influent) Centrifugatio. at N2 and E
Decembe 45000 . 10 Flex
r 2020 " nir Jt: ) Purification
“C System
e Quagen
Hata et al. 2020 — Raw R PEG QlAamp® RT-qPCR 80 2
(2021) April (influent) ' precipitation Viral RNA N2 and N3
2020 \ mini Kit
C ravity filtration
with Imm thick
blotting sheets to
India remove debris
Hemalatha July 2020 Rav and larger Centrifugal Q'IAamp® RT-gPCR
. . . 4 Viral RNA N, E and 100 2.3
etal. (2021) | — August (inf...cnt) particles ultrafiltration . . .
isolation Kit ORFlab
2020 followed by
filtration using
0.2pm filtration
units
Heat inactivation
60°C for 90
minutes,
Xsﬁ Centrifugation at QlAgen
Hoar et al. 20‘230 _ Raw 5000g for 10 PEG QlAamp® RT-gPCR 40 45
(2022) Februar (influent) minutes at 4°C, precipitation Viral RNA N1 ’
2021 y filtration using mini Kit
0.22pum acetate-
cellulose
membrane
Finland Centrifugation at Chemagic
Hokajarvi et April Raw S Viral300 RT-gPCR
al. (2021) 2020~ | (influent) 4'6rifr?u‘;grs30 Ultrafiltration | s a/RNA | N2andE | 90 2.3
May 2020 extraction Kit
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y sampling and treatment n methods : P ion (Fig.
. Kit/protocol and gene e
period sources 2)
targets volum
e (mL)
Canada
Huang etal, | QCtober Raw I(??ll\lAe%esn RT-gPCR
9 ' 2020 — . NR Ultrafiltration Sy N1, N2, N3 200 2
(2021) (influent) PowerMicrobi
March ome Kit and E
2021
Argentina Raw QlAgen
Iglesias et 2J0u2noe_ (influent, Hegct):r(lzafcélrvggon PEG QlAamp® RT-gPCR 250 2
al. (2021) Septemb surface minutes precipitation Viral RNA N1 and N2
errf2020 water) mini Kit
(1)
Ultrafiltration,
Q) (2) Double
Centrifugation at | Ultrafiltration,
4,600g for 30 3)
Sweden minutes at 4°C, Adsorption- TRIO
. and ltaly (2) centrifugation elution with | A0F g, 3 _
i?ff(groazlllit May 2020 (inﬁﬁ(\;vnt) at 1,500¢g for 15 | electronegativ RNeasy RT ?\IPCR 4g0 1
' - June minutes at 4°C, e membrane, | Po. arMicrobi
2020 (B)NR, (4) 4 ome Kit
Centrifugation at | Centrifugation
4,600g for 30 combine’.
minutes at 4°C itk
ads. rtior -
N Xtracuon
Tunisia Coarse filtration
and Adsorption- QlAgen :
Jmii et al. Sre;z)éezrgb Raw microfiltration, elution with RNeasy ETEP;% 100 1
(2021) October (influent) pH adjustent to | 'ectronegativ | PowerMicrobi ’RdR
2020 6 with alumi, "'m | e membranes ome Kit P
hydre: . '=
South Centrifuge ior at
Johnson et Africa Raw AP RNeasy RT-gPCR i
al. (2021) June (influent) 3.fou {r<0 NR PowerSoil Kit | N1 and N2 50-100 2
2020 minutes
1)
Adsorption-
elution with
USA electronegativ QlAgen
October
Juel et al. 2022 — Re v NR e QlAamp® RT-gPCR 40 - 13
(2021) March & Way ™) membranes, Viral RNA N1 100 ’
2021 (2): mini Kit
Concentrating
Pipette
(InnovaPrep)
1) PEG
precipitation, NucliSENS
2 Lysis Buffer,
gzt%lEZr Centrifugation at Ammonium NUClSENS
Kevill et al. 2020 — Raw 15 OOOg for 10 sulfate Extraction RT-pPCR 200 13
(2022) (influent) >,000g o precipitation, Reagent Kit, N1 ’
February minutes at 4°C 3 - ish
2021 ?3) _ King-Fisher
Concentration 96 Flex
pipette System
(Innova Prep)
1)
Japan Adsorption-
Kitamura et June Raw Centrifugation at elution with Q?LQ%?;® RT-GPCR
al. (2021) 2020 - (influent, 3,000r_pm for 30 | electronegativ Viral RNA N1 and N2 400 1,3,4,5
August sewage) minutes e mini Kit
2020 membranes,
(2) PEG
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sampling and treatment n methods . ion (Fig.
. Kit/protocol and gene e
period sources 2)
targets volum
e (mL)
precipitation,
@
Ultrafiltration,
(4) Solid
precipitation
Greece MagMAX™
October Viral/Pathoge RT-PCR
z}:IOL(g%;S:‘L)et ZOZQ ) (inﬁﬁgnt) NR precl?rIJEit(;tion n NUCIEi(.: N, S and 105 5
’ April Acid Isolation ORFlab
2021 Kit
Slovakia
Krivonakov Septemb Raw Centrifugation at Ultracentrifu Direct-zui Fgggg R
aetal. er2020— | 4,700g for 30 entrifug RN, » RARP 50 2.4
(influent) - ation - , and
(2021) March minutes minipi 3p Kit
ORFlab
2021 e
Noesgbe Filtration using a §io-g-
Kuhn et al. r 2020 — Raw 70um mesh cell PEG May,. etic- RT-qPCR 32 5
(2022) March (sewage) strainer precipitation ?ai?c?rfn N1
2021 L P
India Centrifugation at
Kumar et al August Raw 4,000g for 40 P o 1.dcleoSpin® RT-PCR
(2021) : 2020 - (influent) minutes, filtration red ‘r;’\ati‘ n RNA Virus N, S and 30 2
Septemb using a 0.22uym P | isolation Kit ORF1lab
er 2020 syringe filter N
Italy
February Heat inactivati. 0 PEG-dextran . RT-gPCR
LaRosaet | ~pnpq." |  Raw 56°C for 30 two-phase | NUCHSENS | opriab, s | 250 2,5
al. (2020) . (influent) o ) miniMAG
April minut s separation and RdRp
2020
QlAgen
PowerViral
USA DNA/RNA
Langan et January Raw G §jugtion at Enlfllitryofl)\//:/n;ter RT-gPCR
2021 - 4,000 ; for 20 Ultrafiltration 200 1,5
al. (2022) March (sewage) . uUtes at 4°C RNA_ N1 and N2
2021 ‘ I_Extractlon
Kit, Monarch
| Total RNA
| miniprep Kit
Adding 50 of
acetone at 4°C
and stored
Canada overnight at -
Lara- October o Protein QlAgen 3
Jacobo et 2020 - (inﬁﬁgnt) rzecoicittaote Precipitation PowerMicrobi RT ’?‘ECR 40 1,3
al. (2022) April precip! and Digestion ome Kit
2021 proteins,
Centrifugation at
3,405¢ for 15
minutes
(1)NR, (2) i
Centrifugation at (1) Dlrect
extraction, (2)
4,100gfor 10 |y fiteation
minutes at 4°C, with bead 1)1,
USA 3) beating, (3) Chemagic RT-gPCR (2) 50,
LaTurner et October Raw Centrifugation at HA filtrge{tion Prime Viral and RT- (3) 50, 5
al. (2021) 2020 (influent) 3,000g for 1 with elution DNA/RNA ddPCR 4)
minute at 4°C, ' 300 Kit H96 N1 and N2 200,
(4) PEG
) precipitation (5)50
Centrifugation at ©) ’
7,140g for 15 Ultrafiltration
minutes at 4°C,
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Study 3 extraction method sampl ; :
sampling and treatment n methods . ion (Fig.
. Kit/protocol and gene e
period sources 2)
targets volum
e (mL)
5
Centrifugation at
4,100g for 10
minutes at 4°C
USA Centrifugation at MagMAX
Layton et June Raw 12 0009 for 1 NR \?iral RT-ddPCR 30— 4
al. (2022) 2020 — (sewage) 00 . N1 and N2 40
minute Pathogen Kit
July 2020
Heat inactivation
60°C for 60
minutes,
USA Centrifugation at
. June 3,000g for 15 AllPr&p :
I(_zloe;za)l 2020 — (inﬁﬁ(\;vnt) minutes, z_and prec'TpEit(Ztion Powegyiral I\FlalT a%ZCNi NR 2.4
Septemb sequential DN2 "N, Yt
er 2021 filtration using
1.5,0.8, and
0.45um sterile
membrane filters
Italy PEG-dextrai
Maida etal. | Septemb Raw NR fWo-phase ' NucliSENS RT-qPCR NR 5
(2022) er 2021 - (sewage) se ’p “on miniMAG NR
July 2021 v
(1) modified
1) i\
. Centrifugation at TRizo
Mailepesso Singapor 4,000g for 30 (1, °EG QlAgen
e Raw T Jrecipitation, protocol, (2) RT-gPCR
v etal. April minutes, (2) > 45 1,3
(2022) pn (sewage) Centrifugation at ( ) . QlAgen NR
2020 20000 1.5 Jltrafiltration QlAamp®
vy Viral RNA
minutes -
- mini Kit
Liechtens
tein Cer.rmu*atun at Monarch total
Markt et al. Sept Raw ks i PEG RT-gPCR
(2022) 2020 - (influent) a :]09.]1:;30 precipitation min:?':leA Kit N1 70 L
March " prep
2021 |
) | MagNa Pure
Argentina ~ . )
Masachessi | May 2020 Re v | ~entrifugation at PEG 96 DNA and RT-gPCR
P 4,750g for 20 Lo Viral NA 500 2
et al. (2022) | - August “nflu nt) ! R precipitation N and E
2021 minutes at 4°C Large _
Volume Kit
Heat inactivation
USA 60°C for 30 TRIzol-
McMahan May 2020 Raw minutes, PEG RT-gPCR
) - g chloroform 225 5
et al. (2021) | — August (sewage) Centrifugation at precipitation rotocol N
2020 6,500g for 10 P
minutes at 6°C
1)
USA Raw . N S QlAgen All
McMinnet | July 2020 | (influent, | T€@tinactivation | Uitrafiltration, Prep RT-qPCR
. 121°C for 60 ) ) 2000 1
al. (2021) - October primary . c . PowerViral N
2020 treated) minutes oncentration Kit
Pipette
Czech
Republic
Mlejnkova April Raw NR Skimmed milk NucliSENS RT-gPCR 500 1
et al. (2020) 2020 - (influent) flocculation miniMAG NR
June
2020
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Location | Wastewat Qua_ntlflca . (.a(.j Type of
. RNA tion initial .
and er type Sample pre- Concentratio . contribut
Study 3 extraction method sampl ; :
sampling and treatment n methods . ion (Fig.
. Kit/protocol and gene e
period sources 2)
targets volum
e (mL)
USA
. RT-gPCR
Mondal et October Raw Direct
al. (2021) 2020 - (influent) NR Capture NR N1, NEZ and 40 1
Jan 2021
Portugal
. April . QlAgen RT-qPCR
Monteiro et Raw Hollow-fiber PEG QlAamp®
2020 - . o L= N, E and 1000 1
al. (2022) (influent) filtration precipitation Fast DNA
Decembe S RdRp
Stool mini Kit
r 2020
USA
May 2020 RNeac¢
Nagarkar et - _Raw NR Ultrafiltration PowerWa.e dd-PCR 225 4
al. (2022) (influent) . N1 and N2
Novembe Ki
r 2020 o
Decantation for 5
minutes,
Iran ( Izaw N Centrifugation at PEG-dext =
. b influen -dextran asu-ure
Nasseri et April 1,500g for 20 ) . RT-PCR
al. (2021) 2020 - tr:t:t?e d minutes at 4°C, ts\zoe{)rzzzﬁ ;?;iRK’\iItA N and 250 2
May 2020 (effluent) pH adjustment to P ORFlab
7-7.5 using HCI
and NaOH
Italy .
Navarro et Decembe Raw Centrifugation at Cent “.al QFZ'EZ[ /glc\)li? RT-qPCR
r 2020 — . 4,500g for 30 2 ; N1,N3and | 100 1
al. (2021) (influent) ! o un. ~iltration Microbe
February minutes at 4°C Micropre S
2021 | prep
Australia
. . QlAgen
. March Centrifug. *ion at
Ni et al. Raw S RNeasy RT-gPCR
- !
(2021) 2020. (influent) 930009 for o Ultrafiltration PowerMicrobi | N1 and N2 50 36
April minutes a. 1°C .
2020 ome Kit
W (1) Centrifugal | MagNA Pure
Canada ultrafiltration, | 96 DNA, Viral
Septemb U 2,3) (2) zirconia- NA Large
Nourbakhsh er 2020 _ Raw C “ntrifugation at | silica beads in Volume Kit RT-gPCR 15— 5
et al. (2022) June (influent) ‘ 4,.10g for 20 a Bead Mill 24 | and QIAgen N1 and N2 30
2021 nuautes at 4°C Homogenizer, RNeasy
| 3) PowerMicrobi
| Centrifugation ome Kit
Qv Filtration using a
Spain (influ. 1t, 20-25pm Adsorption- QlAgen RT-gPCR
Novoa et al. | May 2020 sewar,e) ) R QlAamp®
cellulose filter, precipitation - N1, N2 and 150 5,6
(2022) - May and H adjustment to with AICI3 Viral RNA E
2021 treated p ! 6 mini Kit
(effluent)
QlAgen All
Prep
PowerViral
o USA DNA/RNA
gB(rzlggﬁt June (sel'\;?;/v e) NR Ultrafiltration KIT, Monarch RT'&ZCR 250 5
: 2020 9 RNA
miniprep Kit,
Zymo Quick
RNA-Viral
. . Direct
Parra- Centrifugation at .
Guardado Canada _Raw 5,000 rpm for 5 NR Magnetic RT-gPCR 50 1
et al. (2022) NR (influent) minutes Bead NR
) Extraction
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and er type Sample pre- Concentratio . contribut
Study 3 extraction method sampl ; :
sampling and treatment n methods . ion (Fig.
. Kit/protocol and gene e
period sources 2)
targets volum
e (mL)
1)
Centrifugation at
4,600g for 30 1)
minutes, pH .
. . Adsorption-
Spain adjustment to 6, precipitation
Peinado et | February Raw _f(z) . with AIOH3, NZY VI”‘"‘.' RT-gPCR | 100 -
al. (2022) 2021 =1 igflyenty | Centrifugationat | Topest | RNATSolation |1 angng | 200 L
June 8,000g for 30 AT Kit
2021 minutes at 4°C, pI’ECIE):I;)atIOH,
3) L
Centrifugation at Ultrafiltration
4,600g for 30
minutes -
(1) PEG-
Q) Dextran two-
Centrifugation at phase
4,500g for 30 separation, DMAC:n
Italy minutes, (2) (2) PEG QlAamp® 1)
A March Centrifugation at precipitatior MinElute RT-PCR 250,
ngf%gggg 2019 - (inﬁﬁgnt) 4,500g for 30 chloroforr. Virus Spin N1, N3 and | (2) 80, 2
: Decembe minutes at 4°C, purification. Kit, ORFlab 3)
r 2020 (3) (3) PEG NUcliSENS 250MI
Centrifugation at prec’pitz don EasyMAG
1,200g for 30 PN
minutes at 4°C ~hloroiurm
_|_ pu:fication
/1) Aluminum-
Perez- (1) NR, (2): based RT-qPCR
Centrifug~tion at adsorption- NucleoSpin N1, N2, E,
;at(e;lg;%et NR NR 2,500g for °0 precipitation, | RNA Virus Kit IP2 AND 200 L
: minutes _ 4°C (2) PEG IP4
A precipitation
Greece pH aristr. er (to . Phenol-
October 4 1ing M HCI, Adsorption- chloroform-
Petala et al. Raw . ) elution using RT-PCR
2020 - ) C an.. fugation at - based RNA 200 5
(2022) (influent) electronegativ . N2 and E
January 1,000y for 30 e membranes extraction
2021 | Minutes protocol
| (1) Bag-
| mediated
Filtration N
Rav. System
oo of af USA | nnoont (BMFS), (2) ?LAge”® RT-gPCR | 'O
2oss | 2000. afte NR skimmed milk | JA3PS | Ny N2and | &) 1
sedimentat flocculation, PP N3 ’
July 2020 . mini Kit ?3)
ion) (3) PEG 1000
precipitation,
(4)
Ultrafiltration
October (inl?livgnt QlAgen
Philo et al. 2020 - after NR Skimmed milk QlAamp® RT-gPCR 50 1
(2022) March sedimentat flocculation Viral RNA N1 and N2
2021 ion) mini Kit
Heat activation
i?rfctg 60°C for 90 QlAgen
Pillay et al. Raw minutes, S QlAamp® dd-PCR
influent entrifugation at iral
2021 iugthOObZeCi infl Centrifugati Ultrafiltration viral RNA N2 250 5
2020 3,509g for 10 mini Kit
minutes
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. RNA tion initial .
and er type Sample pre- Concentratio . contribut
Study 3 extraction method sampl ; :
sampling and treatment n methods . ion (Fig.
. Kit/protocol and gene e
period sources 2)
targets volum
e (mL)
@
Flocculation
with AICI3, (2)
PEG
Pino et al. Colombia Raw NR precipitation, EZNA Total T\IT-SZ;:S 200 2
(2021) NR (influent) 3) RNA Kit :
. RdRp
Flocculation
with skimmed
milk, (4)
Ultrafiltration
@ M
Centrifugation at | Ultrafiltration,
India 4,700g for 30 (2) PEG QlAr_.. RT-aPCR
Prakash June Raw minutes, (2) precipitation RNe¢ asy N1 ISIZ and 200 - 1
(2021) 2020 - (sewage) Precentrigufation (3) PEG- Pow~rivi 2l ' E 550
July 2021 at 5,000rpm for dextran two- ome ‘it
30 minutes, (3) phase
NR separation
JlAgen
RNeasy
pH adjustment to Ho;vri:eMrgtrObI
9.6-10 using 5N ’
MagMAX-96
NaOH, -
Centrifugation at IVllraI_ Rle.‘ RT-aPCR
Qiu et al. Canada Raw 4,500g for 10 C ntrifugal solation Kit, -qQPC
. . 4 MagMAX N1, N2, E 100 3
(2022) May 2020 (influent) minutes, Altran..cration )
Viral/Pathoge | and RdRp
Removal of -
n Viral RNA
supernatant and e
) mini Kit, and
pH readjus ment Reliap
to 7 eliaPrep
RNA
miniprep
- System
@
Adsorption-
elution with
Ramos- Saudi electronegativ
Manduiano Arabia Raw NR e QlAamp® RT-PCR 300 — 13
et al (5021) June (sewar™ membranes, RNA mini Kit | N1 and N2 500 ’
: 2020 (2) Silica-
coated
Magnetic
nanopatrticles
Raw
. (influent)
Spain and Aluminum
March . . RT-gPCR
Randazzo treated hydroxide NucleoSpin
2020 - NR . h .| N1, N2 and 200 1
et al. (2020) April (secondary adsorption- RNA virus Kit N3
2520 and precipitation
tertiary
effluents)
Ireland
. . QlAgen RT-gPCR
Reynolds et eSrezpct)e;rgti Raw Cesntzrggga}tcl)(r)ré at Ultracentrifug RNeasy and dd- 200 — 26
al. (2022) (influent) 999 ation PowerMicrobi PCR 225 ’
March minutes ome Kit N1
2021
Wastewater
Italy Large
RT-gPCR
Robotto et July 2020 Raw Volume Total
al (2022) | -March | (influent) NR NR Nuceic Acid | N1-NZ2and | 40 13
2021 Capture Kit
AX9550

61




© 2023. This manuscript version is made available under the CC-BY-NC-ND 4.0 license http://creativecommons.org/licenses/by-nc-nd/4.0/

Analyz
Location | Wastewat Qua_ntlflca . (.a(.j Type of
. RNA tion initial .
and er type Sample pre- Concentratio . contribut
Study 3 extraction method sampl ; :
sampling and treatment n methods . ion (Fig.
. Kit/protocol and gene e
period sources targets volum 2)
e (mL)
2.5M MgClI2 was
USA added at a ratio Adsorption- QlAgen
Rocha etal. | July 2020 Raw of 1:100 to a elution with Powe?ViraI RT-gPCR 40 - 345
(2022) - May (influent) final electronegativ Ki N1 and N2 495 T
. it
2021 concentration of | e membranes
25mM
Spain NucleoSpin
. RNA Virus Kit
Rodriguez July 2020 Raw pH adjustment to AICI3 and QIAgen RT-gPCR
Rasero et — (sewage) 6 using 2N HCI precipitation QlAamp® N, E and 200 5
al. (2022) February - P4
Viral Rl A
2021 T
mini Kit
e e @ [ OSEE ] g
Roka et al. 2020 — Raw Centrifugation at flocculation QlAa, "n® RT-qPCR (1) 50, 14
(2021) October (influent) 4,500qg for 30 @) ' Virar °NA N (2) 50 ’
2020 minutes at 4°C Ultrafiltration | WL
Heat inactivation
Rondeau et USA Raw 60°C for 1h, Centrifugal Guick RNA RT-qPCR 40 3
al. (2021) NR (sewage) filtering using ultrafiltratic. liniprep Kit N1
0.22um filter
(1) Filtration (M
using a 0.45um Ads orp’.on- 1) 1.0
’ Treated cellulose-ester e'ut > rwitn ,
Mexico ) \ } - 5.4,
. (primary, membrane, (2,3) | e ~tronegativ QlAgen
Rosiles- August biofil ial - A ® RT-aPCR (2) 200
Gonzalez et 2020 - iofilter _Sequentlg ; Q' amp! -gPC = 13
al. (2021) Janual and filtration using membranes, Viral RNA N1 and N2 1000 !
: Y | biological | 0.8,0.65,0.45 (2) PEG mini Kit '
2021 i T (3) 0.6-
treatment) and 0.2°um recipitation, 13
cellulose-es ~r (3) Centrifugal ’
memb’ . =s filtration.
(1) TRIzol-
(1) PEG phenol
CerfTiagglioh at recipitation extraction
5,00g fur30 | PreCP ' n
Sapula et Australia Raw “inute ~ at 4°C, A dscgf)tion- l\ll?ul\ffs/?‘ﬂg‘ RT-gPCR 100 13
al. (2021) NR (influent) 2) adding orplio ) N1 and N2 ’
. : elution with Extraction
‘ MQC'2 to a final electronegativ | Kit, RNeasy
| cuncggtr:]al\t/llon of e membranes PowerWater
Kit
] omr e eator |
Saththasiva June Rav minutes PEG Quick RNA RT-gPCR
m et al. 2020 — (influent) Centrifu at’ion recipitation Viral Kits N1, N2 and 200 2.5
(2021) August g precip (Zymo) RdRp
4,500g for 30
2020 ; "
minutes at 4°C
All‘.llslfst QlAgen RT-gPCR
Scott et al. 2030 _ Raw NR PEG QlAamp® and dd- 200 1
(2021) Decembe (sewage) precipitation Viral RNA PCR
r 2020 mini Kit N1 and N2
Chloroform was
added and
. mixed thoroughly
India . . ) QlAgen g
hamact | w200 | gaw | VORI | PECOUN | quamgn | RLIPCR ||
al. (2021) — May (sewage) . . phase Viral RNA
minutes at 4°C, separation S RdRp
2020 . . mini Kit
Centrifugation at
3,000g for 20
minutes at 4°C
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Analyz
Location | Wastewat Qua_ntlflca . (.a(.j Type of
. RNA tion initial .
and er type Sample pre- Concentratio . contribut
Study 3 extraction method sampl ; :
sampling and treatment n methods . ion (Fig.
. Kit/protocol and gene e
period sources 2)
targets volum
e (mL)
Raw 2)
USA (influent) Ultrafiltration,
January and @) 2
Sherchan et 2020 - treated Centrifugation at Adsorption- ZR Viral RNA | RT-gPCR 100 - 1
al. (2020) . 3,000g for 30 orptio Kit N1 and N2 1000
April (secondary minutes, (2) NR elution with
2020 treatment, ' electronegativ
effluent) e membranes
(1) Heat
inactivation 60°C Q?,!Aéa?ne;®
USA for 90 minutes, (1) PEG Viral RMNA
: Centrifugation at A N RT-gPCR
April precipitation, mini Kita 1
Song et al. Raw 4,000g for 30 . p and
2020 - . . S (2) Direct Zymo Quiick- 50 1,2,6
(2021) (influent) minutes, filtration : ddPCR
June using 0.45um extraction RMA N1 and N2
2020 97 method Feca.. Soil
sterile e, ~be
membrane filter, o .
(2) NR _I\ﬂopre 2 Kit
Nepal
Tandukar et July 2020 Raw Electronegati. Q?AAa%en(@ RT-qPCR
- (influent, NR e membrar, ~- - p N1, N2 and 100 1,3
al. (2022) Viral RNA
February sewage) vortex (EMV) S E
mini Kit
2021
Raw
Iran ) Ads orrdoi - QlAgen
Tanhaei et June (influent) £ utic. h QlAamp® RT-gPCR
and NR . . ; N and 200 2
al. (2021) 2020 - ale. fronegativ Viral RNA
treated PR ORFlab
July 2020 + men.branes mini Kit
(effluent)
Japan
A QlAgen
Tanimoto et F;é);tia_ry Raw Clez)ngggg\ﬂ;?rlg t PEG QlAamp® RT-qPCR 40 4
al. (2022) October (influent) NG precipitation Vrlrr]?rlliRKl\iltA N
2021 A
Thailand }
. Cer.mu*auun at Adsorption- QIAgen 3
Thongpradit | January Raw 5, '00g fur 10 elution using QlAamp® RT-gPCR 100 -
et al. 2021 - - - ; : N, S and 2
(2022b) Februar (sewage) ainute atroom | electronegativ Viral RNA ORF1ab 400
2021 y |t ‘mperature e membranes mini Kit
Finland - Chemagic
Tiwarietal. | August Rav | Cé”(;gg“g?;'rozn;t Ultatiltration Viral300 RT-PCR | o L
(2022) 2020 - (inflL 2nt) ' mir?utes DNA/RNA E and N2
May 2021 I Extraction Kit
Promega
USA Centrifugation at Wastewater RT-gPCR
Toledo et Sept Foew 4.600q for 30 PEG Large- and RT- 45 1
al. (2022) 2020 - (influent) ,0000 o precipitation 9 ddPCR
minutes at 4°C Volume TNA
Feb 2021 . N1 and N2
Capture Kit
QlAgen
RNeasy
Powersoil
. (1) NR, (2) Total RNA,
Portugal %H;fjg;tnme}:étlo Sequential QlAgen (1) 10 -
Tomasino May 2020 Raw Héat inact%/atioﬁ centrifugation RNeasy RT-gPCR 80, (2) 3
et al. (2021) - March (influent) 60°C for 90 s followed by | PowerMicrobi | N1 and N2 é5
2021 minutes PEG ome Kit,
precipitation IDEXX
DNA/RNA
Magnetic
Bead Kit
} @ @ QlAgen RT-qPCR
Torii et al. Japan Raw Centrifugation at | Ultracentrifug QlAamp® N1 N2 and | 40-50 2
(2021) NR (influent) 3,500g for 15 ation, (2) Viral RNA ' N3
minutes, (2) Electronegativ | mini Kit and
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Analyz
Location | Wastewat RNA Qua_ntlflca . (.a(.j Type of
. tion initial .
stud and_ er type Sample pre- Concentratio extraction method sambl <_:ontr|t_)ut
y p
sampling and treatment n methods . ion (Fig.
. Kit/protocol and gene e
period sources targets volum 2)
e (mL)
filtration using a e membrane acid
through 0.45um vortex, (3) guanidium
cellulose-ester PEG thiocyanate-
membrane, (3) precipitation phenol-
Centrifugation at chloroform
3,500g for 5 extraction
minutes using TRIzol
protocol
(1.2)
Centrifugation at
3,500g for 5
minutes, (3)
Centrifugation at
o0yt sn
Torii et al. July 2020 Raw (4) filtration ' PEG CiACMpw RT-qPCR a1 12
(2022) - October (influent) . precipitation ‘iral kK NA N1 and N2 ’
2020 using a 0.2um .. Kit
hydrophilic
polytetrafluoroet
hylene
membrane
(Millipore), (5)
NR f 7
France . . RT-gPCR
Trottier et May 2020 Treated Cjnéggugfaotlrogoat " entrhugal NucleoSpin N1, N2 50 3
al. (2020) - July (effluent) mi’nuteg at 4°C fn.ation RNA Virus Kit AND
2020 il RLP27
Heat inactivation
. 60°C fc- 60 TRIzol-
8812"5 etal. NR NR min_utes, :ilt‘r;f‘on precl?pEit(;tion chloroform RT_&?CR 40 3
using a ©.2%un, protocol
filer
Spain Cgr\]:oolqir}bat QlAgen
Vallejo et March Raw | 5 S fivation | Ulwafitration | QABMP® | RT-GPCR | o 45
al. (2022) 2020 — (influent) 'siI;g u 22um Viral RNA N ’
May 2020 ’ mini Kit
|  m.mbranes
| (1) PEG
| 1) precipitation, High Pure
Argentina Centrifugation at 2 Viral Nucleic RT-aPCR @
Wehrendt April '] 12,0009 for 1h at | Centrifugation | Acid Kit, Viral N?’:md 200 134
et al. (2021) 2021 - ' 4°C, (2) pH with Nucleic ORF1 @) 4’0 =
May 2021 adjustment to 6- | polyaluminum | Extraction Kit
7 chloride I
(PAC)
Raw
(influent
Germany | after sand | Centrifugation at . . RT-gPCR
\é\t/ZTtngzll April trap) and 4,700g for 30 UItra{;«ie;:rlfug RNNUESiCr)l?spII?it N, E and 45 2
’ 2020 treated minutes RdRp
(activated
sludge)
Whitney et USA Raw 43"";'”{"( RT-GPCR o
al. (2021) NR (influent) NR NR and 45-Milk- N1 4 L
of-Silica
Heat inactivation
USA 60°C for 90 TRIzol-
Wu et al. January Raw minutes, filtration PEG chloroform RT-gPCR 40 45
(2022) 2020 — (influent) using a 0.2um precipitation tocol N1 and N2 ’
Ma 2020 sterile protoco
membrane filter
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Analyz
Location | Wastewat RNA Qu?ir:)trgflca in(iat(ijal Type of
and er type Sample pre- Concentratio . contribut
Study 3 extraction method sampl ; :
sampling and treatment n methods . ion (Fig.
. Kit/protocol and gene e
period sources targets volum 2)
e (mL)
Heat inactivation
_ NLIJaSr?h 60°C for 1 hour, _
Xiao et al. 2020 — Raw filtration Centrifugal NR RT-gPCR 15 5
(2022) June (influent) using a 0.2um ultrafiltration N1 and N2
2020 vacuum-driven
filter
Hong Heat inactivation
Kong Raw 60°C for 30 TRIzol Plus
Xu et al. June (influent minutes, Ultrafiltration RNA RT-gPCR 50 — 1
(2021) 2020 — and Centrifugation at Purification N 90
Septemb sewage) 4,750g for 30 Kit
er 2020 minutes
Raw
(|n2t;§nt) (1) Cheesecloth (1) QL. aen
treated e_md‘ low-protein (1) _ <N sy _
vanac et al (primary binding 0.45 and UItraflI_tratlon, Pc verM :robi RT-gPCR
(2022) ’ sludge 0.2uym 47-mm (2) Skimmed ome :ut, (2) N1 and N2 120 1,4,5
secon de{ry Supor-ZOQ miIk_ ‘./Iagl\/_IAX
effluent membrane disc flocculation Microbiome
f ' filters, (2) NR Kit
inal
effluent)
Shaken and
mixed for 2
Israel minutes .
Yaniv et al Novembe Raw manually and lef* . NucleoSpin RT-gPCR 2000 —
(2021) ' r 2020 - (influent) standing 15 Jitrawutration RNA N1, N2, N3 5000 15
March ; Extraction Kit and N4
2021 minutes to large
partic'e
settlemer.’
A:j;rli? Adsorption- QlAgen
Zhang et al. 2020 — Raw NR elution with RNeasy RT-gPCR 100 2
(2022) Septemb (influent) electronegativ | PowerWater N and E
e membrane Kit
er 2020 ) N
Sel‘pl)tse%b QlAgen
Zhaoetal. | >CHETY Raw ‘ NR PEG QlAamp® | RT-ddPCR | o A
(2022) August (influent) precipitation Viral RNA N1 and N2
2021 | mini Kit
)
Ultracentrifug
ation, (2) PEG
precipitation,
(3) AICI3
flocculation,
(4) MgCI2
flocculation, QlAgen
Hong (5) QlAamp®
Kong Raw Heat inactivation Ultracentrifug Viral RNA
Zheng etal. | Septemb (influent 60°C for 30 ation 10kDa, mini Kit and RT-gPCR 30 - 1
(2022) er 2020 — and minutes (6) TRIzol Plus N1 1000
Novembe sewage) Ultracentrifug RNA
r 2020 ation 30kDa, Purification
(7) Membrane Kit
adsorption
with AICI3, (8)
Adsorption-
elution using
electronegativ
e
membranes,
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Analyz
Location | Wastewat Qua_ntlflca . (.a(.j Type of
and er type Sample pre- Concentratio RNA tion initial contribut
Study 3 yb plep extraction method sampl ; :
sampling and treatment n methods Kit/protocol and gene e ion (Fig.
period sources targets volum 2)
e (mL)
9
Combination
of
centrifugation
and
ultracentrifuga
tion, (10)
AICI3
precipitation,
(11)
Membrane
adsorption
(last 3
methods for
1000) o~
Japan NlAg n
Zhu et al. /;\(L]Jggs_t Raw NR Ultracentrifug Qs cunp® RT-gPCR 40 45
(2022) Februar (influent) ation *iral RNA N1 !
y rnini Kit
2021
Note: NR stands for Not Reported.
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Table 3. Summary of variables involved in SARS-CoV-2 WBE modeling and respective

modeling techniques.

Lowest Lowest
Location and and Statistical Type of
Study and highest highest Estimated | correl. and Modeling contribution
sampling conc. conc. lag period coeff. technique/algorithm** (Fig. 2)
period (solid (liquid value* '
phase) phase)
Regression models
applied to predicting the
number of active cases:
Linear (LR), Polynomial
Austria (PL), K-Nearest
Aberi et al (Data Ngighbor (KNN),
(2021) ’ collected NR NR 2 -7 days NR Multilayer Perceptron 5
from ("' P), Support Vector
databases) ‘ Regression (SVR),
(.eneralized Additive
| wiodels (GAM), Decision
Tree (DT), and Random
Forest (RF)
Canada Prars n's
écoozszt? etal. June 2020 - NR NR 4 weeks sorTe tion NR 4
May 2021 - =r.70)
Australia
1.35E2 -
Ahmed et al. February NR 1 2E4 NR NR NR 2
(2021c) 2020 - May gc/100mL
2020
Pearson
o
Aietal July 2020 - NR 182 - 185 " days Spearman's Polynomial models 4,5,6
(2021) January gc
2021 rank
correlation (r
@a =0.88)
Monte Carlo simulation
to estimate disease
Iran prevalence, Linear
Amereh et al. September ~z1- regression between
(2022) 2020 - April NR | *5E4 gc/L NR NR estimated infected 4
2021 population and confirmed
cases (R2=0.80,p <
0.001)
, Linear regression (R2 =
A USA Spearman’s | 4 g0y ‘GAM (R2 = 0.86),
nneser et March 2020 NR NR NR rank Poisson (R2 = 0.84), and 4,5
al. (2022) - March correlation negative binémiél ’
2021 (r=NR) models (R2 = 0.15)
Switzerland 1E2 - Spearman's
Bagutti et al. July 2021 - rank
(2022) December NR 4'103/55 14 days correlation NR 4
2021 9 (r = 0.9395)
. Argentina Spearman
Barrios et al. June 2020 - NR 1E-1-1E3 NR rank. NR 4
(2021) April 2021 gc/L correlation
(r=0.812)
Cao and AprhjioAZO - VAR (Vector
I(:zrg;\%s February NR NR NR NR Autoregression) model 5
2021
Cl | Brazil 27-77 o ocimate gg\g:giigs
aro et al. 7-7. to estimate -
(2021) anfilzz%zzol' NR logso g/l 2 weeks NR prevalence for each 4
P sampling site
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Lowest Lowest
Location and and Statistical Tvpe of
and highest highest Estimated | correl. and Modeling ype of
Study . . . . contribution
sampling conc. conc. lag period coeff. technique/algorithm** (Fig. 2)
period (solid (liquid value* g-
phase) phase)
Brazil Spearman’s Monte Carlo statistical
de Freitas January P rank model to introduce
Bueno et al. 2021 - NR NR NR : P : 4,5
correlation uncertainty in the virus
(2022) January _ heddi
2022 (r=0.67) shedding
. Prediction model for
Brazil 5%3%07310 infected individuals
de Sousa et January NR .c/L' ,32, NR NR published by Ahmed et 5
al. (2022) 2021 - 9oL Ne: al. (2020a) with Monte
2.69 - 547 . .
August 2021 Carlo simulations to
log10 gc/L . o
introduce uncertainties
Incidence estimation by
Switzerland ‘he SEIR model with
Fernandez- Februa Sai..ma distribution to
Cassi et al. v NR NR 5.5 days NR rej resent virus shedding 5
2020 - April )
(2021) 2020 and time between
infection and symptom
[ onset
Scotland Spea. man’s
Fitzgerald et April 20202 - NR NR NR o N Basic linear mixed model 1,2
al. (2021) January orrel tion
2021 (1 v.91)
Distributed/fixed lag
modeling, linear
regression, and artificial
Greece Pearson's neural networks were
Galani et al. August 2020 NR NR 5- 9 days correlation u_tlllzeq to build 45
(2022) - March | (r=0.047) relationships between
2021 - SARS-CoV-2 RNA load
in wastewater and
pandemic health
P indicators
USA
Gonzalez et March 2020 1Ty
al. (2020) - August NR gc/ic"mL NR NR NR 2
2020 |
Prediction model for
India | infected individuals
Hemalatha et published by Ahmed et
al. (2021) July 2020 - NI NR NR NR al. (2020a) and another 23
August 2020
one by Hellmer et al.
W (2014)
USA Spearman’s ) .
Hoar et al. August 2020 NR NR NR rank_ Linear regression (R2 = 45
(2022) - Aoril 2021 correlation 0.65)
P (r=0.81)
USA
Jiang et al. May 2020 - Artificial Neural Network
(2022) December NR NR NR NR (Best fit with R’ = 0.89) 5
2021
USA .
. Pearson's ARIMA (Linear
Karthikeyan July 2020 - NR NR 3 weeks correlation Regression model with 3,4
et al. (2021) October -08 . del
2020 (r=0.84) Autoregressive model)
Greece Linear Regression (R =
Koureas et October 0.9511) and Random
al. (2021) 2020 - April NR NR NR NR Forest (RF) (R? = 5
2021 0.9956)
. Regression models to
Slovakia .
; calculate viral
Krivonakova September NR NR 2 weeks NR concentration: Simple 2,4
etal. (2021) 2020 - Li Double S
March 2021 inear, Double Square
Root, and Square Root-Y
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Lowest Lowest
Location and and Statistical T £
and highest highest Estimated | correl. and Modeling ype ol
Study . . . . contribution
sampling conc. conc. lag period coeff. technique/algorithm** (Fig. 2)
period (solid (liquid value* '
phase) phase)
foer?erIS:tﬂ)?] ngeral Multivariate
USA and Linear Regression,
Kuhn et al. November NR 1.6E1 - 4-10 Spearman multivariate Poisson 5
(2022) 2020 - 7.3E6 gc/L days prank (best accuracy obtained)
March 2021 . and Negative Binomial
correlation dels
(r = NR) mo
Monte Carlo simulation
USA Pearson’s to account for the
I(_za(y)/;(;r; etal. June 2020 - NR Iozgio gc]/.L NR correlation uncertainty in the point 4
July 2020 (r=0.96) estimates for each
sampling event
Three types of data-
dr, 'en models were
‘ applied to a multi-
. “.ational WBE dataset:
Lietal L’f‘slf(}rgg?a l multiple linear regression
| NR NR NR MR (MLR), artificial neural 5
(2021b) from seven
papers netwprk (ANN, and
adaptive neuro-fuzzy
inference system
(ANFIS) to predict
upcoming new cases
USA Spearman’s
. 2.76E3 -
Lietal. June 2020 - rank
(2022) September NR 3'8(:6/56 % correlation NR 24
2021 9 N (r=0.790)
(. A logistic regression
model was calculated to
Italy evaluate the association
Maida et al. September between the active
(2022) 2021 - July NR PR NR NR SARS-CoV-2 incidence 5
2021 rates and the probability
of positive PCR results of
wastewater samples
Susceptible-Exposed-
Infectious-Recovered
MeMalh USA p7Es (iEIR) mbodelftq ?redigt
cMahan et . - the number of infecte
al. (2021) AMay 2020 - hR 3.3E6 gc/L NR NR individuals based on the 5
ugust 2020
mass rate (gc/day) of
SARS-CoV-2 RNA in
WwW
USA
1E3 - 1E4 Pearson's
al\lllag(aslélgr) et mi%ggi%r_ NR gc/L for N1 NR correlation NR 4
' 2020 and N2 (r=0.70)
Viral transmission is
simulated via a standard
epidemiological SEIR-
Canada like model (“Susceptible -
Nourbakhsh September NR NR 3-20 NR Exposed - Infectious - 5
et al. (2022) 2020 - June days Recovered”) and the fate
2021 of SARS-CoV-2 in
wastewater using an
advection-dispersion-
decay model
Omori et al. A %JZS('JAZO NR ~10 - 8.4-11.6 NR Data fitting using 5
(2021) JFl)JrrI1e 2020_ ~4E2 gc/ days Poisson distribution
. USA Linear regressions were
(PZ%CZC(')? etal. March 2020 NR 4162239; , | 6-8days NR used to estimate the 45
- June 2020 ' relationship between
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Lowest Lowest
Location and and Statistical T £
s and highest highest Estimated | correl. and Modeling ype ol
tudy . . . . contribution
sampling conc. conc. lag period coeff. technique/algorithm** (Fig. 2)
period (solid (liquid value* '
phase) phase)
SARS-CoV-2 RNA
copies per ml results for
replicated RNA
extractions of each daily
sample. Estimation of
primary sludge as a
potential leading
indicator was performed
using a distributed lag
measurement error time
series model
Greece Developed a set of
Petala et al October | “rametric equations to
' 2020 - NR NR NR NR “stin. ate the evolution of 5
(2022) : ; -
January ¢ ‘'obal virus shedding
2021 = rate in wastewater
South Africa Prediction model for
Pillay et al. July 2020 - NR 0-7.12E5 NR \R infected individuals 5
(2021) October gc/100 published by Ahmed et
2020 - al. (2020a)
Luxembourg Use of Susceptible-
NR Exposed-Infectious-
Proverbio et (Data Recovered (SEIR)
al. (2022) collected NR NR NR NR epidemiological model to 5
from the extended Kalman
databases) N filter — EKF
Spearman’s
Reynolds et | 4 Lrelgggo NR NR Jd rank NR 26
al. (2022) AE ﬁst 202'1 ays correlation ’
9 (r = 0.500)
. Spain
Eggggougfal. July 2020 — NR "R 6 days NR Data f_lttlng using quasi- 5
February Poisson modeling
(2022) 2021
Data fitting using Linear
Hungary Regres_sion (Bgst fit
Rokaetal. | June 2020 - NR | TOE3- NR NR overage of sial oad. 14
(2021) October ~1E6 gc/L yerage ’
2020 agalgst daily new cases,
R“=0.720 and p <
H G 0.0001)
Conservation principles
Saththasivam Qatar 7.889E3 - to gstimate the number
etal. (2021) June 2020 - NR 5.42E5 NR NR of infected populations 2,5
’ August 2020 gc/L based on measuring
RNA concentration
N1: 22.5 - . .
USA 5.27E3 Spearman’s Re’;'fe'ts'gi'gn"'gﬁ;le
Scott et al. August 2020 NR gc/100; NR rank Logistic Re réssion and 15
(2021) - December N2: 81.6 - correlation gMuIti IegLo istic ’
2020 3.91E4 (r = 0.50) Rep ressi% >
gc/100 9
USA
(32%”291)“ al. April 2020 — NR ;SE%C‘/ NR NR NR 1,2,6
June 2020
Japan SolidN;;\ase'
Tanimoto et February L.5E7 - 3.1E7 - r=0.8482, . .
2021 - 2.0E8 NR o Linear Regression 4
al. (2022) o 5.5E8 gc/L Liquid
ctober gc/L L
2021 phase: (r =
0.7803)
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Lowest Lowest
Location and and Statistical T £
s and highest highest Estimated | correl. and Modeling ype ol
tudy . . . . contribution
sampling conc. conc. lag period coeff. technique/algorithm** (Fig. 2)
period (solid (liquid value* '
phase) phase)
Linear regression (R” =
0.8515), GAM -
Vallejo et al Spain 10E3 i 2 Culic Regres
allejo et al. - with a Cubic Regression
(2022) 'f",ar;h 2020 NR 15E4 g/ NR NR Spline (R? = 0.8767), 45
Y LOESS Linear (R* =
0.8685), LOESS
Quadratic (R? = 0.8833)
N1:
3.85E5 -
Wang et al. USA 2.55E6 Pearson's Monte‘ Carlo simulations
(2021) NR NR gc/L, N2: NR correlation 12 estimate t_he_n_umber 4
3.79ES5 - (r=0.94) f infected individuals
2.15E6
gc/L
| «wastewater data was
modeled as a
USA Pe~son . convolution of new
Wu et al. January NR NR 4-10 cagr) qo;] clinical cases and used 45
(2022) 2020 - May days (r= \LIR) Markov Chain Monte '
2020 Carlo (MCMC) simulation
to quantify uncertainty in
the shedding model
France Spearman’s
\(glojg)e retal. MJarch 2020 NR 0 g_c}l_e 6 3cays cor:zlr;ktion Linear regression 4
- June 2021 _
N (r=NR)
(. Approximate Bayesian
computation for
estimating delay
_ USA distrib_ution, convolution
Xiao et al. March 2020 NR "R 6.4 days NR to estlr_nate the transfer 5
(2022) J function model, and
- June 2020 ;
Markov chain Monte
Carlo (MCMC) simulation
to quantify uncertainty in
transfer functions
N1 | Linear regression,
71472 — Pearson's ARIMA, SARIMA
Zhao et al USA 7By correlation (Regression Model with
(2022) ) Sept 2020 - gc/L NR 5 weeks (N1:r=0.62 Autoregressive Model 4
August 202" N2 and N2: r = with Seasonal Pattern),
> 02E2- 0.64) and (4) VAR (Vector
6." E3gc/L Autoregressive model)
Generalized linear
Japan model, Artificial neural
Zhu et al. August 2020 ~10-~70 network and random
(2022) - February NR gc/ NR NR forest to predict the 45
2021 cumulative number of
cases

Notes: NR stands for Not Reported;

* The indicated value corresponds to the best fit obtained in the respective study.

** The designated models aim to associate viral concentration signals from wastewater to clinical testing data.
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Figure 1. Publication selection process: PRISMA-based flowchart for evidence-
based research. 1.5 column image

Group 1: Wastewater analysis methods Group 2: Quantitative epidemiological modeling
(Methods of Pre-treatment, Concentration, RNA Extraction, Detection & Quantication) (Correlations between wastewater viral load and clinical data, WBE mathematical modeling)
Records identified from: Records identified from:
 Web of Science (n = 307) : B «Web of Science (n = 239) i _
« Scopus (n = 449) —’{ Duplicate records removed (n = 654) « Scopus (n = 571) Duplicate records removed (n = 641)
= Engineering Village (n = 194) « Engineering Village (n = 161)

o PubMed (n = 200) » PubMed (n = 280)

I
* Records excluded: Records excluded:
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Figure 2. Types of contributions of the selected studies to SARS-CoV-2 WBE:
findings from the analysis of the selected pool of publications. 1 column image

(3) Development, modifications and/or optimization of analysis
protocols: detailed descriptions of analytical procedures for
concentrating, isolating, detecting, and quantifying SARS-CoV-2 RNA
in wastewater samples.

(4) Building statistical correlations between viral concentration
signals and clinical testing data: development and application of
correlations to assess how strongly temporal series of wastewater viral
concentrations and disease prevalence are associated.
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Figure 3. SARS-CoV-2 WBE: Overall framework for sample analysis and
epidemiological modeling. 1.5 column image
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Research highlights:

o COVID-19 community cases can be predicted by wastewater-based epidemiology
(WBE);

e  WBE correlates SARS-CoV-2 levels in wastewater with COVID-19 clinical cases;

e  Six major contribution areas to the development of WBE for COVID-19 were
identified;

o Standardization of analytic procedures for SARS-CoV-2 detection is urgently
needed,

e  Opportunities to improve accuracy in WBE for COVID- 19 ¢ re emphasized.
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