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• Higher volumes of influent wastewater
filtered displayed uniform viral gene
quantification, especially when low in-
cidence values were reported.

• Electronegative membranes were opti-
mal and cheap for the concentration of
SARS-CoV-2 from pre-settled influent
wastewater.

• Employing a two-step RT-qPCR method
enhances the resolution for low viral
loads samples.

• Column-based RNA purification without
multiple purification steps outperformed
magnetic beads throughout the sampling
campaign.

• Wastewater-based epidemiology can be
a useful tool to anticipate viral outbreaks.
⁎ Corresponding author.
E-mail address: d.g.weissbrodt@tudelft.nl (D.G. Weissb

1 Shared senior authorship.

https://doi.org/10.1016/j.scitotenv.2021.150244
0048-9697/© 2021 The Authors. Published by Elsevier B.V
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 10 July 2021
Received in revised form 21 August 2021
Accepted 5 September 2021
Available online 10 September 2021

Editor: Warish Ahmed
The severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) pandemia has been one of the most difficult
challenges humankind has recently faced. Wastewater-based epidemiology has emerged as a tool for surveil-
lance and mitigation of potential viral outbreaks, circumventing biases introduced by clinical patient testing.
Due to the situation urgency, protocols followed for isolating viral RNA from sewage were not adapted for
such sample matrices. In parallel to their implementation for fast collection of data to sustain surveillance and
mitigation decisions, molecular protocols need to be harmonized to deliver accurate, reproducible, and compara-
ble analytical outputs. Herewe studied analytical variabilities linked to viral RNA isolationmethods from sewage.
Three different influent wastewater volumes were used to assess the effects of filtered volumes (50, 100 or
500mL) for capturing viral particles. Three different concentration strategies were tested: electronegative mem-
branes, polyethersulfonemembranes, and anion-exchange diethylaminoethyl cellulose columns. To compare the
number of viral particles, different RNA isolation methods (column-based vs. magnetic beads) were compared.
The effect of extra RNA purification steps and different RT-qPCR strategies (one step vs. two-step)were also eval-
uated. Results showed that the combination of 500mLfiltration volume through electronegativemembranes and
withoutmultiple RNApurification steps (using column-basedRNApurification) using two-stepRT-qPCR avoided
false negatives when basal viral load in sewage are present and yielded more consistent results during the sur-
veillance done during the second-wave in Delft (The Hague area, The Netherlands). By paving the way for
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standardization of methods for the sampling, concentration andmolecular detection of SARS-CoV-2 viruses from
sewage, these findings can help water and health surveillance authorities to use and trust results coming from
wastewater based epidemiology studies in order to anticipate SARS-CoV-2 outbreaks.
© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

In December 2019, China reported the outbreak of a novel coronavi-
rus named SARS-CoV-2 (genus Betacoronavirus, family Coronaviridae),
which has spread around the world fast and lethally. The progression
of this SARS-CoV-2pandemic has beenmonitored primarily by clinically
testing symptomatic individuals for presence of viral RNA. However, as
asymptomatic persons seem to account for 40–45% of the infections
(Ooi and Low, 2020), registering solely symptomatic cases does not
allow for prediction of the real cumulative incidence of the viral out-
break. In addition, the number of detected cases highly depends on ac-
cess to diagnostics as well as the threat of isolation and quarantine
dissuading people from getting tested. As SARS-CoV-2 RNA can be
found in patients’ stool, samples of rectal swabs, urine and other bodily
fluids, detection of the virus via analysing wastewater has gained inter-
est (Agrawal et al., 2021; Foladori et al., 2020; Kitajima et al., 2020;
Medema et al., 2020b; Randazzo et al., 2020a; Wu et al., 2020).

Wastewater-based epidemiology can serve as a tool to trace the cir-
culation of a virus variant within a community or municipality. It does
not only protect the anonymity of community-members, but it is also
unbiased and focused on real-time information, becoming an early-
warning system for viral surveillance (Ahmed et al., 2020a; Larsen and
Wigginton, 2020). It can help make better-informed decisions in public
health policies. The urgency of the pandemics pressed the need for a
rapid deployment of available analytical methods to track the fate of
the virus and its variants. This resulted in a large palette of different pro-
tocols for every step. For instance, sampling volumes used vary from a
minimum of 2 mL (Rimoldi et al., 2020), to 45–60 mL (Hokajärvi et al.,
2021; Westhaus et al., 2021), to 100-200 mL (Medema et al., 2020b;
Tanhaei et al., 2021), up to 1 L (Agrawal et al., 2021); concentration
methods vary from precipitation (Barril et al., 2021; Pérez-Cataluña
et al., 2021; Sapula et al., 2021), to centrifugation (D’Aoust et al., 2021;
Kitamura et al., 2021), ultracentrifugation (Prado et al., 2020; Wurtzer
et al., 2020), ultrafiltration (Westhaus et al., 2021), direct extraction
(Whitney et al., 2021), conventional filtration, filtration by negatively
charged membranes, and a combination of these approaches (Kitajima
et al., 2020). There is a significant lack of quality controls, variable test-
ing, and methodology improvement that would be necessary to confi-
dently provide analytical accuracy (Ahmed et al., 2020a). The global
need for comparing virus levels across different communities under-
lines the need for a standardized workflow (Kitajima et al., 2020). For-
tunately, different groups across the world are addressing this issue in
order to overcome previous limitations. Protocol improvements have
so far been focused in testing different RNA extraction methods
(Ambrosi et al., 2021; Pérez-Cataluña et al., 2021) and on improving
the viral concentration steps (Parra Guardado et al., 2020). It has been
previously mentioned that one of the variables that should be checked
is the filtered volume: low sample volume in combination with low re-
covery yields could lead to false negative or lowermeasured SARS-CoV-
2 concentration (Alygizakis et al., 2021).

Here, we aimed to establish a method to quantify SARS-CoV-2 from
influent wastewater. The effects of filtration volumes of influent
wastewater (50, 100 and 500 mL), different concentration methods
(polyethersulfone membranes, electronegative membranes and anion-
exchange chromatography), different RNA isolation methods (column
based vs. magnetic beads), and different RT-qPCR strategies (one-step
vs. two-step)were assessed. Amethodology designed from the selected
best parameter testing outputs was used to survey viral gene copies
across the second wave of the pandemic in the Delfland water
2

catchment area (The Hague, The Netherlands) and compare it to pub-
licly available clinical data. We deliver an assessment of method vari-
ability and biases introduced when basal viral loads are present and
establish a methodology implementable in wastewater-based epidemi-
ology. This will support health andwater authorities to anticipate, mon-
itor, and control future outbreaks.

2. Material and methods

A summary of the methodology can be found in Fig. 1. In brief, mu-
nicipalwastewaterwas collected to test the effect of 3filtration volumes
(50, 100, 500mL) and 3 virus concentrationmethods (polyethersulfone
membrane, electronegative membrane, anion exchange column) on
molecular analyses of 3 genes (spike S, nucleocapsid N, ORF1ab) of
SARS-CoV-2 by one-step and two-step reverse transcription (RT) and
quantitative PCR (qPCR) after isolation of viral RNA using single (mag-
netic beads, columns) and multiple purification methods. The optimal
method parameters were then applied to monitor a time series over
the second wave of the epidemics.

2.1. Sampling of influent water from WWTP

Influent wastewater was collected before primary treatment from
WWTP Harnaschpolder (Delft, The Netherlands). Volumes of 5 L from
24-h flow-proportional composite samples were collected per time
point. From each time point, three biological replicates were used for
RNA extraction per tested condition. Samples were obtained every
3 weeks over 6 months from July 7 to December 1, 2020 covering the
end of the first wave and the whole second wave of COVID-19 in The
Netherlands (Fig. 2). The 24-composite sample from July 7, 2020 was
used for method development. All samples were processed in a
timeframe of less than 1 day after collection.

2.2. Deactivation of SARS-CoV-2

Influent wastewater samples were heated at 65 °C for 30 min to de-
activate and handle the sewage sample under biosecure conditions
(Batéjat et al., 2021; Rabenau et al., 2005).

2.3. Concentration of SARS-CoV-2 from wastewater

The effect of used influent wastewater volume and the concentra-
tionmethodwas assessed for viral genes quantification. A 24-h compos-
ite sample (July 7, 2020) was used, representing the beginning of the
second wave (Fig. 2). The goal was to identify the best concentration
method when basal viral levels were present in influent wastewater. A
volume of 200 μL (50 ng μL-1) of an F-specific RNAMS2 phage (Thermo
Fisher Scientific, Germany) was spiked as internal standard in the influ-
ent wastewater solution before the concentration methods. The group
of F specific RNA phages (f2 and MS2 are the best known members of
this group) are considered the most attractive subgroup of phages to
serve as indicator organisms because their physical structure closely re-
sembles that of enteroviruses in wastewater (Havelaar et al., 1985).

2.3.1. Effect of the volume of influent wastewater used
Volumes of 50, 100 and 500 mL of influent wastewater were tested.

All the analyses were performed in three biological replicates.

http://creativecommons.org/licenses/by-nc-nd/4.0/


Fig. 1. Schematic representation of the experimental design followed in this study. Viral genes (S, N andORF1ab)were quantified by RT-qPCR (one-step vs two-step RT-qPCR) after testing
the effect of the filtration volume and different concentration methods. Created with BioRender.
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2.3.2. Effect of methods used to concentrate virus particles
These influent wastewater volumes were filtered (membranes) or

loaded (chromatographic column) in three technical replicates with
three different methodologies: (i) filtration on polyethersulfone (PES)
membrane of 0.22 μm pore size (Pall Corporation, USA); (ii) retention
on a 1-mL diethylaminoethyl cellulose (DEAE) anion-exchange chro-
matography (BIA separations, Slovenia) which is used for phages sepa-
rations (Kattur Venkatachalamet al., 2014; Kramberger et al., 2010) and
for isolations of free-floating extracellular DNA from water matrices
(Calderón-Franco et al., 2021); and (iii) attraction on electronegative
membranes of 0.45 μm pore size (Merck Millipore, The Netherlands).
Prior to loading on the DEAE chromatography column, the influent
wastewater was filtered through the 0.22 μm PES to remove biosolids
Fig. 2. Graphical representation of the number of positive cases of COVID-19 cases in The Hag
Coronadashboard-RIVM https://coronadashboard.rijksoverheid.nl). (For interpretation of the
article.)

3

and particles, which is necessary to protect the DEAE column. Loading
and elution in chromatography is more time consuming than direct fil-
tration. However, chromatography is more selective and leads to higher
grades of purity of concentrated analytes. Thus, we also considered the
DEAEmethod as a way to identify the recovery of viral RNA when com-
pared to the filtration methods.

2.4. Effect of isolations and purifications of the RNA of SARS-CoV-2

Extractions of raw viral RNA from membrane filters and DEAE col-
umn eluents were performed by using two different commercial kits
for RNA extraction. First, we used the MagMax CORE Nucleic Acid
Purification kit (ThermoFisher Scientific, TheNetherlands), that employ
ue area (black line) and the dates where samples were taken (blue dots) (Data source =
references to colour in this figure legend, the reader is referred to the web version of this

https://coronadashboard.rijksoverheid.nl
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magnetic beads for nucleic acid purification, together with theMagMax
CORE Mechanical Lysis Module (Thermo Fisher Scientific, The
Netherlands) by following manufacturer's recommendations. Second,
we used the Fast RNA Blue kit (MP Biomedicals), which is based on
column-based purification (solid phase extraction), according to the
manufacturer's protocol. In addition, the effect ofmultiple RNA purifica-
tion steps before quantification of genes by RT-qPCRwas assessed by in-
volving the GeneJET NGS Cleanup Kit (Thermo Scientific, USA)
according to manufacturer's instructions obtaining the purified RNA
sample.

The quality and quantity of raw and purified RNA extracts were
measured with a NanoDrop Spectrophotometer (ND-1000, USA).

2.5. Effect of one-step vs. two-step RT-qPCR on detection of basal RNA
concentrations

On the lowest basal viral load day from our sampling campaign (7th
July 2020), we compared one-step and two-step RT-qPCRs in order to
assess the effect of quantification of viral RNA geneswhen the incidence
of cases is low. Thiswas assessed to avoid potential false negatives. One-
step RT-qPCRwas performed using the isolated RNA as a template (raw
RNA), which included specific primers for the target genes. Two-step
RT-qPCR was performed by synthesizing complementary DNA (cDNA)
from the pool of raw RNA isolated per sample using the SuperScript
VILO cDNA synthesis kit (ThermoFisher Scientific, TheNetherlands) fol-
lowing manufacturer's recommendations, included random primers,
prior to using the cDNA as a template for qPCR. The concentration of
the synthesized cDNA was measured with Qubit® dsDNA assays
(Thermo Fisher Scientific, USA).

2.6. Detection and quantification of SARS-CoV-2 RNA by RT-qPCR

We quantified the concentration of SARS-CoV-2 RNA in wastewater
samples by measuring marker genes using the TaqPath COVID-19 RT-
PCR Kit (Thermo Fisher Scientific, Germany)with a QuantStudio 3 Ther-
mal Cycler, according to a previous study (Agrawal et al., 2021). The
TaqPath COVID-19 RT-PCR Kit includes primer pairs targeting genes
that code for the structural transmembrane spike (S) glycoprotein and
nucleocapsid (N) protein, and for the non-structural open reading
frame of the replicase complex (ORF1ab) and that were used in a mul-
tiplex assay (Table S1).

The kit includes: (1) TaqPath COVID-19 AssayMultiplex, which con-
tains three primer/probe sets specific to different SARS-CoV-2 genomic
regions (i.e. N gene, S gene and Orf1ab gene) and primers/probes for
bacteriophageMS2. (2)MS2 Phage Control – RNA control, having a con-
centration of 10^6 copies per μl, to verify the efficacy of the RNA extrac-
tion and the absence of inhibitors in the PCR reaction. (3) TaqPath
COVID-19 Control – Positive SARS-CoV-2 RNA control that contains tar-
gets specific to the SARS-CoV-2 genomic regions targeted by the assays.
The manufacturer (Thermo Fisher Scientific) has not publicly released
the primers/probe sets sequences, therefore, we do not have access to
the information related to the primers/probe sets sequences and the
length of the PCR products.

In case of the positive control, we included triplicates of the four dif-
ferent concentration (i.e. 1 × 10^1, 2 × 10^1, 2 × 10^2, 2 × 10^3 copies
per reaction) of the TaqPath COVID-19 positive control for each qPCR
run. ForMS2 phage internal control triplicates of the three different con-
centrations (i.e. 2 × 10^2, 2 × 10^3, 2 × 10^4 copies per reaction) were
also included in each qPCR run. For the SARS-CoV-2 positive control and
MS2 phage internal control, each reaction contained 12.5 μL TaqPath 1-
Step Multiplex Master Mix (4×), 2.5 μL COVID-19 Real Time PCR Assay
Multiplex, 33 μL nuclease freewater, and 2 μL of positive or internal con-
trol. Triplicates of negative controls were also included in each run, each
reaction contained 12.5 μL TaqPath 1-Step Multiplex Master Mix (4×),
2.5 μL COVID-19 Real Time PCR Assay Multiplex, and 35 μL nuclease
free water. Ct values of positive control dilutions were plotted against
4

known concentrations of the SARS-CoV-2 positive control and MS2
phage internal control, to generate standard curves. The start baseline
value was set at 5 and threshold cycle (Ct) values were determined
manuallywhile adjusting the threshold to be above anybackground sig-
nal andwithin the exponential phase of the fluorescence curves. For the
extracted viral RNA from the wastewater samples, each PCR reaction
contained 12.5 μL TaqPath 1-Step Multiplex Master Mix (4×), 2.5 μL
COVID-19 Real Time PCR Assay Multiplex Diagnostic Solution, 10 μL of
purified viral RNA, and 25 μL nuclease free water. Thermal profiles are
provided in Supplementary Information (Table S2). Primer efficiencies
were 100.17 ± 5.98% for N, 103.71 ± 11.12% for S, 103.08 ± 5.42% for
Orf1ab, and 86.42 ± 6.46% for MS2 phage (n = 3 runs, mean ± SD).
The slopes of the standard curves for the quantification were− 3.33 ±
0.14 for N,−3.22 ± 0.21 for S,−3.27 ± 0.14 for Orf1ab, and − 3.67 ±
0.19 for MS2 phage. The SARS-CoV-2 concentrations detected in the
samples are presented without correcting for recovery efficiencies. Re-
actions were considered positive if the cycle threshold (CT) was below
40 cycles, otherwise negative (i.e., no detection of the SARS-CoV-2
RNA in the sample). The lower limit of detection was 10 gene copies
per RT-qPCR reaction from the positive control.

2.7. Statistics

Statistical analyses were performed on all molecular datasets with R
3.5.1 (R Foundation for Statistical Computing., 2018) and RStudio
(https://www.rstudio.com/). The RT-qPCR abundance data were ana-
lyzed in R using ggplot2 (v0.9.3.1).

3. Results and discussion

The effect of different initial influent wastewater volumes (50, 100
and 500mL), different viral concentrationmethods, different RNA puri-
fication methods, and different one-step/two-step RT-qPCR methods
were assessed on a basal viral level timepoint (July 7 2020), correspond-
ing to the beginning of the secondwave (Fig. 2) and to the lowest day in
terms of cumulative incidence of COVID-19 cases. This timepoint served
as reference for method standardization as basal viral load levels from
influent wastewater samples. The selected methodology was further
used for surveilling SARS-CoV-2 gene copies over the second wave
(July to December 2020).

3.1. Electronegative membranes and larger volumes were optimal to
quantify SARS-CoV-2 from sewage samples

Among the three different methods tested to concentrate virus
particles (electronegative membranes, PES membranes, DEAE col-
umn), concentration by electronegative membranes of 0.44 μm
pore size was the only one displaying positive results in terms
of detection of S, N, ORF1ab genes and MS2 phage control
(Fig. 3).

When PES membranes were used, SARS-CoV-2 was not detected
from the cake, suggesting that there was no retention to themembrane.
However, internal control MS2 phage, which was added prior to filtra-
tion, was detected in PES membrane. This difference may result from
structural viral conformations such as particle sizes of 100 nm (SARS-
CoV-2) vs. 20 nm (MS2) or if virus is enveloped (SARS-CoV-2) vs.
non-enveloped (MS2), resulting in different bindings to the membrane
materials (Rockey et al., 2020).

The permeate of PES membranes was subsequently loaded on a
DEAE chromatographic column to verify if the SARS-CoV-2 virus parti-
cles could be adsorbed and isolated similar to phages (Kattur
Venkatachalam et al., 2014; Kramberger et al., 2010) and free-floating
exDNA (Calderón-Franco et al., 2021). However, the DEAE method did
not result in concentrating SARS-CoV-2, suggesting that neither the
PES membrane, nor the DEAE column is suitable for SARS-CoV-2 con-
centration from wastewater.

https://www.rstudio.com/


Fig. 3. Concentration of SARS-CoV-2 RNA in influent wastewater as determined by the N, ORF1ab,S andMS2 control gene assays in gene copies per liter, using different isolationmethods
(electronegative membranes filtration, polyethersulfone membrane (PES) filtration and diethylaminoethyl cellulose (DEAE) column) and different initial volumes (50, 100 and 500 mL).
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SARS-CoV-2, among other viruses, has an isoelectric point (pI = ½
(pKa1 + pKa2) below 7. The pH of the influent wastewater pH ranged
between 6.3 and 6.8. At pH values below the isoelectric point, the
charge of SARS-CoV-2 andMS2 phage could be positive, thus explaining
why they did not bind to theDEAE (positive net charge) columnand did
bind to the electronegative membranes (Joonaki et al., 2020).

When expressing the RT-qPCR results in concentrations of viral gene
copies detected per L, filtering 500 mL influent water through electro-
negative membranes gave, in average, higher values of gene copies
per L (7.2·104 ± 1.7·104 viral gene copies L-1) when compared to
gene copies obtained from 50 mL (7.4·103 ± 4.1·103 viral gene copies
L-1) or 100 mL (3.0·104 ± 1.9·104 viral gene copies L-1). In Fig. 3, indi-
vidual gene results were also more consistent when 500 mL were fil-
tered (S gene: 5.6·104 ± 2.8·104 viral gene copies L-1; N gene:
6.0·104 ± 2.6·103 viral gene copies L-1; ORF1ab gene: 7.5·104 ±
2.4·104 viral gene copies L-1) when compared to filtered 50 mL (S
gene: 1.3·104 ± 1.0·104 viral gene copies L-1; N gene: 4.2·103 ±
2.3·103 viral gene copies L-1; ORF1ab gene: 6.9·103 ± 2.9·103 viral
gene copies L-1) and 100 mL (S gene: 5.2·104 ± 1.6·104 viral gene cop-
ies L-1; N gene: 9.7·103 ± 6.7·103 viral gene copies L-1; ORF1ab gene:
2.9·104 ± 4.7·103 viral gene copies L-1).

Here we demonstrated that filtration of larger volumes (i.e., 500 mL)
in combination of electronegative membranes allowed, in the lowest
day of COVID-19 incidence of the secondwave, to adsorb and concentrate
enough SARS-CoV-2 for highest and most consistent (uniform results
among gene tested) detection and quantification by two-step RT-qPCR.

3.2. Avoiding multiple RNA purification steps and performing two-step
RT-qPCR resulted in higher viral quantification

One of the major analytical concerns related to the wastewater-
based epidemiology of SARS-CoV-2 is the quality and purity of the iso-
lated RNA, especially when low viral loads are present. This can poten-
tially compromise the accuracy of the results obtained through false
negatives. The effect of multiple RNA purification steps and one-step/
two-step RT-qPCR strategies were assessed. The best concentration
method obtained during the first phase of this study (i.e., 500 mL influ-
ent wastewater filtered on electronegative membranes) was utilized.

In Fig. 4, it can be observed that for the three genes tested (N, ORF1ab
and S), the two-step RT-qPCR performed from raw and purified RNA
5

displayed, on average, higher values (1.6·105 ± 1.0·104 viral gene cop-
ies 500 mL-1) than one-step RT-qPCR (no positive results from tested
genes). No detection was obtained from one-step RT-qPCR both from
raw RNA and purified RNA with the exception of the control MS2 sam-
ple, whereas one-step RT-qPCR frompurified RNA resulted in the detec-
tion of 2.9·107± 4.2·106MS2 gene copies 500mL-1. Raw RNA obtained
withmagnetic beads contained high concentration of environmental in-
hibitors that made the binding between RNA and beads difficult during
the processing of large volumes of influent wastewater, hampering the
qPCR analysis (Graham et al., 2021; Kitajima et al., 2020; Schrader et al.,
2012). This can affect the sensitivity of the assay and result in false-
negative results (Ahmed et al., 2020b).

The three genes were consistently detected by two-step RT-
qPCRfrom both raw RNA and purified RNA. However, RNA purification
induced higher variability on the average of all the tested genes
(1.7·105 ± 1.1·105 gene copies in 500mL, 65% relative standard devia-
tion (RSD)) when compared to the lower standard deviation obtained
with two-step RT-qPCR (1.5·105 ± 3.7·104 gene copies in 500 mL,
25% RSD). When individual genes were tested, the N gene exhibited
the highest variability (2-fold) between raw (1.2·105 ± 8.0·104 gene
copies in 500 mL) and purified (7.3·104 ± 6.0·104 gene copies in
500 mL) RNA. Thus, multiple RNA purification stages before RT-qPCR
are not recommended: RNA fromviral particleswere lost during the pu-
rification process even if detected with two-step RT-qPCR. The same
trend was observed during the time course of the 6-months sampling
campaign, where two-step RT-qPCR measurements displayed higher
and more consistent results (i.e., uniform values between the three
tested genes) (Fig. S1).

Our observation about how relevant it is to consider one-step vs.
two-step RT-qPCR when viral load in wastewater samples is very low
is in consensus with a previous study (Chik et al., 2021). This was of
high importance as it was the day, from the sampling campaign, with
the lowest viral load. Chik et al. (2021) also emphasize that, when the
viral load is highly concentrated, the effect of one-step vs. two-step
RT-qPCR is less relevant. However, assessing ways of quantifying RNA
while avoiding false negatives are needed to get accurate values to sus-
tain decisions to mitigate outbreaks. Chik et al. (2021) have performed
collaborative inter-laboratory experiments where they spiked low and
high levels of surrogate SARS-CoV-2 virus. They have observed less
variation between laboratories when high-spike conditions were



Fig. 5. Concentration of SARS-CoV-2 RNA in influent wastewater as determined by the
average of N, ORF1ab and S gene assays in gene copies per L using two RNA extraction
methods: FastRNA and MagMax (Magnetic beads) over the whole sampling campaign
(July 2020 until December 2020) covering the second wave in The Netherlands.

Fig. 4. Concentration of SARS-CoV-2 RNA in influentwastewater as determined by the N, ORF1ab, S andMS2 control gene assays in gene copies per 500mL, using one-step (raw RNA and
purified RNA) and two-step (cDNA-raw RNA and cDNA-purified RNA) RT-qPCR.
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compared to the low-spike conditions. The Ct value Chik et al. (2021)
obtained from analysis of the surrogates in the low-spike samples was
not in the linear range of PCR amplification and approached the sensi-
tivity limit. Therefore, it is recommended to: (1) avoidmultiple RNA pu-
rification steps for reducing loss of the RNA; (2) and run a two-step RT-
qPCR analysis, which allow enhancing the resolution. This is because
cDNA is firstly synthesized from total viral RNA using random primers
followed by specific primers for qPCR analysis, being able to detect
low-levels of SARS-CoV-2 RNA copies in sewage.

3.3. Wastewater-based epidemiology as a tool to anticipate viral outbreaks

The range of commercial options to isolate RNA and quantify SARS-
CoV-2 viral particles is diverse and complex. Twodifferent RNA isolation
methods were chosen to survey the number of viral particles over the
sampling campaign (Fig. 5): one column-based microbial RNA extrac-
tion kit (Fast RNA) and one magnetic beads-based kit (MagMax Core
kit).

Comparative analysis between RNA extraction methods are
displayed in Fig. 5. Both methods showed similar results in terms of
gene copies per liter (no significant difference; p > 0.05) during the
whole sampling campaign with the exception of October 20, 2020
(p < 0.05), which happened to be the peak of the second wave. The
column-based method resulted in less variation between replicates
when compared to themagnetic beadsmethod. Our results can be com-
pared with the results from a previous measuring campaign performed
in The Hague (Medema et al., 2020a), where results were reported as
concentrations of N gene copies per mL on the first wave of the pan-
demics from February 2020 until August 2020. The results of July and
August were in the range of 104-105 viral N gene copies L-1. The concen-
trations obtained with our optimized methodology are 10-fold higher
(105-106 gene copies L-1) taking into account the average of these
three genes (N, S and ORF1ab) than those obtained by Medema et al.
(2020a). It allowed a more sensitive quantification of viral gene copies
at the beginning of the pandemic second-wave.

Early detection of SARS-CoV-2 and other future possible viral
agents from wastewater requires accurate and adapted-to-matrix
6

methodologies. Thus, being able to quantify low viral levels with non-
clinical samples is an important factor to consider in wastewater-
based epidemiology, as early communication to the competent author-
ities is necessary to have enough reaction time to prevent viral out-
breaks in urban settlements.

The second peak started to increase in the beginning of September
2020 (relative increase of 76.8% when compared the numbers from
July to September 2020) while significant viral copies could already be
quantified by August 18, 2020 (1.73·106 viral gene copies L-1). This is
in accordance with Larsen and Wigginton (2020), who have claimed
that wastewater-based epidemiology remediates clinical biases that re-
sult from low access to isolation diagnostics and quarantine threat dis-
suading citizens from getting tested. Randazzo et al. (2020b) have
highlighted the importance of wastewater-based epidemiology as an
early indicator, revealing that members of the community were
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shedding SARS-CoV-2 RNA particles in their stool even before the first
cases had been reported by the authorities in Murcia (Spain).

Overall, a global effort is necessary to generate, harmonize, and use
standardized analytical protocols for an accurate, reproducible, and
comparable detection and quantification of SARS-CoV-2 (Bivins et al.,
2020). On a wastewater-based epidemiology basis, crucial consider-
ations are needed from sampling to preparation and measurements in
order to define (i) the sampling points, (ii) the sample size and fre-
quency, (iii) the method to efficiently concentrate viral particles, (iv)
the quantificationmethods used, (v) the primer set(s), (vi) the controls,
and (vii) the normalization methods. Some initiatives on protocol stan-
dardization have been taken such as the NORMAN-SCORE joint initia-
tive to facilitate data comparison between “SARS-CoV-2 in sewages”
studies (Lundy et al., 2021). Knowing the inherent biases associated
with qPCR analysis of wastewater samples due to the variability in the
matrix of the samples (Agrawal et al., 2021; Chik et al., 2021) and the ur-
gency of time, we believe that it is currently important to focus on the
robustness and reproducibility of the qPCRmethod used in each respec-
tive lab, especially during low incidence values. Analytical robustness
should help translate risk in the form of viral concentrations per volume
filtered to react fast enough to minimize undesirable infective and
spreading consequences.

4. Conclusions

Molecular sentinels require analytical accuracy for inter-comparison
and information delivery. From this work, we conclude that:

1. The higher the influent wastewater sample volume was (500 mL in-
stead of 100 or 50 mL), the more uniform the concentrations of the
three viral genes (N, S, ORF1ab)were, especially when low incidence
were reported

2. Employing a two-step RT-qPCR method would help to enhance the
resolution for samples with low viral loads.

3. Electronegative membranes were optimal and cheap for the concen-
tration of SARS-CoV-2 from pre-settled influent wastewater.

4. Multiple RNA purification steps are not recommended, due to plausi-
ble loss of SARS-CoV-2 RNA and thereby, affecting qPCR analysis out-
comes. While comparing the column-based vs. magnetic beads
method for the RNA purification, we found that the column-based
purification method displayed less variability among the biological
triplicates throughout the sampling campaign than magnetic beads.
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