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• Validating a protocol of SARS-CoV-2 de-
tection in wastewater for surveillance

• Wastewater stored at 4 °C enhanced
SARS-CoV-2 detection compared to
−20 °C storage.

• Adjusting pH of wastewater increased
yields of hCoV-229E using ultrafiltration.

• One-step RT-qPCR improved sensitivity
for SARS-CoV-2 compared to two-step
RT-qPCR.

• Five commercial RNA isolation kits
showed comparable recovery for hCoV-
229E.
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Wastewater surveillance of SARS-CoV-2 has become a promising tool to estimate population-level changes
in community infections and the prevalence of COVID-19 disease. Although many studies have reported the
detection and quantification of SARS-CoV-2 in wastewater, remarkable variation remains in the methodol-
ogy. In this study, we validated a molecular testing method by concentrating viruses fromwastewater using
ultrafiltration and detecting SARS-CoV-2 using one-step RT-qPCR assay. The following parameters were op-
timized including sample storage condition, wastewater pH, RNA extraction and RT-qPCR assay by quanti-
fication of SARS-CoV-2 or spiked human coronavirus strain 229E (hCoV-229E). Wastewater samples stored
at 4 °C after collection showed significantly enhanced detection of SARS-CoV-2 with approximately 2–3
PCR-cycle threshold (Ct) values less when compared to samples stored at −20 °C. Pre-adjustment of the
wastewater pH to 9.6 to aid virus desorption followed by pH readjustment to neutral after solid removal sig-
nificantly increased the recovery of spiked hCoV-229E. Of the five commercially available RNA isolation kits
evaluated, the MagMAX-96 viral RNA isolation kit showed the best recovery of hCoV-229E (50.1 ± 20.1%).
Compared with two-step RT-qPCR, one-step RT-qPCR improved sensitivity for SARS-CoV-2 detection.
Salmon DNA was included for monitoring PCR inhibition and pepper mild mottle virus (PMMoV), a fecal
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indicator indigenous to wastewater, was used to normalize SARS-CoV-2 levels in wastewater. Our method
for molecular detection of SARS-CoV-2 in wastewater provides a useful tool for public health surveillance of
COVID-19.
© 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

The finding of fecal shedding of SARS-CoV-2 by infected individuals
(Chen et al., 2020; Tang et al., 2020; Wang et al., 2020; Wolfel et al.,
2020; Wu et al., 2020b; Xiao et al., 2020) and the worldwide detection
of SARS-CoV-2 RNA in wastewater (Ahmed et al., 2020a; Kumar et al.,
2020;Medemaet al., 2020;Wu et al., 2020a) havemade thewastewater
surveillance (WWS) of SARS-CoV-2 a promising approach to monitor
the dynamics of COVID-19 prevalence in the community. Unlike clinical
diagnostic tests, which aremainly performed on individuals with symp-
toms, wastewater monitoring of SARS-CoV-2 assesses the burden of all
COVID-19 cases, including asymptomatic, pre/post-symptomatic and
symptomatic individuals, who have and have not been tested in the
targeted population (Daughton, 2020). Some evidences also showed
that WWS provided an early indication of appearance or increased
COVID-19 infection in a community (Ahmed et al., 2020a; Gonzalez
et al., 2020; Weidhaas et al., 2021). Therefore, WWS has the potential
to become a complementary approach to clinical testing by providing
evidence-based support for public health policy and actions for infec-
tion prevention and control.

Since the first report of detecting SARS-CoV-2 in wastewater in the
Netherlands (Medema et al., 2020), the international water community
has made great efforts towards developing and standardizing methods
for measuring SARS-CoV-2 in wastewater. Although numerous studies
have reported the detection and quantification of SARS-CoV-2 RNA in
wastewater in different countries, there are still some variations in spe-
cific methodologies used (Cervantes-Aviles et al., 2021; Jafferali et al.,
2021; Kantor et al., 2021). Challenges, such as the virus concentration
and recovery, assay sensitivity and PCR inhibition need to be resolved
(Kitajima et al., 2020; Michael-Kordatou et al., 2020). This prompted
us to perform this study in order to develop a reliable, specific and sen-
sitive method for detection of SARS-CoV-2 in wastewater. Different in-
terpretations of results derived from various methods have introduced
uncertainties in how to use the data, which hinders the application of
WWS as a reliable laboratory measuring and predicting tool for SARS-
CoV-2 (McClary-Gutierrez et al., 2021). In the present study, the param-
eters that potentially affect the results of RT-qPCR-based detection of
SARS-CoV-2 signal in wastewater were assessed and optimized, includ-
ing sample storage conditions, pH of wastewater matrix during virus
concentration, various RNA extraction kits and different gene targets
for RT-qPCR assays. The aim of this study is to optimize and standardize
the procedures for molecular detection of SARS-CoV-2 in wastewater
through validating these parameters. The human coronavirus strain
229E (hCoV-229E) was spiked into the wastewater sample as a surro-
gate to monitor virus recovery. A set of criteria for interpretation of re-
sults was also defined regarding the PCR inhibition, recovery efficiency
and normalization to fecal load in wastewater.

2. Materials and methods

2.1. Wastewater sample collection

Five hundred millilitres of post-grit raw influent wastewater sam-
ples were subsampled from the daily 24-hour composite samples
from two wastewater treatment plants (WWTPs) located in Edmonton
and Calgary, Canada for a period of two weeks in May 2020 on a daily
base. Samples were frozen at −20 °C upon collection and shipped to
the lab on a weekly base. Once received by the laboratory, samples
2

were stored at−20 °C if not processed within 72 h. Otherwise, samples
were stored at 4 °C until processing. All the wastewater samples were
processed directly without heat inactivation. The processing of waste-
water samples was conducted in the biosafety cabinet to reduce aerosol
production.

2.2. Various parameters for robust SARS-CoV-2 detection in wastewater

2.2.1. Virus concentration by adjusting pH of wastewater matrix
It has been suggested that high pH (9.6–10) may aid the desorption

of virus from sludge/solid in wastewater samples (Grohmann et al.,
1993; Hurst et al., 1991). To determine the effect of pH adjustment on
virus recovery from wastewater, 200 μl cultured hCoV-229E
(5.7E + 06 copies/ml, ATCC® VR-740™) virus was spiked into eight
200 ml wastewater samples, each of which was aliquoted into two
100 ml spiked samples for parallel assessment of pH adjustment. The
pH of one aliquot was adjusted to 9.6–10 using 5 N NaOH and the sam-
ple was centrifuged at 4500 ×g for 10min to remove the solids. Consid-
ering that high pH may cause the degradation of viral RNA, the
supernatant pH was further adjusted back to neutral (7–7.5) using
1.2 N HCl. Another aliquot of the wastewater was processed without
pH adjustment in parallel. The supernatant was added into Centricon
Plus-70 centrifugal ultrafilter cup (30-kDa MWCO, Millipore) and cen-
trifuged at 3000 ×g for 10 min using a refrigerated centrifuge (Allegra
X-15R, Beckman Coulter) as previously described (Qiu et al., 2016).
The filtrate was discarded, and the same procedure was repeated until
all of the 100 ml supernatant was filtered. Filtrate collection cup was
then removed and the concentration cup was placed on top of the sam-
ple filter cup. The whole device was inverted carefully and centrifuged
at 800 ×g for 2 min. The concentrated sample was collected from the
concentration cup and made up to a final volume of 1 ml with PBS.
The concentrates of the sample were stored at−70 °C until later use.

2.2.2. Different commercial kits for viral RNA extraction
Ten wastewater samples (100 ml/each) were spiked with the same

amount of hCoV-229E and concentrated followed by RNA extraction
using five different commercial nucleic acid isolation kits, including kit
A: RNeasy PowerMicrobiome kit (Qiagen, ON, CA); kit B: MagMAX-96
viral RNA isolation kit (ThermoFisher, ON, CA); kit C: MagMAX Viral/
Pathogen nucleic acid isolation kit (ThermoFisher, ON, CA); kit D:
QIAamp viral RNA mini kit (Qiagen, ON, CA) and kit E: ReliaPrep™
RNAMiniprep System (Promega,WI, USA). For each extractionmethod,
RNAwas isolated from 200 μl of wastewater concentrate and eluted at a
final volume of 50 μl according to the manufacturers' instructions.
MagMAX-96 viral RNA isolation and MagMAX Viral/Pathogen nucleic
acid isolation were processed using the automated KingFisher™ Flex
and KingFisher™ mL Purification System (Thermofisher, ON, CA),
respectively. The other three RNA isolations were performed manually.

2.2.3. One-step versus two-step RT-qPCR assays for detecting SARS-CoV-2
RNA

To assess whether the separated step of reverse transcription (RT)
could improve the sensitivity of qPCR assay, one-step RT-qPCR assay
was compared with two-step RT-qPCR assay using the RNA isolated
from a clinical respiratory specimen tested positive for SARS-CoV-2.
The clinical RNA sample was tested with both RT-qPCR assays in a 10-
fold serial dilution from neat to 10−4 in duplicate. Both qPCR assays
were carried out using the ABI 7500Fast PCR instrument.

http://creativecommons.org/licenses/by-nc-nd/4.0/
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The one-step RT-qPCR reaction contains 5 μl of RNA template, 2.5 μl
of 4× Taqman Fast Virus One-Step RT-PCR Master Mix (Thermofisher,
ON, CA), 800 nM each of forward and reverse primer along with
200 nMprobe in a total volume of 10 μl. The one-step RT-qPCR program
includes RT reaction at 50 °C for 5 min, enzyme activation at 95 °C for
20 s and 45 cycles of PCR amplification of 95 °C for 3 s and 60 °C for
30 s. A threshold of 0.05 was set for data analysis. For each one-step
RT-qPCR reaction, an equivalent of 2ml of the original wastewater sam-
ple was assayed based on the calculation as below:

Volume of wastewater sample tested in each one−step RT−qPCR reaction

¼VRNA in each PCR reaction

Vextracted RNA
� Vwastewater concentrate for RNA extraction

Vwastewater concentrate
� Vsample

where VRNA in each PCR reaction is the volume of RNA assayed in a PCR reac-
tion, Vextracted RNA is the total volume of extracted RNA, Vwastewater

concentrate for RNA extraction is the volume of wastewater concentrate used
for RNA extraction, V wastewater concentrate is the sample volume after
concentration, Vsample is the volume of original wastewater sample
processed.

The two-step RT-qPCR assay includes a separate RT reaction as pre-
viously described (Pang et al., 2012). Briefly, 5 μl of RNA was preheated
at 95 °C for 5 min and quickly chilled on ice, followed by adding 15 μl of
the mixture containing 5 μl of transcript buffer, 5 mM DTT, 20 units of
RNaseOut™ recombinant ribonuclease inhibitor, 100 units of
SuperScript™ II reverse transcriptase, 2.5 mM each of dATP, dCTP,
dGTP, and dTTP, 300 ng random primer. The RT reactionwas performed
at 42 °C for 1 h and 72 °C for 15 min. The qPCR reaction was performed
in a total volume of 10 μl containing 2 × TaqMan Fast Universal
MasterMix (Thermofisher, ON, CA), 900 nM of each primer, 250 nM of
specific probe, and 2.5 μl cDNA. Amplification consists of initial incuba-
tion at 95 °C for 20 s followed by 45 cycles of 3 s at 95 °C, 30 s at 60 °C.
Sequences of primers and probes for RNA-dependent RNA polymerase
Table 1
Primer and probe sequences of target genes for SARS-CoV-2, hCoV-229E and PMMoV.

Target Sequence (5′–3′)

RdRp gene (Pabbaraju et al.,
2021)

Forward
primer

TTTTAACATTTGTCAAGCTGTCACG

Reverse
primer

GTTGTAAATTGCGGACATACTTATCG

Probe VIC-CACTTTTATCTACTGATGGTA
AC-MGB

E gene (Pabbaraju et al.,
2021)

Forward
primer

GAGACAGGTACGTTAATAGTTAATAG
CG

Reverse
primer

CAATATTGCAGCAGTACGCACAC

Probe NED-CTAGCCATCCTTACTGCG-MGB
N1 gene (2019-nCoV CDC) Forward

primer
GACCCCAAAATCAGCGAAAT

Reverse
primer

TCTGGTTACTGCCAGTTGAATCTG

Probe FAM-ACCCCGCATTACGTTTGGTGG
ACC-BHQ1

N2 gene (2019-nCoV CDC) Forward
primer

TTACAAACATTGGCCGCAAA

Reverse
primer

GCGCGACATTCCGAAGAA

Probe FAM-ACAATTTGCCCCCAGCGCTTC
AG-BHQ1

hCoV-229E (Vijgen et al.,
2005)

Forward
primer

TTCCGACGTGCTCGAACTTT

Reverse
primer

CCAACACGGTTGTGACAGTGA

Probe FAM-TCCTGAGGTCAATGCA-MGB
PMMoV (Lee et al., 2018) Forward

primer
GAGTGGTTTGACCTTAACGTTGA

Reverse
primer

TTGTCGGTTGCAATGCAAGT

Probe FAM-CCTACCGAAGCAAATG-MGB

3

(RdRp) gene, E gene, N1 and N2 gene are summarized in Table 1
(Corman et al., 2020; Pabbaraju et al., 2020; Vogels et al., 2020).

2.2.4. Storage temperature for wastewater samples
To evaluate the effect of sample storage temperature on detection of

SARS-CoV-2, duplicatewastewater sampleswere collected from the Ed-
monton WWTP on 7 different dates between December 20, 2020 and
January 31, 2021, with one bottle stored at 4 °C and one frozen at
−20 °C upon collection. The samples were shipped to the lab in cooler
with ice pack. Both non-frozen and frozen samples were observed in
their original conditions when received in the laboratory and processed
in parallel upon arrival. Another five paired frozen and non-frozen
wastewater samples collected between Oct 15 and Oct 18, 2021 from
five different WWTPs across Alberta were also tested. Samples were
concentrated after pH adjustment using Centricon Plus-70 centrifugal
ultrafilter. RNA was extracted using MagMAX-96 viral RNA isolation
kit along with automated KingFisher™ Flex Purification System. One-
step RT-qPCR targeting N1, N2 and E gene of SARS-Cov-2 were per-
formed.

2.3. One-step RT-qPCR for hCoV-229E and PMMoV

Primers and probes targeting to PMMoV and themembrane protein
gene of hCoV-229E were described previously (Table 1) (Lee et al.,
2018; Vijgen et al., 2005). RT-qPCR reactions for hCoV-229E and
PMMoV are the same as one-step RT-qPCR for SARS-CoV-2, except
using 400 nM and 500 nM of the primers for hCoV-229E and PMMoV,
respectively. The program of one-step RT-qPCR for SARS-Cov-2 was
also used for hCoV-229E and PMMoV as described above.

2.4. Standard curve for quantification of SARS-CoV-2, hCoV-229E and
PMMoV

Long oligonucleotide sequences (gblocks) including the regions
flanking T7 and SP6 RNA polymerase promoter binding sites were de-
signed for the E-gene target of SARS-CoV-2 (IDT, Iowa, USA). RNA tran-
scription was performed using the RiboMAX™ SP6 RNA Production
System (Promega, WI, USA). The transcribed RNA was spectrophoto-
metrically quantified using NanoDrop™ for the calculation of copy
numbers (Pabbaraju et al., 2021). A series of 10-fold dilutions (1.66 to
1.66E + 06 copies) were analyzed by qPCR to identify the dynamic
ranges and establish the standard curve for quantification of the E
gene of SARS-CoV-2 (Supplementary Fig. S1). As the efficiency of RT-
qPCR for SARS-CoV-2 E, N1, N2, hCoV-229E and PMMoV were similar,
this standard curve for E gene has been used for quantification of all
five targets. The virus concentration was expressed as genome equiva-
lent (GE) copies/100 ml of wastewater and calculated as below:

Virus concentration GE copies=100 ml of wastewaterð Þ
¼ GE copies per PCR
Vwastewater analyzed in a PCR reaction

� Vsample

where Vwastewater analyzed in a PCR reaction is the volume of wastewater
sample tested in each one-step RT-qPCR reaction (2 ml in this study),
Vsample is the volume of original wastewater sample processed
(100 ml in this study).

2.5. Salmon DNA as an internal control for monitoring PCR inhibition

To assess the presence of PCR inhibition in the wastewater concen-
trated samples, qPCR assay for salmon DNA was performed as previ-
ously described (Qiu et al., 2013). An appropriate amount of salmon
DNA identified at Ct = 30 using qPCR was used for monitoring inhibi-
tion of RT-qPCR. Briefly, 5 μl salmon DNA (Ct = 30) was added into
200 μl concentrated sample followed by RNA extraction and qPCR was
performed for detection of salmon DNA. Inhibition was defined as a



Table 3
Comparison of hCoV-229E recovery inwastewater sampleswith orwithout pH readjusted
to neutral. Wastewater sample pHwas adjusted to 9.6 followed by solid removal and the
supernatant pH was readjusted to neutral or remain 9.6.

Sample no hCoV-229E recovery (%)

pH = 9.6–10 pH readjusted to 7.0

No dilution 1:10 dilution No dilution 1:10 dilution

1 4.1 8.2 14.9 60.8
2 6.0 2.7 22.7 100
3 4.9 6.1 13.9 59.2
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delay of Ct by 3 cycles as compared to a distilled water control spiked
with the same amount of salmon DNA followed by RNA extraction.

2.6. Evaluation of pre-analytic sensitivity, specificity, and precision of one-
step RT-qPCR for SARS-CoV-2

The specificity of one-step RT-qPCR for SARS-CoV-2 was evaluated
by clinical samples confirmedwith common coronavirus strains, includ-
ing 229E, OC43, NL63 and HKU1. The sensitivity of our assay was
assessed by 10-fold serial dilutions (1.66 to 1.66 × 106 copies) of the
RNA fragment that was used as standard. The precision of RT-qPCR
was analyzed using Ct values generated from replicates of standard
curve performed on different days.

2.7. Determination of hCoV-229E recovery

HCoV-229E strain purchased from ATCC (VR-740) was propagated
in human fibroblast cell line MRC-5. The concentration of cultured
hCoV-229E virus stock was measured by TCID50 method to determine
the infectious unit (IU) per ml of the stock. Each wastewater sample
(100 ml) was spiked with 100 μl of cultured hCoV-229E
(4.8E + 05 IU/ml) and concentrated as described above to monitor
the virus recovery. The same aliquot of the virus was added to 900 μl
of PBS as baseline control and tested in parallel with the concentrated
spiked water samples using RT-qPCR. The recovery (%) was calculated
as follows:

Recovery %ð Þ ¼ the amount of virus detected in the spiked sample=the amount of virus

detected in the baseline sample� 100:

2.8. Statistical analysis

The recovery of hCoV-229E in experiments was compared using
Wilcoxon signed-rank test for paired samples. The Ct value between
non-frozen and frozen paired samples was also compared using
Wilcoxon signed-rank test. The precision of the RT-qPCRwas expressed
as coefficient of variation (CV) and 95% confidence interval. The p value
less than 0.05 was considered as statistically significant.

3. Results

3.1. Effect of wastewater pH adjustment on viral recovery

Using the original wastewater sample without pH adjustment, the
recovery of hCoV-229E ranged from 0.2 to 2.4% with the median of
0.8%, while the recovery increased to a range between 1.4 and 5.8%
with the median of 2.1% after pH adjustment to 9.6–10 before solid
Table 2
Comparison of hCoV-229E recovery in wastewater samples with or without high pH ad-
justment.

Sample no hCoV-229E recovery (%)

Without pH adjustment High pH adjustment before
solid removal

No dilution 1:10 dilution No dilution 1:10 dilution

1 0.97 ND 1.90 3.06
2 0.90 2.55 1.72 2.50
3 1.68 ND 5.83 7.27
4 2.38 ND 2.21 1.37
5 0.70 ND ND ND
6 0.16 ND ND 2.33
7 0.18 ND 1.42 2.67
8 0.31 ND 5.43 5.29

ND: not detectable.

4

removal (Table 2). Due to unknown inhibitory substances present in
the samples (assessed by inhibition of spiked salmon DNA), 10-fold di-
lution of the RNA extracted fromwastewater samples with andwithout
pH adjustment was used for the RT-qPCR assays. The results showed
that hCoV-229E was not detected in 7 out of the 8 samples. However,
it was detected in 7/8 samples with mean recovery of 3.5 ± 2% after
pH adjustment (Table 2), which was significantly improved compared
to the group without pH adjustment (p < 0.05). Furthermore, three
wastewater samples were tested in parallel with and without pH
readjusted back to 7.0 after solid removal. The mean hCoV-229E recov-
ery increased from 5 ± 0.95% to 17.2 ± 4.8% in the original samples
without dilution and from 5.7 ± 2.8% to 73 ± 23% in 10-fold diluted
samples with pH readjustment to 7.0 (Table 3). These results provide
evidence that pH adjustment of the wastewater samples before and
after solids removal during thewastewater concentration step can facil-
itate the desorption of virus from solids and prevent viral RNA fromdeg-
radation in high pH.

3.2. Nucleic acid isolation kits for RNA extraction

The recoveries of hCoV-229E using five commercial nucleic acid ex-
traction kits are shown in Fig. 2. Overall, themedian recovery of the five
kits ranged from 24.3–47.8%. Kit B provided the highest hCoV-229E re-
covery with a range of 29.4–91.7%, followed by kit E (18.8–73.4%), kit D
(11.6–59.8%) and kit A (9.8–40.9%). Kit C showed the lowest recovery
with a range of 7.5–41.2%. Although there is no significant difference
for the hCoV-229E recovery between kit B and E, kit B (MagMAX-96
viral RNA isolation kit) compatible with Kingfisher Flex automatic puri-
fication systemwas used as the viral RNA extractionmethod in our pro-
tocol considering the time effectiveness.

3.3. Comparison of one-step and two-step RT-qPCR for SARS-CoV-2 detec-
tion

One-step RT-qPCR detected both the RdRp and E gene until sample
dilution up to 10−4, while two-step RT-qPCR assay could only detect
RdRp gene at sample dilution to 10−3 and E gene at sample dilution to
10−2, respectively (Table 4). The Ct value of two-step RT-qPCR assay in-
creased by 2.93 ± 0.26 for RdRp gene and 5.88 ± 0.54 for E gene com-
pared to one-step, indicating that separation of RT reaction from qPCR
Table 4
The mean Ct value of SARS-CoV-2 RdRP and E gene (mean ± standard deviation) using
one-step versus two-step RT-qPCR.

Sample dilutions Ct, RdRP gene Ct, E gene

one-step two-step one-step two-step

10−1 26.22 ± 0.28 29.44 ± 0.11 23.38 ± 0.11 28.88 ± 0.04
10−2 29.88 ± 0.01 32.71 ± 0.17 27.28 ± 0.51 33.54 ± 0.42
10−3 32.88 ± 0.29 35.61 ± 0.16 30.71 ± 0.21 ND
10−4 36.32 ± 0.26 ND 33.35 ± 0.66 ND

ND: not detectable.
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including the preheating did not improve the sensitivity of qPCR assay
for SARS-CoV-2. Thus, one-step RT-qPCR was applied in our standard
method for detection of SARS-CoV-2 in wastewater. In addition, E
gene showed enhanced sensitivity with the Ct value of 2.64 ± 0.35
lower than that of RdRp gene when one-step RT-qPCR assay was per-
formed using the four dilutions of the samples. Therefore, E genewas in-
cluded in our protocol as one of the target genes for SARS-CoV-2
detection in wastewater.

3.4. SARS-CoV-2 detection in non-frozen and frozen wastewater samples

All three target genes of SARS-CoV-2 including N1, N2 and E were
detected in all twelve non-frozen samples, with the mean Ct of 29.7,
30.3 and 32.7, respectively. However, for the frozen samples, N1 and
N2 genes were only detected in ten samples and E gene was detected
in nine samples. The mean Ct of the three target genes for frozen sam-
ples were significantly higher than non-frozen samples (2.4–3.6 cycles)
(p < 0.05), indicating that freeze-thaw cycle may cause degradation of
SARS-CoV-2 virus (Table 5). Therefore, a samples storage temperature
of 4 °C upon collection was selected for our protocol.

3.5. The sensitivity, specificity and precision of one-step RT-qPCR for SARS-
CoV-2 detection in wastewater

Good sensitivity of the one-step RT-qPCR assay for quantitation of
SARS-CoV-2 was revealed in the linear log range from 1.66 to
1.66E + 06 copies/reaction with E gene primer/probes. The limit of de-
tection (LOD) of the one-step RT-qPCR assay for SARS-CoV-2 is 1.6 cop-
ies/PCR,which is equivalent to 80 copies/100ml of water. The efficiency
was observed as 99% from the standard curve. There was no cross-
reaction of SARS-CoV-2 RT-qPCR with other common hCoV strains, in-
cluding 229E, OC43, NL63 and HKU-1. The coefficient of variation for
the Ct generated from 20 replicates of RT-qPCR was determined to be
1.48% for 1.66E + 03 copies/reaction and 1.76% for 1.66E + 05 copies/
reaction, respectively.

Since the N1 and N2 primer/probe sets developed by the United
States Centers for Disease Control and Prevention (CDC) have demon-
strated good sensitivity in previous studies (Vogels et al., 2020), both
targets are included in our protocol for SARS-CoV-2 detection. To max-
imize the detection of SARS-CoV-2 RNA signals in wastewater, each
sample was tested for E, N1 and N2 genes in duplicate. A SARS-CoV-2
positive sample was defined when two or more positive results out of
the six PCR runs for three SARS-CoV-2 genes were observed. Also,
hCoV-229E was integrated as a surrogate for monitoring the process
of sample concentration, RNA extraction and RT-qPCR procedures.
Virus recovery was calculated based on hCoV-229E performance for
quality control and the recovery ranged from 1 to 10% for the majority
of samples tested. Salmon DNA was spiked to the sample concentrates
before RNA extraction tomonitor the extraction process and PCR inhibi-
tion which was observed in approximately 7% of the wastewater sam-
ples. PMMoV was used as a fecal indicator to normalize the SARS-CoV-
2 concentration in wastewater, which showed consistent Ct value be-
tween 18 and 20. Positive and negative controls for RNA extraction
and RT-qPCR reaction were also included for quality control purposes.
Table 5
Comparison of SARS-CoV-2 gene detection in frozen and non-frozen wastewater samples.

Non-frozen samples (4 °C)

N1 gene N2 gene

Positive samples detected 12/12 12/12
Ct (mean) 29.7 30.3
SD 1.34 1.74

SD: standard deviation.
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4. Discussion

Virus concentration process is a key step of SARS-CoV-2 detection be-
cause of the low level of target viral RNA presence in the environmental
water matrices. Various concentration methods have been used for
SARS-CoV-2 detection in wastewater including polyethylene glycol
(PEG) precipitation, ultrafiltration, ultracentrifugation, and adsorption-
elution with electronegative membranes (Jafferali et al., 2021; Medema
et al., 2020; Prado et al., 2021;Wuet al., 2020a). Thesemethods have dem-
onstrated effective concentration of SARS-CoV-2 from wastewater al-
though the recovery of the virus yield occurred at different levels
(Ahmed et al., 2020b; Kantor et al., 2021). In our previous study, the ultra-
filtration method for enteric virus concentration and detection in waste-
water using Centricon plus-70 ultrafilter has been validated, which
showed comparable and consistent results to that obtained using the
virus adsorption-elution method (Qiu et al., 2016). Considering the ultra-
filtration method provides fast processing and is less labor intensive,
which is critical for rapid response in the pandemic management regard-
less its relatively higher cost, it was chosen for SARS-CoV-2 concentration
from wastewater in our protocol. Several studies have successfully de-
tected SARS-CoV-2 in wastewater using Centricon ultrafilter for viral con-
centration (Fores et al., 2021; Gerrity et al., 2021, Medema et al., 2020),
supporting the feasibility and effectiveness of Centricon ultrafilter for
SARS-CoV-2 concentration from wastewater. The recovery of hCoV-229E
could reach over 90% when it was spiked into pure water and concen-
trated by Centricon plus-70 ultrafilter (data not shown). Over timewe no-
ticed that there were variations in the recovery of hCoV-229E, which
might be due to several reasons such as the composition of wastewater
matrix, sample processing, as well as the lot change of filters.

Concentration of large volumes ofwater samplemight increase the op-
portunity of detecting viruses with low abundance in water matrix (Philo
et al., 2021). However, increasing the water sample volume may also in-
troduce more inhibitors in the sample concentrates, which can interfere
with the RT-qPCR reaction. Various amounts of wastewater samples
with volumes between 0.25 ml and 500 ml have been reported by differ-
ent laboratories for SARS-CoV-2 detection (Nemudryi et al., 2020; Pecson
et al., 2021). Most of laboratories concentrated less than 200 ml of waste-
water (Ahmed et al., 2020a; Chik et al., 2021; Kumar et al., 2020;Medema
et al., 2020;Wu et al., 2020a).We tested three different volumes ofwaste-
water samples (50, 100 and 200 ml) with spiked hCoV-229E, and no sig-
nificant difference was found for hCoV-229E recovery among all three
volumes (Supplementary Table S1). Thus, to balance between detection
sensitivity and the amount of PCR inhibitors, the volume of 100ml waste-
water was chosen in our protocol. Ahmed et al. reported that addition of
MgCl2 to the wastewater sample prior to filtration step yielded the best
recovery of murine hepatitis virus (Ahmed et al., 2020b), which may be
caused by the increased virus adsorption to the filter under high MgCl2
concentration (Ikner et al., 2012; Villar et al., 2006). To evaluate the
effect of MgCl2, we added MgCl2 to the wastewater sample without pH
adjustment to obtain a final concentration of 25 mM after solid removal.
The results showed that pre-treatment with MgC12 did not increase the
recovery of hCoV-229E (data not shown). Thus, MgC12 treatment was
not included in our protocol.

Desorption of solid-associated viruses from sewage sludge using high
pH was first experimented in 1970s for enterovirus (Hurst et al., 1978).
Frozen samples (−20 °C)

E gene N1 gene N2 gene E gene

12/12 10/12 10/12 9/12
32.7 33.3 33.5 35.0
1.75 2.74 2.70 2.51



Fig. 1. The flow chart of standardized procedure for detection and quantification of SARS-CoV-2 in wastewater.

Fig. 2. hCoV-229E recovery in wastewater samples using five commercial RNA extraction
kits. Kit A: RNeasy PowerMicrobiome kit; Kit B: MagMAX-96 viral RNA isolation kit; Kit C:
MagMAXViral/Pathogen nucleic acid isolation kit; Kit D: QIAamp viral RNAmini kit; Kit E:
ReliaPrep™ RNA Miniprep System.
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The rationale of high pH to disperse virions from particulate matter in en-
vironmental samples is basedon the fact thatmost viruses have an isoelec-
tric point (pI) ranging from 3.5 to 7 (Michen and Graule, 2010). Although
currently there is no experimental data available for the pI of SARS-CoV-2,
we hypothesized that high pHmay facilitate the dissociation of SARS-CoV-
2 fromsolids inwastewater as no viruses have been reportedwithpI value
in the strongly basic range (Michen and Graule, 2010). For themajority of
the wastewater samples we have tested, the pH ranged from 7.5 to 8.5.
After pH adjustment to 9.6, the recovery of hCoV-229E increased, espe-
cially in 10 fold-diluted samples, indicating that high pH can improve
virus desorption from solids in wastewater. Because RNA is not stable in
high alkaline conditions (Lemire et al., 2016), the pH was re-adjusted
back to neutral after solid removal. The recovery of hCoV-229E signifi-
cantly increased after pH adjusted to neutral, with a range between 60
and 100% in the 1:10 diluted samples. Furthermore, we measured the
amount of hCoV-229E in solids after pH adjustment and found that the
level of hCoV-229Ewasmuch lower in solids compared to the supernatant
(Hasing et al., 2021). We also observed lower recovery of hCoV-229E and
lower detection rate for SARS-CoV-2 in solids with pH adjustment com-
pared to without pH adjustment (Hasing et al., 2021). This observation
was also supported by the study that reported low levels of bovine CoV
in the solids portion using spiked samples (Gerrity et al., 2021). These re-
sults indicated that changing the wastewater pH during the viral concen-
tration process facilitated detection of SARS-CoV-2 in wastewater.

Based on our knowledge of enteric virus detection in wastewater
(Qiu et al., 2015, 2018), two-step RT-qPCR assay showed better detec-
tion for norovirus in wastewater compared to one-step RT-qPCR assay,
which may be due to the disruption of the secondary structure of viral
RNA prior to cDNA synthesis by preheating for better interaction be-
tween random primer and targets. Since SARS-CoV-2 is also an RNA
virus, two-step RT-qPCR was evaluated for the sensitivity of SARS-CoV-
2 detection. The results showed that two-step RT-qPCR had a 3–6 Ct
delay in detection of RdRp and E gene of SARS-CoV-2 compared to the
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one-step method. This is consistent with previous observations that one-
step RT-qPCR was more sensitive in detection of low abundance genes
but showed little difference in detection of genes expressed at relatively
high levels compared to two-step (Wacker and Godard, 2005). Consider-
ing the low level of SARS-CoV-2 inwastewater, one-step RT-qPCRwas ap-
plied in the protocol for SARS-CoV-2 detection because of its better
performance. By using one-step RT-qPCR, SARS-CoV-2 RNA was detected
at levels as low as 1.6 virus copies/PCR in wastewater samples. Excellent
reproducibilitywas alsoobservedwithone-stepRT-qPCR for all the targets
including SARS-CoV-2 genes, hCoV-229E and PMMoV.

Virus nucleic acid extraction is another critical step that impacts the ef-
fectiveness of virus detection,which often uses threemain techniques: or-
ganic extraction, silica-membrane based spin column and paramagnetic
particles (Michael-Kordatou et al., 2020). Various extraction systems
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have beenutilized for the SARS-CoV-2detection inwastewater (Chik et al.,
2021; Pecson et al., 2021). However, no study to-date has evaluated the
SARS-CoV-2 RNA yield from wastewater using different RNA extraction
methods. In our study, we compared five commercially available kits for
the SARS-CoV-2 RNA extraction from wastewater using either spin col-
umns or magnetic beads. Overall, the five kits all showed good recovery
for hCoV-229E in wastewater, with recovery ranging from 25 to 50%.
MagMAX-96 viral RNA isolation kit (kit B) and ReliaPrep™ RNAMiniprep
System (kit E) showed comparably good performance with the average
recovery of 50%, suggesting that magnetic beads and silica spin column-
based extraction methods are preferred for SARS-CoV-2 RNA isolation
fromwastewater. With the automated KingFisher™ Flex purification sys-
tem in our laboratory, we choseMagMAX-96 viral RNA isolation kit as the
standard RNA extraction method in our protocol.

Wastewater storage condition could be another important factor
influencing SARS-CoV-2 detection. In our study, SARS-CoV-2 was de-
tected in more samples with higher copy numbers when the samples
were stored at 4 °C compared to −20 °C storage. This was consistent
with other findings that increased viral degradation occurred at
−20 °C rather than at 4 °C and−80 °C, presumably due to the formation
of large ice crystals that damage virions (Michael-Kordatou et al., 2020;
Olson et al., 2004). Thus, starting from January 2021, we requested all
the wastewater samples collected for SARS-CoV-2 test were stored at
4 °C upon collection until further analysis.

The levels of SARS-CoV-2 in wastewater are affected by many factors,
including the daily fecal discharge, wastewater flow rate, total suspended
solids, the types of sample and weather conditions (Ahmed et al., 2021).
Considering the variability caused by these factors, an important aspect
ofwastewater surveillance of SARS-CoV-2 is to normalize the detection re-
sults, which has been reported in several studies using different ap-
proaches such as biomarkers and daily mass flux (D'Aoust et al., 2021;
Gerrity et al., 2021; Wu et al., 2020a). PMMoV is an abundant RNA virus
in human feces and is very stable in the wastewater exhibiting little vari-
ation (Kitajima et al., 2018; Rosario et al., 2009). PMMoV has been used
by many laboratories as a fecal indicator to normalize the SARS-CoV-2
level in wastewater (D'Aoust et al., 2021; Haramoto et al., 2020; Jafferali
et al., 2021; Wu et al., 2020a). Normalization of SARS-CoV-2 signal using
PMMoV has demonstrated a strong correlation between SARS-CoV-2
level in wastewater and COVID-19 clinical cases (D'Aoust et al., 2021).
Therefore, we also incorporated the PMMoV test in our protocol as
a reliable reference for data normalization and analysis. In addition,
we used salmon DNA in our protocol to monitor PCR inhibition. Al-
though USCDC recommends to spike viral RNA for inhibition assess-
ment, salmon DNA has been broadly used for inhibition monitoring
in many water-related studies (Ahmed et al., 2020b; Qiu et al.,
2013; Sylvestre et al., 2021).

5. Conclusions

Taken together, we validated a standard protocol for analytic proce-
dures of one-step RT-qPCR based detection of SARS-CoV-2 in wastewa-
ter. The final standardized protocol is outlined in Fig. 1. Specifically,
multiple key steps, including sample storage, virus concentration, RNA
extraction and RT-qPCR assays, were optimized and good sensitivity
and reliability were achieved by our method in detecting SARS-CoV-2
in wastewater. This method provides a useful tool for public health sur-
veillance of COVID-19, aswell as support for public health policy and ac-
tions for infection prevention and control.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2021.151434.
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