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• A uniform procedure for concentrating
SARS-CoV-2 fromwastewater is lacking.
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Monitoring the genetic signal of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) through RNA ti-
ters in wastewater has emerged as a promising strategy for tracking community-scale prevalence of coronavirus
disease 2019 (COVID-19). Althoughmany studies of SARS-CoV-2 inwastewater have been conducted around the
world, a uniform procedure for concentrating the virus in wastewater is lacking. The goal of this study was to
comprehensively evaluate how different methods for concentrating the suspended solids in wastewater affect
the associated SARS-CoV-2 RNA signal and the time required for processing samples for wastewater-based epi-
demiology efforts. We additionally consider the effects of sampling location in the wastewater treatment train
(i.e., following preliminary or primary treatment), pasteurization, and RNA extraction method. Comparison of
the liquid phase to suspended solids obtained via centrifugation or vacuumfiltration suggests that the RNA signal
of SARS-CoV-2 preferentially occurs in the solids. Therefore, we assert that the recovery of SARS-CoV-2 from
wastewater should focus on suspended solids. Our data indicate that the measured SARS-CoV-2 signal is higher
among samples taken from the primary clarifier effluent, as opposed to those taken after preliminary treatment.
Additionally, we provide evidence that sample pasteurization at 60 °C for 90min reduces the SARS-CoV-2 signal
by approximately 50-55%. Finally, the results indicate that amagnetic bead approach to RNA extraction leads to a
higher SARS-CoV-2 signal than does a silica membrane approach.

© 2021 Published by Elsevier B.V.
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1. Introduction

The continuing coronavirus disease 2019 (COVID-19) pandemic,
caused by severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2), has catalyzed the development ofmethods tomonitor the prev-
alence of the disease. Many approaches utilize data obtained from indi-
vidual clinical samples, but relying solely on such data provides an
incomplete picture of COVID-19 prevalence in communities. Because in-
dividual COVID-19 testing is often dependent on voluntary participation
and resource availability, cases of COVID-19, including asymptomatic
and pre-symptomatic cases, likely are underreported (Wu et al.,
2020b). Evidence has shown that SARS-CoV-2 can be detected in the
feces of infected individuals, independent of the presence or absence
of symptoms (Jiang et al., 2020; Xu et al., 2020). Additionally, recent
studies have suggested that detectable concentrations of SARS-CoV-2
RNA in nasopharyngeal swabs can lag behind the onset of symptoms
and the appearance of detectable concentrations of SARS-CoV-2 RNA
in fecal samples (Lo et al., 2020). Because SARS-CoV-2 is shed fecally, re-
searchers have heralded the use of wastewater-based epidemiology
(WBE) during the COVID-19 pandemic (Venugopal et al., 2020), and
many groups track the SARS-CoV-2 signal in wastewater as an indicator
of COVID-19 in communities (Baldovin et al., 2021; Agrawal et al., 2021;
Cao and Francis, 2021; Bivins et al., 2020a; Peccia et al., 2020). A uniform
methodology for collecting and processing wastewater samples for
SARS-CoV-2 RNA quantification is lacking among existingWBE studies;
however, Pecson et al. (2021) notes that multiple methods can yield re-
producible SARS-CoV-2 concentrations and that the chosen method
should be used consistently at a given wastewater treatment plant.

WBE has been used previously for the successful monitoring of
human pathogens including poliovirus, hepatitis A, and norovirus
(Hellmér et al., 2014; Xagoraraki and O’Brien, 2019). Typical protocols
for concentrating poliovirus from wastewater include an initial step to
remove the suspended solids via centrifugation (which are retained
for downstream analysis) while the supernatant is further processed
(Lago et al., 2003). The supernatant is subject to a filtration or precipita-
tion step to concentrate viral particles from the liquid phase prior to re-
combination with the suspended solids (Lago et al., 2003; Nakamura
et al., 2015). Concentration of hepatitis A and norovirus from the liquid
phase has been accomplished by using additives such as beef extract so-
lution to elute the virus captured on a filter (Morace et al., 2002) ormilk
powder to precipitate the virus (Hellmér et al., 2014). Such existing viral
protocols can be used to guide the development of effectivemethods for
SARS-CoV-2 recovery from wastewater.

Current SARS-CoV-2WBE studies vary widely in themethod used to
concentrate SARS-CoV-2 from wastewater. Quantifiable concentrations
of SARS-CoV-2 RNA fromwastewater have been obtained by polyethyl-
ene glycol (PEG) precipitation (Kocamemi et al., 2020; Hata et al., 2021),
aluminum hydroxide precipitation (Randazzo et al., 2020), centrifugal
ultrafiltration (Jafferali et al., 2021; Baldovin et al., 2021), centrifugation
(Westhaus et al., 2021), and ethanol, salt, and silica extraction (Whitney
et al., 2021). Experiments to evaluate and compare viral signal recovery
via different concentration methods have been conducted using surro-
gate enveloped viruses such as murine hepatitis virus (Ahmed et al.,
2020b), as well as porcine epidemic diarrhea virus and mengovirus
(Randazzo et al., 2020). Several studies have specifically evaluated the
SARS-CoV-2 signal obtained via different concentration methods
(LaTurner et al., 2021; Forés et al., 2021; Barril et al., 2021). However,
none of these studies examined centrifugation as a stand-alonemethod
to concentrate the SARS-CoV-2 signal inwastewater samples; rather, for
some of the methods tested, a centrifugation step was utilized to re-
move suspended solids from samples prior to the capture of the SARS-
CoV-2 RNA signal from the liquid phase. Thus, the aforementioned stud-
ies cannot be used to select a method specifically for the recovery of
SARS-CoV-2 RNA from the suspended solids of wastewater.

Current SARS-CoV-2WBE studies also vary with respect to the sam-
pling location within the wastewater treatment train, the use of sample
2

pasteurization, and the RNA extraction procedure. Several studies have
been conducted using untreatedwastewater (Ahmed et al., 2020a; Hata
et al., 2021), but others focus on primary effluent (Balboa et al., 2021),
secondary effluent (Randazzo et al., 2020), or primary sludge (Peccia
et al., 2020). Randazzo et al. (2020) utilized unpasteurized samples
while Wu et al. (2020a) and Weidhaas et al. (2021) utilized samples
that had been pasteurized at 60 °C for 90 min and 65 °C for 60 min, re-
spectively. Bivins et al. (2020b) assessed the reduction of infectious
SARS-CoV-2 resulting from sample pasteurization; however, that study
used a different pasteurization temperature and aliquot size as compared
to those used by Wu et al. (2020a) and Weidhaas et al. (2021), and that
study did not assess the effect of pasteurization on the SARS-CoV-2 RNA
signal. Finally, RNA extraction methods have varied among SARS-CoV-2
WBE studies. For example, some studies have utilized automated mag-
netic processes (Kocamemi et al., 2020) while others have utilized a silica
membrane approach (Ahmed et al., 2020a). To date, there have been few
studies (Pérez-Cataluña et al., 2021) assessing the effect of RNA extraction
method on SARS-CoV-2 RNA signal.

The current study provides a direct comparison among wastewater
sample collection points and processing methods. In particular, the
study focuses on the (1) viral concentration step, with additional con-
sideration of the (2) sample collection point within the wastewater
treatment train, (3) pasteurization of the sample, and (4) RNA extrac-
tion method. These results are intended to select a streamlined
workflow that produces a reproducible SARS-CoV-2 signal from waste-
water samples.

2. Materials and methods

2.1. Wastewater collection and characterization

One-liter, flow-weighted, 24-h composite samples were collected
from two Austin, Texas, wastewater treatment plants. Six samples
were taken between November and December 2020 from the approxi-
mately 75 million gallons per day (MGD) South Austin Regional (SAR)
wastewater treatment plant, and 14 samples were taken between
May 2020 and January 2021 from the approximately 60 MGD Walnut
Creek (WAL) wastewater treatment plant. Using data provided by Aus-
tin Water, the influent compositions of the SAR and WAL wastewater
treatment plants from 2020 were compared (minimum of 58 samples
for each analyte). An independent sample t-test was conducted on alka-
linity, 5-day biochemical oxygen demand (BOD5), and ammonia (NH3),
and a non-parametricMann-WhitneyU testwas conducted on chemical
oxygen demand (COD) and total suspended solids (TSS). All statistical
tests were performed in RStudio (Boston, Massachusetts).

Plant influent (INF) sampleswere collected following the bar screen,
and primary clarifier effluent (PCE) samples were collected following
the primary clarifier. Samples were transported on ice to the laboratory,
mixed, and divided into 50-mL aliquots.

We did not utilize recovery of an exogenous viral spike for normaliza-
tion of SARS-CoV-2 in our samples. Feng et al. (2021) found that the re-
covery of exogenous spikes of the bovine coronavirus did not correlate
with the recovery of SARS-CoV-2. Furthermore, Forés et al. (2021) -
who found that the recovery of spiked murine hepatitis virus and SARS-
CoV-2 did not vary in the same manner between two concentration
methods - suggests that testing real environmental samples for native
SARS-CoV-2 is a better way to assess various concentration methods.

2.2. Sample pasteurization

All 50-mL aliquots, except those used as non-pasteurized controls,
were pasteurized in awater bath at 60 °C for 90min before concentration
andRNAextraction. A comparison of unpasteurized andpasteurized sam-
ples was conducted on triplicate 50-mL aliquots of six PCE samples from
the SAR wastewater treatment plant. These aliquots were concentrated
via centrifugation, and the pellet was extracted using ThermoFisher's
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MagMax Microbiome Ultra Nucleic Acid Isolation kit (Waltham, Massa-
chusetts). A similar analysis was conducted using one PCE and one INF
sample from the WAL wastewater treatment plant. These aliquots were
concentrated via centrifugation, and the pellet was extracted using
QIAGEN's RNeasy PowerMicrobiome kit (Hilden, Germany).

2.3. Sample concentration and homogenization

2.3.1. Concentration procedure
Two wastewater concentration pathways (summarized in Fig. 1)

were modified from methods previously described in the literature
(Ahmed et al., 2020a). The modified methods are described as follows,
where sub-samples were reserved for SARS-CoV-2 analysis at each
step of the method (noted by green stars in Fig. 1):

For concentration without centrifugation, triplicate 50-mL aliquots of
wastewater were subjected to vacuum filtration through 0.45-μm pore-
size, 47-mm diameter, electronegative membranes (HAWP04700; Merck
Millipore Ltd., Sydney, Australia). The membrane and captured solids
were combined in a lysis tube and reserved for homogenization and
RNAextraction. This concentrationmethod is hereafter referred to as “vac-
uum filtration without centrifugation”. Then, the filtrate was subjected to
high-pressure (45 psi) filtration through a 1-nm pore-size, 43-mm diam-
eter, hydrophobic nanofilter (FilmTec NF270; DuPont, Wilmington, Dela-
ware) using an Amicon stirred cell (UFSC05001; Merck KGaA,
Darmstadt, Germany). The nanofilter and up to 1.5-mL of retentate were
combined in a lysis tube and reserved for homogenization andRNAextrac-
tion. This component is hereafter referred to as “nanofilter”. A 1-mLaliquot
of the nanofilterfiltratewas reserved for homogenization andRNAextrac-
tion. This component is hereafter referred to as “nanofilter filtrate”.
Fig. 1. Schematic summarizing the two tested SARS-CoV-2 concentration pathways: one wit
nanofiltration.

3

For concentration with centrifugation, triplicate 50-mL aliquots of
wastewater were subjected to centrifugation at 4 °C, 4,500 xg for
5 min to pellet large, suspended solids from the sample. Following cen-
trifugation, the majority of the supernatant was decanted and reserved.
The remaining supernatant (4-7 mL) was used to resuspend the pellet
via gentle inversion of the tube. The resuspended pellet was transferred
to a 15-mL centrifuge tube and centrifuged at 4 °C, 4,500 xg for 5 min.
Following this centrifugation, all supernatant was decanted and com-
bined with the previously reserved supernatant. Then, the centrifuged
supernatant (a total of approximately 49 mL) was vacuum-filtered
through the above-described electronegative membrane. The mem-
brane and captured solids were combined in a lysis tube and reserved
for homogenization and RNA extraction. This concentration method is
hereafter referred to as “vacuum filtration with centrifugation”. Similar
to the concentration without centrifugation procedure, high-pressure
nanofiltration was conducted on the filtrate from vacuum filtration;
this produced “nanofilter” and “nanofilter filtrate” components that
were reserved for homogenization and RNA extraction. The aforemen-
tioned pellet was resuspended in the lysis buffer included in each of
the extraction kits listed below (containing guanidine thiocyanate)
and reserved for homogenization and RNA extraction. This concentra-
tion method is hereafter referred to as “centrifugation”.

For both concentration pathways (with andwithout centrifugation),
all reserved components were stored in 2-mL lysis tubes at -80 °C until
homogenization and lysis.

2.3.2. Homogenization and lysis
Three lysingmatriceswere used, depending on the sample concentra-

tion method and the downstream RNA extraction method. The lysing
h centrifugation and one without centrifugation, both followed by vacuum filtration and



Table 1
Influent composition for the South Austin Regional (SAR) andWalnut Creek (WAL)waste-
water treatment plants in 2020. The average (standard deviation) are shown. Significant
differences between the mean values of an analyte at the two wastewater treatment
plants are indicated with a * by the p-value.

TSS (mg/L) NH3-N
(mg/L)

Alkalinity
(mg/L as CaCO3)

COD
(mg/L)

BOD5

(mg/L)

SAR 260 (76.2) 34.3 (5.28) 283 (19.5) 501 (118) 248 (45.2)
WAL 220 (83.3) 46.5 (5.25) 252 (19.9) 385(78.2) 235 (62.8)
p-value <4.113e-6* <2.2e-16* <2.2e-16* <2.2e-16* p = 0.137
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matrix consisting of 0.56- to 0.7-mmgarnetflakes (MPBiomedicals, Santa
Ana, California) generallywas used for samples concentrated viafiltration
to encourage membrane break up. The garnet lysing matrix provided the
sharp edges necessary for tearing themembrane so that solids trapped on
themembrane could be accessed. The lysingmatrix consisting of 0.1-mm
glass beads provided in the RNeasy PowerMicrobiome kit was used for
solids concentrated via centrifugation prior to extraction via the RNeasy
kit. The lysing matrix consisting of zirconia beads provided in the
MagMax Ultra Nucleic Acid Isolation kit was used for solids concentrated
via centrifugation prior to extraction via the MagMax kit.

Prior to homogenization and lysis, frozen concentrates were thawed
at room temperature (~20 °C) for approximately 30 min. Then, if not
done previously for pellet resuspension, an appropriate amount of lysis
buffer (as directed by the RNA extraction kit) was added to each tube.
An aliquot (6.5 μL) of β-mercaptoethanol was added to concentrates
that were to be processed with the RNeasy PowerMicrobiome kit, per
the manufacturer's instructions. All lysis tubes were subjected to 4-6 al-
ternating rounds of homogenization using MP Biomedicals’ FastPrep-24
(4.0 m/s for 20 s) and centrifugation (13,000 xg for 15-20 s).

2.4. RNA extraction

Following the final round of homogenization, lysis tubes were cen-
trifuged at 13,000 xg for 1 min. The supernatant was decanted and im-
mediately subjected to RNA extraction using QIAGEN's RNeasy
PowerMicrobiome kit (a silica membrane approach) or ThermoFisher's
MagMax Microbiome Ultra Nucleic Acid Isolation kit (a magnetic bead
approach), following the respective manufacturer's instructions. Ex-
tracts were not treated with DNase. Extraction using the MagMax kit
was automated using ThermoFisher's KingFisher Flex system. RNA ex-
tracts were stored at -20 °C prior to analysis via reverse transcription,
quantitative, real-time polymerase chain reaction (RT-qPCR).

2.5. RT-qPCR

The concentration of SARS-CoV-2 in each RNA extractwasmeasured
in triplicate on a ViiA7 Real-Time PCR System (ThermoFisher). RT-qPCR
targeted the nucleocapsid gene of SARS-CoV-2 using the CDC nCOV_N1
primer/probe set (Integrated DNA Technologies [IDT], Coralville, Iowa).
Standard curves were developed using the plasmid 2019-
nCoV_N_Positive Control (IDT) at concentrations of 20,000, 2,000, 200,
20, and 2 N gene copies/μL. RT-qPCR reactions (20 μL) contained 5 μL
of RNA extract, 5 μL of TaqMan™ Fast Virus 1-Step Master Mix
(ThermoFisher), 1.49 μL of the CDC nCOV_N1 primer/probe set mix
(IDT), and 8.51 μL of PCR-gradewater. The concentration of each primer
in the reaction was 500 nM, and the concentration of probe in the reac-
tion was 125 nM. RT-qPCR was run under the following conditions, per
the CDC's recommendations: 50°C for 5min, 95 °C for 20 s, followed by
40 cycles of 95°C for 15s and 60°C for 60s. The limit of detection (LOD)
was determined by using six serial dilutions of the plasmid 2019-
nCoV_N_Positive Control SARS-CoV-2 standard (from 100,000 to 1
copy per reaction). After narrowing the initial range, 20 replicates of
standards with 10, 5, 2.5, and 1 copy per reaction were analyzed. Fol-
lowing the procedure of Klymus et al. (2019), the LOD for the N1
assay was calculated as 10.6 N gene copies per reaction when samples
are analyzed in triplicate. For our final, selected workflow (50-mL
wastewater sample and RNA extraction into 200 μL of elution buffer),
this translates to an LOD of 8,480 N gene copies/L of wastewater.

Similar to the method of Pecson et al. (2021), only RT-qPCR reactions
that produced results above the LODwere included in downstream anal-
ysis; if one or two of the triplicate RT-qPCR reactions for a wastewater al-
iquot produced results below the LOD, those were removed from the
analysis. Care was taken to ensure the quality of the results: all RT-qPCR
reactions were performed in triplicate, and positive controls (2019-
nCoV_N_Positive Control, IDT) and negative controls (PCR-grade water)
4

were used in every RT-qPCR plate. All negative controls indicated an ab-
sence of SARS-CoV-2 RNA in the materials and reagents used.

2.6. Statistical analysis

Triplicate RT-qPCR measurements were used to calculate the aver-
age SARS-CoV-2 concentration in each RNA extract in units of N gene
copies/μL extract. The volume of wastewater concentrated, the volume
of eluent used during the RNA extraction, and the extract's SARS-CoV-
2 concentration were used to calculate the concentration of SARS-
CoV-2 in units of N gene copies/L wastewater.

Each variation of the sample processing method was performed on
triplicate aliquots of the same wastewater sample. For comparison
across sample processing methods, the values of SARS-CoV-2 concen-
trations across triplicate aliquots were averaged, and the standard devi-
ation was calculated. The coefficient of variation (CV) was calculated by
dividing the standard deviation by the average SARS-CoV-2 concentra-
tion across the triplicate aliquots. When applicable, a Wilcoxon
signed-rank test was performed inMatLab (MathWorks, Natick, Massa-
chusetts) at a 95% confidence level to determine if two sample process-
ing methods yielded significantly different SARS-CoV-2 concentrations.

2.7. Selected workflow

After examining the effects of the sampling locationwithin thewaste-
water treatment train, pasteurization, concentration protocol, and RNA
extraction method on the SARS-CoV-2 RNA signal, a workflow was se-
lected to increase both the magnitude and reproducibility of the SARS-
CoV-2 concentration measured in wastewater samples while decreasing
the time required for processing samples. The selectedworkflow includes
1) sampling of PCE, 2) pasteurization of triplicate 50-mL aliquots at 60 °C
for 90min, 3) concentration via centrifugation, and4) automatedRNAex-
traction using ThermoFisher's MagMax kit and KingFisher Flex system.

The selected workflow is summarized as follows: triplicate 50-mL
aliquots of PCE were pasteurized at 60 °C for 90 min and centrifuged
at 4 °C, 4,500 xg for 5 min. A volume of 43-46 mL of supernatant was
decanted and discarded, while the remaining supernatant (4-7 mL)
was reserved and used for resuspension of pelleted solids via gentle in-
version. The supernatant and resuspended solids were transferred to a
15-mL centrifuge tube and centrifuged at 4 °C, 4,500 xg for 5 min. The
supernatant was decanted, and the pelleted solids were resuspended
in lysis buffer provided in the MagMax kit. This suspension was trans-
ferred to 2-mL zirconia bead lysis tubes included in the MagMax kit.
Lysis tubes were subjected to four alternating rounds of homogeniza-
tion using MP Biomedicals’ FastPrep-24 (4.0 m/s for 20 s) and centrifu-
gation (13,000 xg for 15-20 s). Samples were then subjected to
automated RNA extraction using ThermoFisher's MagMax kit and King-
Fisher Flex system, following the manufacturer's instructions.

3. Results and discussion

3.1. Wastewater characterization

As shown in Table 1, the mean values between the influent to the
SAR and WAL wastewater treatment plants are significantly different
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for alkalinity, NH3-N, COD, and TSS. However, themean values between
the two influents are not significantly different for BOD5.

3.2. Sample concentration and homogenization effects

A preliminary experimentwas conducted using one PCE and one INF
sample collected from the WAL wastewater treatment plant on the
same date. The SARS-CoV-2 concentrationsmeasured from the reserved
components (Fig. 1) of the PCE and INF samples are shown in SI Figs. 1-
3. This experiment indicated unreliable or no recovery of SARS-CoV-2
signal from the nanofilter of PCE and INF samples (SI Figs. 1 and
2) when samples were concentrated with or without centrifugation.
Additionally, no SARS-CoV-2 signal was detected in the nanofilter fil-
trate of PCE and INF samples concentrated with or without centrifuga-
tion, as indicated by triplicate non-detect RT-qPCR results for all
aliquots processed in this way. The preferential occurrence of SARS-
CoV-2 RNA in association with the solid components of wastewater
samples (Li et al., 2021), as opposed to the liquid phase, emphasized
the need to maximize the capture of SARS-CoV-2 from the suspended
solids. Thus, our subsequent analysis focused on determining if concen-
tration via centrifugation or vacuum filtration without centrifugation
would be a more suitable and time-efficient method for our final
workflow.

A comparison of the total SARS-CoV-2 signal recovered from all re-
served components with and without centrifugation indicated that sig-
nal loss occurs when concentrating via centrifugation (SI Fig. 3).
Because the sharp edges of the garnet lysing matrix were not expected
to be necessary when a filter membrane was not in the lysis tube, a trial
was conducted using the glass bead lysing matrix on samples concen-
trated via centrifugation (i.e., producing a pellet). Additionally, evidence
indicates that enveloped viruses might be sensitive to shear force (Kim
and Lim, 2017), so it was hypothesized that the garnet lysing matrix
Fig. 2. Concentrating SARS-CoV-2 from wastewater samples via centrifugation or vacuum fil
Primary Clarifier Effluent (PCE); Sample details: six composite samples were retrieved
Concentration Method: centrifugation vs. vacuum filtration without centrifugation; RNA
centrifugation or garnet lysis beads for samples concentrated via vacuum filtration without
selected workflow. Each column represents the average of triplicate aliquots processed for a s
the standard deviation among the aliquots; the coefficient of variation (CV) normalizes the sta
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might be unnecessarily harsh on samples concentrated via centrifuga-
tion. The results (SI Fig. 4) indicate that more gentle lysing matrices
(i.e., glass beads rather than garnet) should be used when homogeniz-
ing samples concentrated via centrifugation for SARS-CoV-2 detection.

A further comparison of concentration via centrifugation and vac-
uum filtration without centrifugation was conducted using three PCE
samples taken from the WAL wastewater treatment plant (SI Fig. 5)
and six PCE samples taken from the SAR wastewater treatment plant
(Fig. 2). The garnet lysing matrix was used for concentrates obtained
via vacuumfiltrationwithout centrifugation. The lysingmatrix included
in the extraction kit was used for concentrates obtained via centrifuga-
tion; specifically, RNA extraction of WAL wastewater concentrates was
performed using the RNeasy PowerMicrobiome kit with the glass bead
lysingmatrix,while RNAextraction of the SARwastewater concentrates
was performed using the MagMax Ultra Nucleic Acid Isolation kit with
the zirconia bead lysing matrix. A Wilcoxon signed-rank test of the
SARS-CoV-2 concentrations from the SAR samples indicates that there
was no significant difference between the SARS-CoV-2 concentration
from a sample concentrated via centrifugation to that concentrated via
vacuum filtration without centrifugation (p = 0.219). Additionally,
the median CVs for the two concentration techniques (Fig. 2) are simi-
lar: 0.22 (centrifugation) and 0.16 (vacuum filtration without centrifu-
gation); these CVs compare favorably to those from other viral
concentration protocols in the literature, indicating method reproduc-
ibility: 0.21 for SARS-CoV-2 concentrated withmagnesium chloride ad-
dition and vacuum filtration (Feng et al., 2021), 0.15 and 0.39 for bovine
coronavirus with direct extraction and concentrated with PEG, respec-
tively (LaTurner et al., 2021), and 0.58-0.68 for MS2 andmurine hepati-
tis virus concentrated by ultrafiltration methods (Forés et al., 2021).
Furthermore, the SARS-CoV-2 concentrations from theWAL samples in-
dicate that concentration via centrifugation, as compared to vacuum fil-
tration without centrifugation, yielded fewer non-detect RT-qPCR
tration without centrifugation. WWTP: South Austin Regional (SAR); Sampling location:
on six different dates between November and December 2020; Pasteurization: yes;
Extraction Method: MagMax with zirconia lysis beads for samples concentrated via
centrifugation. Samples concentrated via centrifugation were processed using the final
ample, where triplicate RT-qPCR reactions were run for each aliquot; error bars represent
ndard deviation to the average SARS-CoV-2 concentration.



Fig. 3. Concentrating SARS-CoV-2 from wastewater samples taken following primary
treatment (PCE) or preliminary treatment (INF). WWTP: South Austin Regional (SAR);
Sampling location: Primary Clarifier Effluent (PCE) and Influent (INF); Sample details:
two pairs of PCE and INF composite samples were retrieved on two different dates
between November and December 2020; Pasteurization: yes; Concentration Method:
centrifugation; RNA Extraction Method: MagMax with zirconia lysis beads. PCE samples
were processed using the final selected workflow. Each column represents the average
of triplicate aliquots processed for a sample, where triplicate RT-qPCR reactions were
run for each aliquot; error bars represent the standard deviation among the aliquots;
the coefficient of variation (CV) normalizes the standard deviation to the average SARS-
CoV-2 concentration. A CV value noted as “N/A” indicates that two of the triplicate
aliquots processed yielded triplicate non-detect RT-qPCR results.

Fig. 4.Concentrating SARS-CoV-2 fromwastewater sampleswith andwithout pasteurization at
Effluent (PCE); Sample details: six composite samples were retrieved on six different dates betw
legend); Concentration Method: centrifugation; RNA Extraction Method: MagMax with zircon
column represents the average of triplicate aliquots processed for a sample, where triplicate R
among the aliquots; the coefficient of variation (CV) normalizes the standard deviation to the
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results during a period of relatively low COVID-19 prevalence (Austin
Public Health, 2020).

For routine monitoring, the selected workflow for concentrating
SARS-CoV-2 from wastewater should consider the time required for
sample processing. Concentration via centrifugation is preferable to
concentration via vacuum filtration because it requires less processing
time. For example, processing ten wastewater samples in triplicate
would take approximately four hours for concentration via vacuum fil-
tration without centrifugation (assuming an ability to run three filter
units in parallel) but only 30 min for concentration via centrifugation.

3.3. Sample collection point effects

The effect of sample collection point in the wastewater treatment
train on the SARS-CoV-2 signal was assessed using two sets of paired
PCE and INF samples fromboth theWAL and SARwastewater treatment
plants. PCE and INF samples taken on the same day at the same plant
were concentrated from triplicate 50-mL aliquots via centrifugation.
An examination of the SAR data (Fig. 3) indicates that PCE samples
yielded higher average concentrations of SARS-CoV-2 than did INF sam-
ples. Additionally, two of the aliquots from both SAR wastewater INF
samples yielded non-detect RT-qPCR results. An examination of the
WAL data (SI Fig. 6) indicates that INF samples yielded higher average
concentrations of SARS-CoV-2 than did PCE samples; however, the CV
of INF samples were higher than those of PCE samples, indicating better
reproducibility with PCE samples. Based on the SAR andWAL data, PCE
was selected for the final workflow to decrease the likelihood of non-
detects in RT-qPCR and to improve reproducibility.

3.4. Sample pasteurization effects

The use of pasteurization in WBE studies for SARS-CoV-2 varies
(Pecson et al., 2021), and its use depends on the safety requirements
of the organization or the comfort-level of the principal investigator
and/or laboratory personnel. Thus, the effect of sample pasteurization
60 °C for 90min.WWTP: South Austin Regional (SAR); Sampling location: Primary Clarifier
een November and December 2020; Pasteurization: some samples were pasteurized (see

ia lysis beads. Pasteurized samples were processed using the final selected workflow. Each
T-qPCR reactions were run for each aliquot; error bars represent the standard deviation
average SARS-CoV-2 concentration.
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was assessed using one PCE and one INF sample taken from the WAL
wastewater treatment plant (SI Fig. 7) and six PCE samples taken from
the SAR wastewater treatment plant (Fig. 4). A Wilcoxon signed-rank
test of the SARS-CoV-2 concentrations from the SAR samples indicates
that pasteurization (90 min at 60 °C) yielded a significantly lower
SARS-CoV-2 signal (p = 0.0312), with an average decrease of approxi-
mately 50% as compared to no pasteurization. The CV values of pasteur-
ized and unpasteurized SAR samples were similar (0.08-0.38 and 0.05-
0.40, respectively). A similar decrease in average SARS-CoV-2 concen-
trations (55%) was observed in pasteurized as compared to unpasteur-
ized WAL samples. Additionally, pasteurized WAL samples had lower
CV values than did unpasteurized samples. Because pasteurization of
wastewater reduces the potential risk to laboratory personnel from a
variety of potentially infectious agents, a SARS-CoV-2 signal loss of 50-
55% might be acceptable to a given lab. However, Pecson et al. (2021)
determined that pasteurization of 60min at 60 °C did not result in a sta-
tistically significant loss of SARS-CoV-2 signal. Thus, for those labs who
want or are required to pasteurizewastewater samples prior to process-
ing for SARS-CoV-2 RNA, 60 min at 60 °C might be considered.

3.5. RNA extraction

We compared the SARS-CoV-2 signal after RNA extraction utilizing a
silica membrane approach and a micro-spherical magnetic bead ap-
proach using six PCE samples from the SAR wastewater treatment
plant (Fig. 5). As compared to Pérez-Cataluña et al. (2021), who found
no statistically significant difference in SARS-CoV-2 concentrations
when extracted with amanual, column-based RNA extraction approach
versus an automated, magnetic bead approach, aWilcoxon signed-rank
test of the SARS-CoV-2 concentrations from our SAR samples
indicates that the magnetic bead approach yielded significantly higher
SARS-CoV-2 concentrations than did the silica membrane approach
(p = 0.0312). Additionally, samples extracted with the magnetic bead
approach had a lower median CV (0.22) as compared to the silica
Fig. 5. Extracting SARS-CoV-2 from wastewater using a magnetic bead or silica membrane app
(PCE); Sample details: six composite samples were retrieved on six different dates between N
RNA ExtractionMethod:MagMaxwith zirconia lysis beads (magnetic bead approach) and RNea
magnetic bead approach were processed using the final selected workflow. Each column repr
reactions were run for each aliquot; error bars represent the standard deviation among the al
SARS-CoV-2 concentration. A CV value noted as “N/A” indicates that all of the triplicate aliquot
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membrane approach (0.42). Because the magnetic bead approach to
RNA extraction can be automated, adopting this approach can
decrease the personnel time required for routine SARS-CoV-2 WBE
monitoring.

4. Conclusion

This study utilized wastewater samples from two wastewater treat-
ment plants to directly compare SARS-CoV-2 RNA concentration as a
function of wastewater sample collection point and subsequent pro-
cessingmethods. The preferential occurrence of SARS-CoV-2 viral parti-
cles in the suspended solids of wastewater emphasizes the need for a
concentration method focused on the suspended solids. SARS-CoV-2
WBEworkflows that include a solids removal step (e.g.,filtration or cen-
trifugation) prior to processing the liquid phase for SARS-CoV-2 detec-
tion are unlikely to achieve complete capture of the SARS-CoV-2
signal. We recommend that the suspended solids of wastewater sam-
ples be captured via centrifugation and analyzed for SARS-CoV-2 signal.
The data produced in this study indicate that concentration via centrifu-
gation, when paired with an appropriate homogenization method,
yields a comparable SARS-CoV-2 signal as compared to the other con-
centrationmethods tested.Whileworkflows that include concentration
via vacuum filtration are common, we argue that a concentration via
centrifugation approach is more time efficient and yields similar SARS-
CoV-2 signal recovery.

The results of this study indicate that PCE samples should be utilized
to improve the reproducibility of the SARS-CoV-2 signal, particularly at
low concentrations. Additionally, given the reduced time required for
extraction and the increased SARS-CoV-2 signal, a magnetic bead ap-
proach to RNA extraction is preferable to a silica membrane approach.
Finally, although pasteurization of wastewater samples mitigates risk
of infectious disease to laboratory personnel, this study provides evi-
dence that pasteurization (60 °C for 90 min) leads to an average 50-
55% decrease in SARS-CoV-2 RNA signal.
roach. WWTP: South Austin Regional (SAR); Sampling location: Primary Clarifier Effluent
ovember and December 2020; Pasteurization: yes; Concentration Method: centrifugation;
sywith glass lysis beads (silicamembrane approach). Samples that were extracted using a
esents the average of triplicate aliquots processed for a sample, where triplicate RT-qPCR
iquots; the coefficient of variation (CV) normalizes the standard deviation to the average
s processed yielded triplicate non-detect RT-qPCR results.
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