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• Explore the effect of pasteurization on in-
fluent wastewater samples for SARS-CoV-
2 RNA detection

• Compare the degradation of both the
SARS-CoV-2 and PMMoV RNA under dif-
ferent storage temperatures and time

• Investigate the effect of incubation time
on a polyethylene glycol viral concentra-
tion method for SARS CoV-2 and
PMMoV in wastewater

• Investigate the relationship of wastewater
pellet mass (wet weight) to both the
SARS-CoV-2 and PMMoV RNA concentra-
tion estimates
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The COVID-19 pandemic presents many public health challenges including the tracking of infected individuals from
local to regional scales. Wastewater surveillance of viral RNA has emerged as a complementary approach to track
and monitor the presence of the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) virus in a variety of
communities of different land use and population size. In the present study, we investigate how five different param-
eters (pasteurization, storage temperature, storage time, polyethylene glycol (PEG) concentration, and pellet mass) af-
fect the detection of the SARS-CoV-2 N gene and fecal abundance indicator pepper mild mottle virus (PMMoV) gene.
Pre-treatment of 24-h composite wastewater samples (n = 14) by pasteurization at 60 °C resulted in a significant re-
duction of total RNA concentration and copies of the SARS-CoV-2 N gene copies/L (paired Student's t-test, P < 0.05).
Comparing the wastewater samples collected from 6 wastewater treatment plants (WWTPs) for a storage period of 7
and 14 days at 4 °C, −20 °C and −80 °C, demonstrated a decrease in SARS-CoV-2 N gene copies/L when samples
were stored for 14 days at −20 °C. Polyethylene glycol-NaCl for purification and concentration of viral particles
from the wastewater samples demonstrated that a short PEG incubation of 2 h during centrifugation at 4 °C was suffi-
cient for the consistent detection of the SARS-CoV-2 N gene from a 30 mL sample volume. Combined, this paper pre-
sentsmethod recommendations for developing a reliable, accurate, sensitive, and reproducible estimation of the SARS-
CoV-2 virus in diverse domestic wastewater samples.
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1. Introduction

The ongoing COVID-19 pandemic has had an immeasurable impact on
society, as evidenced by the loss of 5.32 million lives globally in over 81
.

affected countries as of December 2021 (WHO https://covid19.who.int/).
It is particularly challenging for low- and middle-income countries to con-
duct mass testing of severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) in large populations due to several logistical challenges
such as trained personnel, supply shortages, and reporting delays in reverse
transcriptase quantitative polymerase chain reaction (RT-qPCR) test results
(Lopes-Júnior et al., 2020). In addition, current prevalence rates are largely

http://crossmark.crossref.org/dialog/?doi=10.1016/j.scitotenv.2022.153228&domain=pdf
https://covid19.who.int/
http://dx.doi.org/10.1016/j.scitotenv.2022.153228
golam.islam@ontariotechu.ca
Journal logo
http://dx.doi.org/10.1016/j.scitotenv.2022.153228
Unlabelled image
http://www.sciencedirect.com/science/journal/00489697
www.elsevier.com/locate/scitotenv


Table 1
Residential characteristics of the investigated WWTPs.

Sampling site Sample ID Residential population

Corbett Creek WWTP1 147,879
Harmony Creek WWTP2 37,485
Ajax (Bayly PS) WWTP3 155,734
Pickering (Liverpool PS) WWTP4 90,333
Port Darlington WWTP5 41,223
Courtice WWTP6 145,224
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based on symptomatic, clinically diagnosed cases, which excludes the exis-
tence of an estimated 45% of undiagnosed and asymptomatic individuals
(Oran& Topal, 2020; Yang et al., 2020). Therefore, COVID-19 infections re-
main largely undetected when sufficient clinical testing does not occur.
This necessitates the availability of alternative surveillance systems for
the monitoring of the SARS-CoV-2 virus.

Clinical testing of the SARS-CoV-2 respiratory virus is mostly confirmed
using nasopharyngeal mucosa, saliva, or sputum samples. However, recent
studies have also revealed that 48 to 67% of COVID-19 infected individuals
shed SARS-CoV-2 in their stool (Chan et al., 2020; Cheung et al., 2020;
Parasa et al., 2020; Wölfel et al., 2020) and urine (Wu et al., 2020a; Wu
et al., 2020b). The fecal and respiratory shedding of SARS CoV-2 follows
a classic infection pattern (rapid buildup followed by a slow decline)
(Sethuraman et al., 2020), but it is evident that shedding may occur ca.
3–5 days before the appearance of classic SARS-CoV-2 symptoms such as
fever or diarrhea (Wang et al., 2020). It also remains detectable in fecal pos-
itive patients for a period of 9–14 days post-symptom onset date (Chen
et al., 2020; Holshue et al., 2020; Ling et al., 2020; Pan et al., 2020). Both
symptomatic and asymptomatic individuals may therefore shed the etiolog-
ical agent of SARS-CoV-2 through saliva, sputum, feces, and urine (Jones
et al., 2020; Lu et al., 2020; Van Vinh Chau et al., 2020), all of which are
collected in domestic wastewater and consequently demonstrate the poten-
tial advantages of wastewater surveillance of SARS-CoV-2.

Wastewater based epidemiology (WBE) can provide a complementary
surveillance system to measure the SARS-CoV-2 RNA in wastewater at the
community level and may have the potential to be used as an early-
detection system. As an example, in the Netherlands, SARS-CoV-2 RNA
was detected in wastewater six days before the first clinical cases were re-
ported (Medema et al., 2020). In Milan, Italy, SARS-CoV-2 RNA was de-
tected in wastewater only a few days after the first Italian autochthonous
SARS-CoV-2 positive case was reported (La Rosa et al., 2020), as well as
in Brisbane, Australia in the early stages of the pandemic (Ahmed et al.,
2020a). Despite the early successes, there are aspects of the current waste-
water surveillance methodology that remain sub-optimized and thus fur-
ther refinement is urgently needed for improved RNA detection. Sample
site characteristics, primary viral concentration methods, sample volume,
temperature and residence times en-route to sampling points can all influ-
ence accurate RNA detection and signal decay (Ahmed et al., 2020b). Cur-
rent methods for the surveillance of SARS-CoV-2 in wastewater also vary
widely and remain unstandardized. Some examples include: (1) Heat-
based pasteurization to deactivate pathogens as a biosafety pre-treatment
step (Pecson et al., 2021; Whitney et al., 2021; Wu et al., 2020a; Wu
et al., 2020b); (2) Primary viral concentration involving one or a combina-
tion of ultrafiltration, PEG precipitation, or direct silica or skimmed milk
flocculation extraction (Ahmed et al., 2020b; Casanova et al., 2009;
Medema et al., 2020; Whitney et al., 2021); and (3) Varied sample storage
times and temperatures (Ahmed et al., 2020c). Additionally, individual
WWTPs will differ in sewershed size, flow, and source-community demo-
graphics, which can all affect wastewater sample characteristics including
the variability of pellet sizes after ultracentrifugation (Whitney et al.,
2021). Each of these parameters may contribute to variability in the detec-
tion and measurement of viral RNA targets such as SARS-CoV-2 and the
fecal-normalizing-control pepper mild mottle virus (PMMoV). Due to
these factors, there is a need to compare the performance of different proto-
cols focused onRNA concentration, storage, extraction, and detection of the
SARS-CoV-2 virus in wastewater to develop improved methodology that
can be used consistently and with a high level of sensitivity.

The goal of the present study was to test some of the technical parame-
ters and conditions that influence the measurement and detection of SARS-
CoV-2 RNA and PMMoV viral particles in domestic wastewater samples.
Specifically, this research examines: (1) the effect of pasteurizing wastewa-
ter influent samples prior to viral target detection; (2) the persistence of
SARS-CoV-2 and PMMoV RNA at different storage temperatures (4 °C,
−20 °C and −80 °C) for a duration of 7 and 14 days; (3) the efficacy of a
PEG-based separation and viral concentrationmethod under different incu-
bation periods; and (4) the influence of pellet mass on the SARS-CoV-2 and
2

PMMoV gene copies. This study provides guidance on these variables of
sample processing methods and provides recommendations to estimate
the SARS-CoV-2 virus more reliably in wastewater.

2. Methods

2.1. Aspects of Durham Region WWTPs

Raw influent samples containing 24-h time proportional composites
were collected from four wastewater treatment plants, and two upstream
pumping stations (PS) across the Durham Region in Ontario, Canada,
over three months (January–March 2021). The residential population
data and name of the plants are included in Table 1. The sewershed of Dur-
ham region services approximately 640,000 residents and was one of the
highly affected COVID-19 areas in Ontario, Canada with approximately
34,812 total confirmed cases reported on Dec 30th, 2021 (Durham Region
Health Department, www.durham.ca).

2.2. Wastewater processing and RNA analysis

2.2.1. Wastewater sample collection and PEG-NaCl viral concentration
Composite wastewater samples were collected from each plant three

times per week using an autosampler. Each sample reflected hourly sub-
samples of equal volume collected over a 24-h period, for afinal sample vol-
ume of 500 mL collected and stored at 4 °C. Wastewater samples were
transported in sterile and sealed 500mLplastic containers at 4 °C to the lab-
oratory at Ontario TechUniversity, Oshawa, Ontario, Canada. Upon arrival,
samples were stored at 4 °C for up to 24 h until processing and analysis.

To precipitate the SARS-CoV-2 and PMMoV particles from wastewater,
all samples were mixed thoroughly before 30 mL of wastewater was trans-
ferred to Nalgene™ Oak Ridge High-Speed PPCO Centrifuge Tubes contain-
ing 10 mL of 4× PEG-NaCl buffer (40% w/v PEG 8000 and 1.5 M NaCl),
vortexed briefly and centrifuged using a SORVALL RC 6+ Ultracentrifuge
(ThermoFisher Scientific, MA, USA) at 12,000 ×g for 2 h at 4 °C (Lewis
& Metcalf, 1988; Wu et al., 2020a; Wu et al., 2020b). After discarding the
supernatant, a second centrifugation step at 12,000 ×g for 10 min
followed, to help solidify the pellet. The PEG-NaCl method was utilized
for all experimental samples to concentrate the viral particles. The pellet
mass for all samples was measured using a top loading balance (Sartorius,
Goettingen, Germany), before RNA extraction.

2.2.2. Effect of pasteurization on RNA detection
To compare the effects of pasteurization on SARS-CoV-2 and PMMoV

RNA detection, 14 raw influent wastewater composite samples collected
in random from all wastewater treatment sites were split into duplicate al-
iquots in falcon tubes and placed into two groups. One group of 14 sample
tubes was pasteurized by incubating at 60 °C in a pre-heated water bath for
1 h (Pecson et al., 2021). The pasteurized and unpasteurized samples (with-
out heat treatment) were concentrated by using the same PEG processing
method described above.

2.2.3. Effect of storage temperature on in-sample stability
To determine the effect of storage on viral RNA decay in the composite

wastewater samples, duplicate samples collected from 4 different WWTPs
and 2 upstream pumping stations in the region of Durham,were transferred
into falcon tubes and stored in either a 4 °C refrigerator, a−20 °C or a−80

http://www.durham.ca


Table 2
Primers, probes and standards used in this study.

Primer/probe Sequence Source

2019-nCoV_N1 F 5′-GACCCCAAAATCAGCGAAAT-3′ (US Centers for Disease
Control and Prevention,
2019)

2019-nCoV_N1 R 5′-TCTGGTTACTGCCAGTTGAATCTG-3′ (US Centers for Disease
Control and Prevention,
2019)

2019-nCoV_N1
Probe

5′-FAM-ACCCCGCATTACGTTTGGTGG
ACC-MGBNFQ-3′

(US Centers for Disease
Control and Prevention,
2019)

PMMV F 5′-GAGTGGTTTGACCTTAACGTTGA-3′ (Haramoto et al., 2013)
PMMV R 5′-TTGTCGGTTGCAATGCAAGT-3′ (Haramoto et al., 2013)
PMMV Probe 5′-6FAM-CCTACCGAAGCAAA

TG-MGBNFQ-3′
(Zhang et al., 2005)

HCoV-229E F 5′-TTCCGACGTGCTCGAACTTT-3′ Lilly Pang (APL) AB
HCoV-229ER 5′-CCAACACGGTTGTGACAGTGA-3′ Lilly Pang (APL) AB
HCoV-229 E
Probe

5′-FAM-TCCTGAGGTCAATG
CA-MGBNFQ-3′

Lilly Pang (APL) AB

HCoV-229E
G-block

5′-GTGTACCTGAAACAAAACCCATTG
TAATTTTTCCGACGTGCTCGAACTTTT
TTTCCTGAGG-3′

Lilly Pang (APL) AB

N1 Standard Custom IDT Twist RNA Control 2 Twist Bioscience
PMMoV Standard RNA N gene standard in vitro

transcribed from an IDT gBlock DNA
IDT
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°C freezer for a period of 7 and 14 days (n=72). Frozen aliquots of samples
were thawed over a 1-h period in a room temperature water bath prior to
processing using the PEG/NaCl ultracentrifugation and RNA extraction
method, as previously described, for 7 and 14 days.

2.2.4. PEG incubation time
To precipitate the SARS-CoV-2 and PMMoV viral particles, 12 wastewa-

ter samples were selected from 4 WWTPs and one pumping station and
were split into duplicate tubes by the addition of 30 mL of each wastewater
sample to 10 mL of 4× polyethylene glycol (PEG)/NaCl buffer (40% w/v
PEG 8000 and 1.5 M NaCl, pH = 7.2) in Nalgene™ Oak Ridge High-
Speed PPCO Centrifuge Tubes (Thermo-Scientific, Waltham, Massachu-
setts, USA) and vortexed briefly (Lewis & Metcalf, 1988). To determine
the efficacy of PEG incubation time, one group of duplicates were
ultracentrifuged immediately after the addition of PEG/NaCl with no incu-
bation period, and the other set of duplicates were incubated for 12 h at 4 °C
without agitation prior to the ultracentrifugation step. All 24 samples were
centrifuged using a SORVALL RC 6+Ultracentrifuge (ThermoFisher Scien-
tific, MA, USA) at 12,000 ×g for 2 h at 4 °C (Wu et al., 2020a; Wu et al.,
2020b). To help solidify the pellet, after discarding the supernatant, a sec-
ond centrifugation step at 12,000 ×g for 10 min followed.

2.2.5. RNA extraction
To determine extraction efficiencies for all wastewater samples, a viral

surrogate control was carried out by adding 3 μL from a 1000 infectious
units/mL of human coronavirus 229-E (HCoV-229E) viral standard stock
(Chik et al., 2021) to the lysis buffer prior to RNA extraction. Recovery ef-
ficiency data was not included due to the significant loss of surrogate virus
within the blank matrix (matrix), which severely affected the calculation of
% Recovery of HCoV-229E and thus the estimated recovery of the target
SARS-CoV-2.

Total RNA was extracted from the concentrated wastewater pellets
using the RNeasy® PowerMicrobiome® Kit (Cat # 26000-50. Qiagen, Ger-
mantown, MD) with the following alterations from the recommended pro-
tocol: 100 μL of phenol-chloroform-isoamyl alcohol (25:24:1, pH 6.5–8)
was added to each sample prior to the lysis step (ThermoFisher Scientific,
MA, USA). The pellet was then resuspended with 650 μL of the lysis buffer
and transferred to the PowerBead (glass, 0.1 mm) tubes (QIAGEN, German-
town, MD). The subsequent steps were performed following the recom-
mended protocol from the manufacturer's kit. The total RNA was eluted
from the kit spin column using 100 μL of RNAse-free water. Nucleic acid
concentrations and RNA purity was measured using the Biodrop
Nanospectrophotometer (BioDrop, UK) for the pasteurized and unpasteur-
ized samples. The 260/280 ratios for all RNA samples used for analysis
was ~1.9–2.0.

2.2.6. qRT-PCR
Quantification of SARS-CoV-2 viral nucleocapsid (N) gene and the

PMMoV coat protein gene in the composite wastewater samples was per-
formed using the Reliance One-StepMultiplex RT-qPCR Supermix (BioRad,
Hercules, CA) utilizing a TaqMan (IDT, Iowa, USA) probe-based approach.
The gene copy numbers of SARS-CoV-2 in wastewater were determined
using the US CDC 2019-nCoV N1 Assay RUO primer/probe mix to target
a region of the N gene. To determine the PMMoV gene copy numbers,
PCR primers developed by Zhang et al. (Zhang et al., 2005) were employed
to target a region of the PMMoV strain S genomic sequence. In order to de-
termine RNA extraction efficiencies, the HCoV-229E gene was quantified
using primers/probe designed by Dr. Lilly Pang (Alberta Provincial Lab,
University of Alberta). All probe/primers used in this study and their se-
quences can be found in Table 2.

For each wastewater sample, technical replicates were run in triplicate,
and serial dilutions of the viral RNA standard TWIST control 2 (Twist Bio-
science, SF, USA) were run on every plate to quantify the gene copies of
SARS-CoV-2 using the standard curve method. For PMMoV, a custom
DNA PMMoV gBlock standard (IDT, Iowa, USA) was used to generate stan-
dard curves and quantify the PMMoV gene. Each reaction comprised of a
3

mixture including 5 μL RNA template, 500 nM (N1) or 400 nM (PMMoV
and H-CoV229E) of each forward and reverse primers, 125 nM (N1) or
200 nM (PMMoV and H-CoV229E) probe, and the Reliance mastermix, in
a final reaction volume of 20 μL. Reactions were performed in a CFX Con-
nect Real-Time PCR Detection System (BioRad, Hercules, CA) beginning
with a reverse transcription (RT) step at 50 °C for 10 min, followed by a
polymerase activation at 95 °C for 10 min, and then 45 cycles of denatur-
ation and annealing/extension at 95 °C for 10 s, then 60 °C for 30 s.

The RT-qPCR analysis was validated with no-template controls (NTCs)
using PCR grade water instead of RNA, no-reverse transcriptase controls
(NRTs), and the VetMax™ Xeno™ kit (ThermoFisher Scientific, MA, USA)
as internal inhibition control to monitor the presence of PCR inhibitors.
All samples analyzed were quantified according to the MIQE recommenda-
tions (Bustin et al., 2009) using the standard curve method with a synthetic
RNA standard (TWIST BioSciences Control 2) that contains our gene of in-
terest, the nucleocapsid gene of SARS-CoV-2. A minimum 5-point standard
curve with technical triplicates for each point was performed for every RT-
qPCR experiment. Primer efficiencies for each target ranged from 95 to
110%. The R2 value was ≥0.98, and the slope of the standard curve was
~3.3–3.4. The limit of detection for the SARS-CoV-2 N gene with 95% co-
efficient of variation was 3333 copies/L of wastewater. Any crossing
threshold values above 40 cycles were identified as negative reactions, as-
suming no amplification/detection occurred. The dynamic range of our lin-
ear standard curve was between 1×105 copies/μL and 1×101 copies/μL.

2.2.7. Data analysis
All experimental data were tested for normality using a Shapiro-Wilk

test, and log-transformed when tests of normality failed. All statistical anal-
yses were conducted using GraphPad Prism 9.0.2 software (La Jolla, CA) or
SigmaPlot 14.0 software (San Jose, CA).

A paired Student's t-test (α=0.05) was used to determine if there were
statistical differences between pooled unpasteurized samples (control) and
pasteurized samples (treatment) in (1) total RNA concentrations (n = 14),
and (2) SARS-CoV 2 N gene copies/L (n = 14), and (3) PMMoV gene cop-
ies/L (n = 14).

To evaluate the effect of storage conditions, the data from all wastewa-
ter treatment plantswere pooled in order to determine if three independent
factors (WWTP, temperature and time (7 and 14 days)) had an effect on the
quantification of both the SARS-CoV-2 and the PMMoV genes in wastewa-
ter (n = 72). The statistical output confirmed that the data passed normal-
ity and conditions of the equal variance test (Brown-Forsythe test) and a
multi-factorial three-way analysis of variance (ANOVA) (balanced design,



Fig. 1. Total RNA concentration (ng/μL) in a 100 μL extraction elution volume
comparing unpasteurized and pasteurized samples. Statistical significance was
determined using a paired Student’s t-test (n = 14, P < 0.05).
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no interactions) was employed, using the Holm-Sidak method, where α=
0.05.

The percent change (% change) was calculated for all sites on day 7 and
day 14 as % change = 100 × (control − treatment) / control, where
control (day 0 samples directly extracted) and treatment (samples stored
at 4 °C, −20 °C and −80 °C) are the associated measurements. A positive
% change indicated that the treatment result was smaller than the control,
whereas a negative % change indicated the treatment had higher concen-
trations than the control.

For the PEG incubation experimental data, a paired Student's t-test (α=
0.05) was also used to test for significant differences in SARS-CoV-2 and
PMMoV gene copies/L between pooled samples with no incubation (con-
trol) and 12-h incubation times (treatment) (n = 12).

Lastly, a least-squares linear regression (goodness of fit) was used to
assess pellet mass (wet weight in mg) as a predictor variable of gene signal
of N and PMMoV gene copies/L (n = 120).

3. Results and discussion

3.1. Effect of pasteurization on viral RNA detection in wastewater

The analysis of total RNA from pasteurized and unpasteurizedwastewa-
ter samples demonstrated that significantly higher total RNA concentra-
tions (ng/μL) were recovered from unpasteurized wastewater in
comparison to the pasteurized samples (paired Student's t-test, P < 0.05)
(Fig. 1). Further investigation of the SARS-CoV-2 N gene copy numbers re-
vealed that N gene copies/L were significantly higher in unpasteurized
samples compared to pasteurized samples (paired Student's t-test, P <
0.05) (Fig. 2A), although this was not the case for PMMoV gene copies
Fig. 2. (A) SARS-CoV-2N gene copies/L comparing pasteurized andunpasteurized sampl
paired Student’s t-test (P < 0.05, n = 14). (B) PMMoV gene copies/L comparing pasteu
nificance was determined using a paired Student’s t-test (P > 0.05, n = 14).
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(paired Student's t-test, P > 0.05) (Fig. 2B). Using a 4S (silica and NaCl)
method,Whitney et al. (Whitney et al., 2021) reported that heat pasteuriza-
tion did not affect the concentration of SARS-CoV-2 gene copies and in-
creased the concentration of PMMoV gene copies. In contrast, Steele et al.
(Steele et al., 2021) observed that heat inactivation at 70 °C resulted in a
significant reduction (1–3 Log10) in SARS-CoV-2 N gene concentrations
using membrane concentrated samples. Palmer et al. (Palmer et al.,
2021), also reported that pasteurization at 60 °C, resulted in an average de-
crease of approximately 50% in SARS-CoV-2 N gene concentrations. Differ-
ences in pasteurization temperature and duration may explain
discrepancies between our results and others (Whitney et al., 2021), but
there is a growing body of literature that implicates pasteurization in re-
duced SARS-CoV-2 concentration in wastewater (Palmer et al., 2021;
Steele et al., 2021).

There were no effects of pasteurization on the PMMoV gene shown in
this study (Fig. 2B), suggesting that PMMoV is more resistant to heat expo-
sure and likely retains its encapsulated form that provides protection from
degradation (Steele et al., 2021; Whitney et al., 2021). Sewage flow rate is
not stable and may be impacted by factors such as inflows from storm
events or winter-spring snow melts, that are prominent in Ontario,
Canada. Thus, to correct for those sample-to-sample variations, PMMoV,
which is a rod shaped, single-strand positive sense virus is used as an inter-
nal reference for the quantification of SARS-CoV-2 in wastewater. In the
sewage system, PMMoV has shown remarkable stability and is highly abun-
dant, which makes the PMMoV virus a suitable normalization target. How-
ever, since it is an entirely different virus with a uniquemorphology, it may
show different partitioning characteristics and may not be as susceptible to
heat-inactivation when compared to SARS-CoV-2. Therefore, PMMoV
would not be suitable as an internal reference when samples are pasteur-
ized before analysis.

The ability to detect low viral RNA concentration is particularly impor-
tant for the surveillance of SARS-CoV-2 when active cases are low. Pasteur-
ization may affect the sensitivity of the detection method by producing
false-negative results when the RT-PCR assay is negative for the SARS-
CoV-2 virus, yet trace amounts of the SARS-CoV-2 RNA may be present in
the wastewater sample (Ahmed et al., 2021).

3.2. Effect of storage temperature on SARS-CoV-2 and PMMoV RNA stability

The stability of SARS-CoV-2 RNA in wastewater may be another poten-
tial contributing factor accounting for the loss of SARS-CoV-2 RNA signal.
Comparing the SARS-CoV-2 N gene copy numbers of pooled sample data
from all WWTP sites, we observed that storage temperature (F-Statistic
10.278, P < 0.001) and WWTP (F-Statistic: 20.352, P < 0.001) were the
main contributing factors that resulted in significant differences of the
SARS-CoV-2 N gene copies/L concentrations (Table 3). Analysis of the
pair-wise comparison statistics (Holm-Sidak Method) of the Three-Way
es of raw influent. Datawas log transformedand significancewas determined using a
rized and unpasteurized samples of raw influent. Data was log transformed and sig-

Image of Fig. 1
Image of Fig. 2


Table 3
Summary statistics for Three-Way Analysis of Variance (balanced design, no inter-
actions) comparing the effects of wastewater treatment plant (WWTP), storage
time, and storage temperature as independent variables and pooled quantified viral
RNA copy number as the dependent variable. Results for both N and PMMoV are
presented below, where statistical significance was set at α = 0.05, n = 72.

Viral RNA target Independent variable F-statistic P-value

N WWTP (6 plants) 20.352 <0.001
Storage time (7-day and 14-day) 3.134 0.088
Storage temperature (4 °C, −20 °C, −80 °C) 10.278 <0.001

PMMoV WWTP (6 plants) 12.395 <0.001
Storage time (7-day and 14-day) 26.377 <0.001
Storage temperature (4 °C, −20 °C, −80 °C) 2.628 0.091
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ANOVA (Table S1 in Supplementary Material) showed that wastewater
samples stored at 4 °C had significantly different N gene copies/L from
those stored at−20 °C (F-Statistic: 4.416, P< 0.001) and− 80 °C (F-Statis-
tic: 3.099, P < 0.001). After 14 days, samples stored at −20 °C contained
lower N gene copies than samples stored at 4 °C from pooled data which in-
cluded all six WWTPs (Fig. 3). The % change for N gene copies for samples
stored at 4 °C, −20 °C and −80 °C was 1.11%, 32.29% and 36.61% at 7
days and 11.23%, 65.12% and 35.44% after 14 days, demonstrating a
Fig. 3. SARS-CoV-2 N gene copies/L of raw influent wastewater stored at 4 °C, −20 °C
Three-Way Analysis of Variance was performed (balanced design, no interactions) on p
as independent variables and quantified viral RNA copy number as the dependent varia
standard error of the mean (SEM).

5

greater loss of N gene concentrations when samples under-go freezing
and thawing (Table 4A).

For the normalizationmarker PMMoV, itwas found that the gene copies
were 2–3 orders of magnitude higher that SARS-CoV-2 and that storage
temperature was not a significant factor affecting PMMoV gene copies/L
concentrations (Table 3). However, when analyzing time as a factor,
there was a significant difference in PMMoV gene copies/L (F-statistic:
26.377, P < 0.001, Table 3 and Fig. 4). PMMoV demonstrated an increase
in gene copies/L at 7 days but a greater% change for PMMoVwas observed
at 14 days with 36.74% and 44.11% change when samples were stored at
4 °C and −20 °C (Table 4B), compared to only 8.04% at −80 °C. Thus,
PMMoV demonstrated higher stability at−80 °C.

The storage of samples is critical when immediate processing cannot be
achieved. Samples may need to be re-analyzed to ensure quality control as-
says are met or retroactively be investigated for the presence of known var-
iants. Hokajärvi et al. (Hokajärvi et al., 2021) reported that in liquid
influent, a linear decay of spiked SARS-CoV-2 RNA was observed at 4 °C,
while no decay was visible within 58 days at the freezing temperatures of
−20 °C and −80 °C. In contrast, Fernandez-Cassi et al. (Fernandez-Cassi
et al., 2021) reported an extensive reduction in SARS-CoV-2 RNA concen-
trations measured in raw influent wastewater stored at−20 °C (1–2 orders
of magnitude) after one month. Both freezing and thawing processes are
, −80 °C for 7 and 14 days sampled from 6 different WWTP sites. A multi-factorial
ooled data comparing the effects of WWTP, storage time, and storage temperature
ble (n = 72). Statistical significance was set at α = 0.05. Error bars represent the

Image of Fig. 3


Table 4A
Percent change in SARs-CoV-2 N gene viral signal at 4 °C,−20 °C, and −80 °C.⁎

Time (days) % change at 4 °C % change at −20 °C % change at −80 °C

7 1.11 32.29 36.61
14 11.23 65.12 35.44

⁎ The percent change (% change) was calculated for all sites on day 7 and day 14
as % change = 100 × (control− treatment) / control, where control (day 0 sam-
ples directly extracted) and treatment (samples stored at 4 °C,−20 °C and− 80 °C)
are the associated measurements. A positive % change indicated that the treatment
result was smaller than the control, whereas a negative % change indicated the
treatment had higher concentrations than the control.

Table 4B
Percent change in PMMoV gene viral signal at 4 °C, −20 °C, and −80 °C.⁎

Time (days) % change at 4 °C % change at −20 °C % change at −80 °C

7 −0.07 −36.09 −26.67
14 36.74 44.11 8.04

⁎ The percent change (% change) was calculated for all sites on day 7 and day 14
as % change = 100 × (control − treatment) / control, where control (day 0 sam-
ples directly extracted) and treatment (samples stored at 4 °C,−20 °C and− 80 °C)
are the associated measurements. A positive % change indicated that the treatment
result was smaller than the control, whereas a negative % change indicated the
treatment had higher concentrations than the control.
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known to be detrimental to microorganisms (Meyer & Calcott, 1980;
Morley et al., 1983) by contributing to the degradation of nucleic acids
via physical shearing (i.e., formation of ice crystals that cut the nucleic
acid strands) (Röder et al., 2010) and oxidative damage caused by the re-
lease of metal ions and change in pH (Krajden et al., 1999).

For samples that were not processed immediately (24–48 h), several
studies observed minimal differences in SARS-CoV-2 RNA concentrations
for samples stored at 4 °C for up to 9 days (Markt et al., 2021; Simpson
Fig. 4. PepperMildMottle Virus (PMMoV) gene copies/L of raw influentwastewater stor
multi-factorial Three-Way Analysis of Variance was run on pooled data (balanced de
temperature as independent variables and quantified viral RNA copy number as the de
represent the standard error of the mean (SEM).
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et al., 2021). Our results complement this finding by demonstrating that
samples can be stored at 4 °C for a period of 14 days without a great reduc-
tion in viral signal. Thus, the consensus is to avoid freezing and thawing
wastewater samples prior to testing to reduce damage to fragile RNA tem-
plates (Ahmed et al., 2021).

Comparing the most recent findings on the effect of storage conditions
on SARS-CoV-2 detection inwastewater, it is evident that although the sam-
ple type (raw influent) and volume processed (30–70 mL) are similar in
ed at 4 °C,−20 °C,−80 °C for 7 and 14 days sampled from6 differentWWTP sites. A
sign, no interactions) comparing the effects of WWTP, storage time, and storage
pendent variable (n = 72). Statistical significance was set at α = 0.05. Error bars

Image of Fig. 4


Fig. 5. Comparing viral concentration after different incubation time frames for (A) SARS-CoV-2 N and (B) PMMoV gene copies/L of raw influent wastewater. Samples either
had no incubation time with PEG (0 h) or a 12-h incubation time (12h) ((N) P > 0.05, n = 12 and (PMMoV) P > 0.05, n = 12).
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most experimental methods, ultracentrifugation was employed as a pre-
treatment step to remove the particulate fraction of the wastewater
(Fernandez-Cassi et al., 2021; Hokajärvi et al., 2021; Markt et al., 2021).
Thus, these studies only utilized the liquid fraction of the wastewater sam-
ples for the analysis of SARS-CoV-2; whereas we utilized the solid fractions
of wastewater which may have led to the differences in our observations.
The solid fraction may provide higher affinity of an enveloped virus like
SARS-CoV-2 to attach onto the particulate matter of wastewater and may
be a more optimal choice for the analysis of enveloped viruses such as
SARS-CoV-2 (Hokajärvi et al., 2021). Additionally, to compare ourfindings,
it is also important to consider key differences in the experimental parame-
ters such as whether the SARS-CoV-2 being targeted is spiked in or is within
the matrix, volume of sample frozen/thawed, fraction of wastewater being
frozen, and sample thawing procedures prior to analysis. This information
may be crucial in comparing the effects of storage temperature on SARS-
CoV-2 detection and should be made available in all future studies.

Since PMMoV is widely used as an internal process control to normalize
SARS-CoV-2 RNA concentrations in domestic wastewater, the applicability
of using it as normalizing factor should be re-considered when analyzing
samples after long-term storage. Whitney et al. (Whitney et al., 2021) re-
ported that the PMMoV gene signal remained stable throughout storage
conditions at 4 °C for up to one month, and this is likely due to the non-
enveloped morphology of the PMMoV, which contains a more robust cap-
sid structure that allows it to persist in wastewater (Alonso et al., 1991;
Kitajima et al., 2018). However, when observing the effects of freezing,
(Simpson et al., 2021) concluded that since PMMoVwas affected by storage
in a similar manner to SARS-CoV-2, normalizing SARS-CoV-2 concentra-
tions using PMMoV can correct for the effects of storage of samples from
one WWTP site. Our sampling approach included samples from 6 different
wastewater treatment sites to capture potential variations between proper-
ties of wastewater solids and observed that storage time (days) and not
Fig. 6. (A) SARS-CoV-2 N gene copies/L vs. wet weight (mg) (R2 = 0.113, n = 1
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temperaturemay be resulting in differences in PMMoV concentrations. Fur-
ther analysis is necessary to fully understand the effect of storage on
PMMoV stability and its feasibility as an internal control when analyzing
samples after long-term storage.

3.3. PEG incubation and relationship to pellet mass

Due to the relatively low abundance of viral pathogens inwastewater, it
is important to consider viral concentrationwhen establishing a SARS-CoV-
2monitoring protocol. It is also imperative that a rapid turn-around time be
incorporated into the methodology of a SARS CoV-2 wastewater surveil-
lance program so that public health organizations can base their decisions
on timely data. PEG-NaCl precipitation is a promising approach because it
concentrates viruses from both the liquid and solid fractions of wastewater,
is relatively inexpensive, and requires little technical expertise (Ahmed
et al., 2020b). In this study, 30 mL sample aliquots of wastewater were pre-
cipitated with PEG-NaCl incubation times of 0 and 12 h, and the results
demonstrated that there were no significant differences in viral copies be-
tween incubation times ((N) P > 0.05 and (PMMoV) P > 0.05) (Fig. 5).
The extraction efficiencies for samples from all WWTPs was obtained
using the no incubation method and ranged within 8–16%.

Although several PEG precipitation methods have been used in the as-
sessment of SARS-CoV-2 in untreated wastewater (Bar-Or et al., 2020;
Kocamemi et al., 2020; Philo et al., 2021; Wu et al., 2020a; Wu et al.,
2020b), many of these protocols recommend using large volumes (>200
mL) to concentrate the SARS-CoV-2 virus (Ahmed et al., 2020b), and in-
clude a pre-treatment such as pre-filtration (to dispose of cell debris and
large particulates) with a lengthy incubation time (4–12 h) (Philo et al.,
2021; Wu et al., 2020a; Wu et al., 2020b). The findings in this study dem-
onstrated that the PEG/NaCl precipitation method can also detect SARS-
CoV-2 and PMMoV viral RNA from a 30 mL volume of wastewater without
20), (B) PMMoV gene copies/L vs. wet weight (mg) (R2 = 0.029, n = 120).

Image of Fig. 5
Image of Fig. 6
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the requirement of a pre-treatment or lengthy incubation step (Fig. 5). Due
to the simplicity of PEG-NaCl precipitation, this rapid and effective method
of viral concentration should be incorporated into the sample processing of
SARS-CoV-2 wastewater surveillance programs.

The differences in WWTP characteristics such as sewershed size and
flow regime can impact not only the composition of the influent, but also
the composition and size of the concentrated wastewater pellet obtained
after processing. Several studies have implicated the partitioning of SARS
CoV-2 to solid fractions compared to the liquid fractions (D'Aoust et al.,
2021; Kim et al., 2021; Li et al., 2021). Thus, wastewater pellet mass (wet
weight) was examined as a predictor variable for SARS-CoV-2 and
PMMoV gene copy numbers obtained from a 30 mL fixed volume using
RT-qPCR. Using a linear regression analysis model, it was found that for
both the SARS CoV-2 N and PMMoV gene, pellet mass was observed to a
be poor predictor variable for N and PMMoV gene copies (R2 = 0.113 for
N), (R2= 0.029 for PMMoV) (Fig. 6). These results indicate that the differ-
ences observed in SARS-CoV-2 and PMMoV gene copies between different
samples is unlikely due to the size of the concentrated wastewater pellet
(wet weight).

4. Conclusions

• We conclude that pasteurization of wastewater samples negatively im-
pacted the detection of SARS-CoV-2 by decreasing the total RNA concen-

tration and SARS-CoV-2 N gene copies/Lmeasured, but not PMMoV gene
copies.

• SARS-CoV-2 gene copies/L were lower at −20 °C and −80 °C storage
temperatures compared to 4 °C in 30mL raw influent wastewater samples
after a period of 7 and 14 days, having undergone a thawing process of
1 h in a room temperature water bath. This finding suggested that freez-
ing/thawing of samples can be detrimental to SARS-CoV-2 RNA quantifi-
cation, whereas storage time affected PMMoV gene quantity regardless of
temperature.

• PEG precipitation does not require an incubation period to be an effective
method of viral concentration. Pellet wet-weight was a poor predictor
variable of SARS-CoV-2 N and PMMoV gene copies/L.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2022.153228.
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