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ABSTRACT: Wastewater surveillance of severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) RNA is being used to
monitor Coronavirus Disease 2019 (COVID-19) trends in
communities; however, within- and between-day variation of
SARS-CoV-2 RNA concentration in primary influent remains
largely uncharacterized. In the current study, grab sampling of
primary influent was performed every 2 h over two 24-h periods at
two wastewater treatment plants (WWTPs) in northern Indiana,
USA. The recovery efficiency of endogenous SARS-CoV-2 RNA in
wastewater was confirmed to be similar to the recovery efficiency
of the process control, bovine respiratory syncytial virus (BRSV).
Recovery-corrected SARS-CoV-2 RNA concentrations in primary
influent indicate diurnal loading patterns and confirm monitoring
dependent on grab samples should target daytime periods with high fecal loading. Importantly, manual compositing performed at the
WWTP resulted in concentrations that were consistently lower than grab sample averages indicating potential bias. Uncorrected,
recovery-corrected, and pepper mild mottle virus (PMMoV)-normalized SARS-CoV-2 RNA concentrations demonstrated an ordinal
agreement with increasing clinical COVID-19 positivity but not COVID-19 cases. In areas where geolocated COVID-19 case data
are not available, the COVID-19 positivity rate could provide a useful county-level metric for comparison with wastewater.
Nonetheless, large variation both within- and between-days may preclude robust quantitative analyses beyond correlation.
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■ INTRODUCTION

When infected with severe acute coronavirus 2 (SARS-CoV-2),
the β-coronavirus which causes coronavirus disease 2019
(COVID-19), both symptomatic and asymptomatic individu-
als,1 shed the virus and its RNA, in various body fluids2−4

including sputum, saliva, urine, and feces. Since many of these
body fluids are deposited into wastewater collection systems,
wastewater-based epidemiology (WBE) has emerged as a
promising technique5 for corroborating clinical surveillance
observations or monitoring SARS-CoV-2 infection when
clinical surveillance systems are unavailable or limited.6,7

Surveillance strategies and sampling methods for WBE
remain diverse, with community-level temporal trends
monitored via both primary solids8,9 and primary influent.10

Studies monitoring primary influent for surveillance have used
grab samples,11−14 time-based composite samples,15,16 and
flow-based composite samples.10,17 Concentrations of SARS-
CoV-2 RNA in wastewater and wastewater solids correlate
with COVID-19 cases9,17,18 and positivity rates.19 Attempts to
use wastewater data to estimate SARS-CoV-2 infection
prevalence remain limited due to large uncertainty and
variation in virus shedding rates and sewershed dynamics.20,21

To reduce variation, normalization of SARS-CoV-2 RNA
concentrations by pepper mild mottle virus (PMMoV) RNA
concentration has been suggested to account for the fecal
content of wastewater samples.9 PMMoV is an elongated rod-
shaped virus with a single-stranded genome22 that is prevalent
in human feces23,24 due to the consumption of produce and is
subsequently prevalent in wastewater globally.25 WBE studies
of wastewater solids have reported improved correlation with
clinical case trends26 and no effect9 associated with PMMoV-
normalization, while a study of wastewater influent found that
PMMoV-normalization decreased correlation with clinical case
trends.18

The SARS-CoV-2 RNA concentration in municipal waste-
water influent is expected to exhibit temporal trends consistent
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with domestic sewage inputs and PMMoV influent concen-
tration due to the fecal shedding of SARS-CoV-2 RNA by
those infected. In its Recommendations from Global Experts
report, The Water Research Foundation noted the within-day
variation in SARS-CoV-2 genetic signal remains unclear and
suggests it may be beneficial to try to capture the morning
flush of wastewater but acknowledges there remains debate.27

Critically, this variability determines best sampling practices,
especially in settings where composite sampling is not available
or feasible. Studies of within-day variation in SARS-CoV-2
RNA concentrations in primary influent remain limited. One
study, not-yet peer reviewed, comparing flow-weighted
composites and grab samples found agreement between the
two but suggested avoiding grab sampling during and
immediately following early morning low flow periods due to
low concentrations.28 Another study hypothesized that a 10-
fold increase in SARS-CoV-2 RNA concentrations in flow-
weighted influent composites compared to grab samples
suggested diurnal variation but called for additional testing
to confirm,29 and a recent study of interday variation in SARS-
CoV-2 RNA in wastewater noted that there were no reported
studies on the concentration dynamics at hourly scales.30

While many practitioners leverage time-based or flow-weighted
composites to circumvent this variation, additional evidence is
necessary to identify best sampling practices and inform data
interpretation, especially for settings with less resources.
The purpose of the current study was to assess the variability

associated with SARS-CoV-2 RNA in primary influent at two
wastewater treatment plants (WWTPs) during distinct periods
of epidemic COVID-19. The effort had two primary goals. The
first goal was to characterize the within-day variation in
influent SARS-CoV-2 RNA concentrations, PMMoV RNA
concentrations, and sample process control recovery efficiency.
The second was to assess the relationships between primary
influent SARS-CoV-2 RNA concentration, including normal-
ized concentrations, and COVID-19 clinical surveillance cases.

■ MATERIALS AND METHODS

Primary Influent Sampling Locations. The experiments
described herein were conducted at two WWTPs located in
two communities, identified as community A and community
B, in northern Indiana, USA. Records from the Environmental
Protection Agency’s (EPA) Enforcement and Compliance
History Online (ECHO) system indicate the design flow for
each WWTP is 20 million gallons per day (MGD) (https://
echo.epa.gov/). The WWTP in community A (WWTP A)
serves 56,227 residents (27% of the county population per
2019 Census data) and had an average influent flow rate of
14.09 million gallons per day (MGD) in 2020 (250 gallons per
capita-day). The WWTP in community B (WWTP B) serves
46,557 residents (17% of the county population per 2019 US
Census data) and had an average influent flow rate of 11.50
MGD in 2020 (247 gallons per capita day). Despite serving
fewer residents, the population density surrounding WWTP B
is greater (2,995 persons per square mile) than the density
surrounding WWTP A (1,881 persons per square mile).
COVID-19 clinical surveillance data during the 14 days prior
to each sampling period for the counties A and B were
obtained from the Indiana COVID-19 Dashboard and Map
(https://www.coronavirus.in.gov/2393.htm). COVID-19 clin-
ical surveillance data at the subcounty level are not publicly
available for this region.

24-h Sampling Experiments. A total of four 24-h
sampling experiments were conducted: (1) WWTP A from
12:00 June 18 to 12:00 June 19, 2020; (2) WWTP A from
1:30 to 23:30 December 2; (3) WWTP B from 11:00 May 7 to
9:00 May 8, 2020; (4) WWTP B from 9:00 December 1 to
7:00 December 2, 2020. During each experiment, 500 mL of
primary influent was collected at 2-h intervals and immediately
stored at 4 °C. Samples were then transported on ice to the
laboratory and again stored at 4 °C until concentrated as
described below within 24 h. At WWTP A, 24-h time-based
composite samples were also collected on June 18 and 19 and
December 2. While at WWTP B, a 24-h time-based composite
sample was only prepared using the grab samples from
December 1 to December 2. The average hourly flow rates
were recorded during each experiment and subsequently used
to calculate average flow rates for each 2-h interval and for the
entire 24-h experiment.

Electronegative Membrane Adsorption and Extrac-
tion. Primary influent wastewater samples were concentrated
using an electronegative membrane followed by direct
extraction of the membrane as has been previously reported
for concentration of viral markers31 and SARS-CoV-2 for WBE
applications.21 During the experiments, 100 mL of primary
influent, including solids, was filtered through a 0.45 μm 47
mm GN-6 Metricel hydrophilic mixed cellulose ester
membrane (Pall Corporation, Port Washington, NY, USA)
on a glass vacuum filtration assembly (Sigma-Aldrich, St. Louis,
MO, USA).
Prior to concentration, each influent sample was seeded with

a process control, bovine respiratory syncytial virus (BRSV), in
the form of Inforce 3, an intranasal cattle vaccine consisting of
live attenuated virus (Zoetis, Parsippany-Troy Hills, NJ, USA)
at a ratio of 1 μL of Inforce 3/mL of wastewater. The seed
concentration was 4.73 ± 0.09 log10 RNA copy number/μL as
quantified by direct extraction of 500 μL aliquots of seeded
wastewater. BRSV was selected as a process control because of
its similarity to SARS-CoV-2 morphology: both are enveloped
viruses with helical symmetry and single-stranded RNA
genomes.32 Additionally, BRSV has been previously used as
an extraction and molecular control during testing of drinking
water samples.33

Immediately after concentration, each membrane filter was
rolled and placed into a 2 mL Garnet PowerBead Tube
(Qiagen, Hilden, Germany) using aseptic technique and frozen
at −80 °C. Nucleic acids were extracted from each filter using
the AllPrep PowerViral DNA/RNA kit (Qiagen, Hilden,
Germany). Prior to extraction, 800 μL of solution PM1
(heated to 55 °C) and 8 μL of β-Mecaptoethanol (MP
Biomedicals, Irvine, CA, USA) were added to each thawed
PowerBead tube, vortexed briefly, and homogenized on a
FastPrep 24 beat beating instrument for four rounds of 20 s at
4.5 M/s with 30 s of rest between each round. After bead
beating, the PowerBead tubes were centrifuged at 13,000g for 1
min, and 500 μL of the resulting supernatant was transferred
into a clean 2-mL microcentrifuge tube. The extraction was
then completed following the Qiagen protocol. In the final
step, nucleic acids were eluted in 80 μL of RNase free water
(provided with the kit). The resulting eluate was centrifuged
for 2 min at 13,000g, and 60 μL of supernatant was transferred
into a 2-mL DNA LoBind tube (Eppendorf, Hamburg,
Germany) and stored at −80 °C until assayed by reverse
transcription droplet digital polymerase chain reaction (RT-
ddPCR). The resulting concentration factor from the entire
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workflow is 1,250, as 100,000 μL of primary influent is
processed into a final volume of 80 μL, of which 60 μL is
assayed.
Direct Extractions. In addition to the primary influent

samples concentrated by the adsorption-extraction method, a
paired subset of 16 samples, 8 collected from WWTP A and 8
from WWTP B (December 2020 experiments), was extracted
by adding 500 μL of influent directly into a Garnet PowerBead
tube and extracting the nucleic acids as described above. The
purpose of these direct extractions was to directly compare the
SARS-CoV-2 and BRSV RNA concentration recovery
efficiency by comparing the direct extraction enumerations
and the adsorption-extraction enumerations.
RT-ddPCR. RNA in sample extracts was quantified by RT-

ddPCR performed on the BioRad QX200 Droplet Digital PCR
System with thermal cycling performed on the C1000 Touch
Thermal Cycler (BioRad, Hercules, CA, USA). RNA reverse
transcription and PCR amplification were performed in a single
reaction using the One-Step RT-ddPCR Advanced Kit for
Probes (BioRad, Hercules, CA, USA) per the manufacturer’s
instructions. Each reaction was prepared as a 22 μL volume
consisting of 5.25 μL of 4Χ reaction mix, 2.1 μL of reverse
transcriptase, 1.05 μL of dithiothreitol, 6.45 μL of molecular
grade water, and 4 μL of nucleic acid extract from each sample.
Primer and probe sequences, concentrations, and thermal
cycling conditions for each RT-ddPCR assay are summarized
in Table S1. Each RT-ddPCR experiment included no-
template controls, positive controls, and the pertinent negative
extraction controls as described in further detail below. The
RNA copy number for each RT-ddPCR reaction was estimated
by manual thresholding performed in QuantaSoft Version 1.7.4
(BioRad, Hercules, CA, USA) such that the negative controls,
both no-template and extraction, were negative for each assay.
To assess the extraction and RT-ddPCR efficiency, a subset

of 16 concentrated influent samples (8 WWTP A; 8 WWTP
B) was seeded with Hepatitis G (Hep G) Armored RNA
(Asuragen, Austin, TX, USA) as a molecular process
control.10,34 For these samples, 10 μL of Hep G Armored
RNA was seeded into the 500 μL supernatant resulting from
membrane filter homogenization, then extracted, and subjected
to RT-ddPCR as described above. The starting titer of the Hep
G seed (1,140 ± 152 RNA GC/μL) was determined by heat-
extracting an aliquot of Hep G Armored RNA at 75 °C for 3
min and quantifying the resulting RNA by RT-ddPCR per the
manufacturer’s instructions. The extraction and RT-ddPCR
recovery efficiency was estimated by comparing the quantity of
Hep G RNA recovered from each sample with the starting
titer.
RT-ddPCR Assays. SARS-CoV-2 RNA was detected and

quantified using the CDC N1 assay targeting the nucleocapsid
gene.35 The N1 copy number in each sample was measured in
triplicate RT-ddPCR reactions using the premixed primers and
probe (Table S1) from the 2019-nCoV RUO Kit (IDT,
Coralville, IA, USA). Each RT-ddPCR experiment included a
no-template control, two positive controls consisting of the
2019-nCoV_N_Positive Control plasmid (IDT, Coralville, IA,
USA), and the relevant negative extraction control. The 95%
limit of detection (95% LOD) for the N1 assay was estimated
using a 1:3 dilution series of Synthetic SARS-CoV-2 RNA
Control (MT 188340) (Twist Bioscience, San Francisco, CA,
USA). At each step in the dilution series, 12 RT-ddPCR
replicates were assayed. A cumulative Gaussian distribution
was fit to the observed proportion of positive technical

replicates along the dilution series, and the 95% LOD was
estimated as the 95th percentile of the resulting distribution.
PMMoV RNA was quantified using an RT-ddPCR assay

targeting the replicase protein gene.23,36 The forward and
reverse primers (Table S1) were synthesized by IDT
(Coralville, IA, USA), while the Taqman probe was
synthesized by Applied Biosystems (Foster City, CA, USA).
PMMoV RNA was quantified in a single RT-ddPCR reaction
for each sample with two negative controls included in each
experiment.
RNA from the process control, BRSV, was detected and

quantified using an assay targeting the nucleoprotein gene37

and adapted to the RT-ddPCR format.38 The forward and
reverse primers and probe (Table S1) were synthesized by
IDT (Coralville). BRSV RNA for each sample was measured in
a single RT-ddPCR reaction with two negative controls and
two positive controls consisting of an extract (Qiagen AllPrep
PowerViral) of Inforce 3 aliquots. RNA from the extraction
and molecular control, Hep G Armored RNA, was quantified
in RT-ddPCR duplicates using an RT-ddPCR assay targeting
polyprotein precursor34 with primers and probes (Table S1)
synthesized by IDT (Coralville). RT-ddPCR experiments were
deemed satisfactory when each target was detected in the
relevant positive controls and not detected in its negative
controls, the BRSV process control was detected in each
sample, and PMMoV was detected in each sample.

RNA Persistence Experiments. In addition to the 24-h
influent sampling experiments, a daily composite sample was
collected from WWTP A on June 23, 2020, seeded with BRSV,
and used to investigate the stability of RNA during storage,
pasteurization, and freeze−thaw cycles. To assess persistence
during storage, the composite sample was aliquoted into 50-
mL centrifuge tubes. The tubes were incubated at either 4 or
25 °C with two tubes combined into a single 100-mL sample
and processed every 24 h from time zero to 7 days. Persistence
through pasteurization was assessed by pasteurizing two 50-mL
aliquots in centrifuge tubes at 60 °C for 90 min, with a brief
vortex mix at 45 min, and then combining the two aliquots into
a single 100-mL sample. The effect of freeze−thaw cycles was
assessed by freezing 50-mL aliquots in centrifuge tubes at −80
°C for 48 h, thawing the tubes at 4 °C, and refreezing at −80
°C for up to three cycles. After each thaw, two tubes were
combined into one 100-mL sample for processing. For the
persistence assessments, SARS-CoV-2, PMMoV, and BRSV
RNA were concentrated and extracted at each time point using
the adsorption-extraction method previously described.
Comparisons between two groups were made using Mann−

Whitney tests and between multiple groups using Kruskal−
Wallis tests with Dunn’s correction.39−41 All graphing and
statistical analyses associated with the described experiments
were performed using GraphPad Prism Version 9.0.0 (Graph-
Pad Software, LaJolla, CA, USA).

■ RESULTS AND DISCUSSION
Sample Process Control, Molecular Process Control,

and Concentration Recovery Efficiency. Across all experi-
ments, 83 primary influent samples were concentrated by
adsorption-extraction and assayed for SARS-CoV-2 and
PMMoV RNA: 58 from WWTP A and 25 from WWTP B
(one 24-h event did not include a composite sample). The
BRSV recovery efficiency across all samples processed using
adsorption-extraction ranged from 0.03 to 15% with a mean of
0.91% (95% CI: 0.53−1.3) (Figure S1). The observed
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recovery efficiency in samples from WWTP A was greater than
in samples from WWTP B (p < 0.0001); however, the
coefficient of variation (CV) in samples from WWTP A was
also greater (169%) than WWTP B (83%).
For the subset of concentrated primary influent samples that

were seeded with the Hep G extraction control (n = 16), the
recovery efficiency ranged from 38.5% to 64.4% with a mean of
49.4% (95% CI: 47.4−51.5) (Figure S2). Unlike the process
control, the extraction and molecular control recovery from
WWTPs A and B samples was not significantly different (p =
0.1034). Interestingly, the mean direct extraction recovery for
wastewater seeded with Hep G was greater than for PCR-grade
water seeded with Hep G (37%, n = 2). This was consistent for
BRSV, which exhibited a higher mean titer when extracted
after being seeded into wastewater (55,000 GC/μL) than
when resuspended vaccine was extracted alone (36,000 GC/
μL). Although a statistical comparison could not be made
owing to the limited sample size, this suggests the extraction is
more efficient for wastewater than PCR-grade water or
resuspended Inforce 3. For BRSV recovery calculations, the
more conservative high titer was used.
Paired measurements of the N1 copy number per L in

directly extracted influent versus influent concentrated via the
adsorption-extraction method indicate that the concentration
recovery efficiency for endogenous SARS-CoV-2 RNA ranged
from 0.14% to 10% with an average of 1.9% (Figure S3; 95%
CI: 1.4−2.5). When compared with the concentration factor
for the workflow, the effective concentration would range from
1.75 to 125. Just as for the BRSV process control, the SARS-
CoV-2 RNA recovery was greater in WWTP A than WWTP B
(p < 0.0001). PMMoV RNA concentration recovery,
determined in the same manner and shown in Figure S4,
ranged from 7.4% to 41.3% with an average of 19.2% (95% CI:
14.8−23.7) and was not statistically different between the two
WWTPs (p = 0.0771). The SARS-CoV-2 RNA concentration
recovery CV of 98% was greater than the PMMoV RNA
recovery CV of 43%.
A wide variety of process controls have been reported in the

WBE literature, including bovine coronavirus,10,18 f-specific
RNA phages,6 phi 6,42 murine hepatitis virus,9,43 vesicular
stomatitis virus,26 porcine endemic diarrhea virus,13 mengovi-
rus,13 porcine respiratory and reproductive syndrome virus and
murine norovirus,44 human coronavirus OC43,45 human
coronavirus 229E,46 and even inactivated SARS-CoV-2.43,47

During a methods comparison, significantly different recovery
efficiencies were observed between a variety of process controls
for a single method.45 In the current study, SARS-CoV-2 and
PMMoV were recovered at different mean efficiencies (1.9%
and 19.2%, respectively) using the adsorption-extraction
method. The mean concentration recovery for endogenous
SARS-CoV-2 RNA (1.9%) and molecular control recovery
(49%) considered in series result in an estimated mean process
recovery efficiency of 0.93%. This is comparable with the mean
process efficiency estimated by the BRSV control (0.91%).
While other studies have considered the recovery of
exogeneous controls, including seeded surrogate coronaviruses,
no study has confirmed that such controls are representative of
endogenous SARS-CoV-2. This study indicates BRSV is a
reasonable process control for estimating the recovery of
endogenous SARS-CoV-2 RNA which has actually been shed
into wastewater from infections within a human population.
The mean recovery of BRSV observed during this study is
much lower than the 6.6% recovery reported for electro-

negative membrane filtration with acidification and MgCl2
amendment reported during a study in Virginia.10 A previous
method comparison found that electronegative membrane
filtration at neutral pH yielded greater mean recovery of a
surrogate coronavirus than acidified samples but lower mean
recovery than neutral pH samples amended with MgCl2.

48

However, electronegative membrane filtration methods have
demonstrated recoveries ranging from approximately 10% to
less than 1% during virus concentration from sewage.45 While
the BRSV recovery efficiencies in the current study span 2.7
orders of magnitude, the range of SARS-CoV-2 concentration
efficiencies only spanned 1.9 orders of magnitude.
Importantly, a statistically meaningful difference was

observed in recovery efficiencies for the process control
between WWTP A and B. This difference was also observed
for the concentration recovery assessment of SARS-CoV-2
RNA. Enveloped viruses, such as SARS-CoV-2, partition
favorably to solids,46,49,50 and their recoveries from solids can
be low.49 The partitioning is likely further complicated by the
presence of SARS-CoV-2 genetic material in various forms in
wastewater, including free RNA and capsid-contained RNA.51

In a study of SARS-CoV-2 adsorption to surfaces in solution,
electrostatic adhesion correlated with both solution ionic
strength and surface chemistry.52 Additionally, a physicochem-
ical model suggested specific absorbance of the wastewater as
the parameter with the highest correlation with RNA
concentration.53 It could be expected that in wastewater,
such parameters would be highly variable and could lead to
highly variable recovery efficiencies both within and between
WWTPs. For example, a negative correlation between solids
and recovery efficiency was observed for electronegative
membrane concentration18 in a WBE study in Wisconsin. In
the current study, physicochemical parameters were not
measured at the time of collection by WWTP personnel, and
samples were processed by sacrificial sampling, so a
retrospective analysis of potential drivers of recovery variability
was not possible. Nonetheless, despite the low and variable
recovery in the current study, adsorption-extraction using
electronegative membranes has demonstrated reproducibility
and sensitivity at reasonable cost in two previous methods
comparisons.45,54

SARS-CoV-2, PMMoV, and Process Control RNA
Persistence. SARS-CoV-2, BRSV, and PMMoV RNA
persistence was assessed for 7 days under varying storage
conditions to inform sample storage and handling recom-
mendations. As shown in Figure S5A, there was a slight
increase in the SARS-CoV-2 RNA N1 copy number over 7
days at 4 °C. BRSV RNA also demonstrated a similar increase
over 7 days at 4 °C (Figure S5C). At 25 °C, N1 copy numbers
increased from time zero to 24 h and then decreased slightly
over the remaining observations. A similar trend simulta-
neously observed for BRSV RNA suggests improved process
efficiency at 24 h followed by decreasing recovery and/or
decay thereafter. PMMoV RNA copy numbers, shown in
Figure S5B, displayed no appreciable decay throughout the
entire 7-day experiment at both 4 and 25 °C. During
pasteurization, there was no appreciable decrease of N1,
PMMoV, or BRSV RNA copy numbers (Figure S6). However,
over three freeze−thaw cycles, both the N1 and PMMoV RNA
copy numbers decreased (Figure S7 A and B). After three
freeze−thaw cycles, both SARS-CoV-2 RNA replicates were
below the N1 95% LOD of 3.3 (95% CI: 2.8−3.8) copies per
reaction (Figure S8). BRSV RNA was detectable through all
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three freeze-thaw cycles without a consistent increasing or
decreasing trend (Figure S7C).
Consistent with previous reports, SARS-CoV-2 RNA

exhibited little decay in primary influent stored over 7 days
at both 4 and 25 °C.55−57 However, freeze−thaw cycles
degraded both SARS-CoV-2 and PMMoV RNA copy numbers.
Freezing at −20 °C and −80 °C has been reported to decrease
copy numbers for assays targeting the SARS-CoV-2 N
gene.51,57 Based on these observations, short-term storage of
primary influent samples at 4 °C prior to processing is
preferable to freezing at −80 °C. While SARS-CoV-2 RNA did
not appear to decay substantially at 25 °C, these observations
in primary influent should not be extended to RNA persistence
in raw sewage as it travels through the wastewater collection

system. During pasteurization, SARS-CoV-2 RNA in primary
influent persisted, while infectious SARS-CoV-2 was rapidly
inactivated at 50 and 70 °C.56 Others have reported no effect
of pasteurization on SARS-CoV-2 RNA copy numbers45 or
even increases in the copy number associated with
pasteurization.58 Together these observations indicate pasteu-
rization is a reasonable biosafety strategy to mitigate infection
risks associated with infectious SARS-CoV-2 while preserving
the genetic signal for SARS-CoV-2 RNA surveillance.

COVID-19 Clinical Surveillance during 24-h Sam-
pling. Clinical COVID-19 data (both cases and positivity)
were assessed for the 2 weeks prior to each sampling event.
During the 2 weeks prior to the June 18 to 19 sampling in the
county containing WWTP A, there was an average of 65.1

Figure 1. SARS-CoV-2 RNA concentrations, N1 copy number (CN) per L, and recovery-corrected concentrations (mean and standard deviation)
as observed in grab samples and daily composite samples of primary influent during four 24-h sampling events at two WWTPs: June 18 to 19 at
WWTP A (A), December 2 at WWTP A (B), May 7 to 8 at WWTP B (C), and December 1 to 2 at WWTP B (D). The method limit of detection
(220 copies per L) is displayed as a dotted line.
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(95% CI: 50.5−79.8) daily new cases of COVID-19 and a
12.8% positivity rate (95% CI: 11.0−14.6). Prior to the
December 2 sampling event in the same county, daily new
cases of COVID-19 averaged 242 (95% CI: 199−285), and
daily positivity was 24.3% (95% CI: 20.4−28.2). In the county
containing WWTP B from April 25 to May 8, an average of
16.4 (95% CI: 11.2−21.7) daily new cases and 7.0% positivity
(95% CI: 5.42−8.51) were observed, and from November 19
to December 2, an average of 278 (95% CI: 180−376) daily
new cases and 16.8% positivity (95% CI: 14.3−19.3) were
recorded. The clinical COVID-19 trends in each county are
illustrated in Figures S9 and S10. Statistically significant
differences were inconsistent between adjacent pairs along the
COVID-19 case and positivity gradient. The average daily
COVID-19 cases and positivity were not statistically different
between WWTP A and WWTP B during the May/June
sampling (p = 0.1762, p = 0.0987, respectively) nor during the
December sampling (p > 0.9999, p = 0.1761, respectively).
However, average COVID-19 cases were significantly less at
WWTP A in June than in December (p = 0.0038). There was
not a significant difference in the positivity rate between
WWTP A and WWTP B in December (p = 0.4868). These
data indicate that although there was a gradient in average
daily COVID-19 cases and positivity between sampling events,
there was not a difference in the COVID-19 clinical status
within the counties containing WWTP A and WWTP B in the
2 weeks prior to sampling in May/June and in the 2 weeks
prior to sampling in December. There was, however, a
significant increase in COVID-19 cases, but not positivity,
between May/June and December in both counties indicating
that clinical surveillance systems were testing a larger number
of residents by December.
Variation in Primary Influent. During both 24-h

sampling intervals at WWTP A (Figure S11), hourly flow
rates peaked from roughly 9:00 to midnight. At WWTP B,
elevated hourly flows occurred from roughly mid-day (11:00−
13:00) to midnight. Flow rates were not different between
sampling days for either WWTP (p > 0.9999). Summary
statistics for each parameter measured during the 24-h
sampling events are listed in Table S2. At both WWTP A
and B, higher PMMoV concentrations primarily corresponded
with periods of increased influent flow rate as illustrated in
panels C and D of Figures S11 and S12. PMMoV
concentrations in primary influent at WWTP A were
comparable between sampling events (p > 0.9999), while
PMMoV concentrations were greater during the May than
December sampling in primary influent at WWTP B (p <
0.0001). For two of the four sampling days across both
WWTPs, the daily time-based composites yielded lower
PMMoV concentrations than the average of the grab samples.
The recovery of the process control from primary influent at
WWTP A was higher during periods of lower flow and
PMMoV concentration (Figure S11A,B), but there was no
difference in recovery between the two sampling events at
WWTP A (p = 0.5610). There was also no difference in BRSV
recovery between sampling events at WWTP B (p = 0.4436)
(Figure S12A,B). However, during the May sampling event,
higher recoveries were observed during periods of both high
and low flow. During the December sampling at WWTP B,
BRSV recovery followed a pattern more similar to that
observed at WWTP A with highest recoveries during periods
of lower flow and PMMoV concentration.

As shown in Figure 1A,B, SARS-CoV-2 RNA was detected
in every primary influent grab sample and composite sample
during both sampling events at WWTP A. After recovery
correction, periods of increased SARS-CoV-2 RNA concen-
trations in the primary influent of WWTP A better aligned
with increased PMMoV concentrations. During the May
sampling event at WWTP B, SARS-CoV-2 RNA was only
detected in 6 of 12 primary influent grab samples, Figure 1C, at
concentrations below the 95% LOD. These detections all
occurred from 7:00 to 21:00 with no detections overnight.
Whereas, during the December sampling at WWTP B (Figure
1D), SARS-CoV-2 RNA was detected in all grab samples and
the daily composite sample. Recovery adjustment of SARS-
CoV-2 RNA concentrations in WWTP B primary influent
emphasized the high concentrations during periods with high
PMMoV but did not shift temporal trends as dramatically as
the recovery adjustment at WWTP A.
For all sampling days, daily time-based composite samples

yielded lower SARS-CoV-2 RNA concentrations than the
average of the grab samples. Process recovery efficiencies were
generally lower for composite samples (0.12%, 0.17%, 0.20%,
1.25%) than the corresponding daily average recovery among
grab samples (Table S2). Even after recovery adjustment,
composite samples still yielded lower SARS-CoV-2 RNA
concentrations than the 24-h average from grab samples.
SARS-CoV-2 RNA trends in primary influent were also

assessed using the product of the SARS-CoV-2 RNA
concentration and the hourly flow rate, termed the SARS-
CoV-2 RNA load in primary influent. At both WWTPs,
changes in the SARS-CoV-2 RNA within-day trends as
assessed by loading were not as large as the changes mediated
by recovery adjustment (Figure S13A,B, Figure S14A,B). The
ratio of SARS-CoV-2 RNA to PMMoV RNA in log10 copy
number per L in primary influent at WWTP A (Figure
S13C,D) and WWTP B (Figure S14C,D) showed similar
within-day trends to the unadjusted SARS-CoV-2 RNA
concentration.
Across all sampling days at both WWTPs, the lowest

variance was observed in the influent flow rates (CV: 7.97%−
17.1%). The greatest variance was observed for the process
control recovery efficiencies (CV: 50.9%−206%).
The large variation in recovery efficiency observed during

24-h sampling periods draws further attention to the
importance of the consistent use of process controls in
wastewater surveillance despite their limitations.59 Following
the suggestion of Kantor et al.,59 both the directly observed
concentration data and recovery efficiency are reported herein
along with the recovery-corrected data. The sporadic use of
process or molecular controls observed in the WBE literature
greatly limits the ability to compare SARS-CoV-2 RNA
measurements within and between WWTPs.60 The observa-
tions in this study reinforce that consistent assessment of
process recovery efficiency via appropriate controls is a vital
component of wastewater surveillance for SARS-CoV-2 RNA.
The large variability in recovery observed both within and
between sampling days and the shifts in temporal trends from
recovery-correction suggest that recovery measurement and
correction is critical for downstream quantitative analyses
relating SARS-CoV-2 RNA in wastewater and COVID-19 case
data.
In primary influent, PMMoV RNA concentrations exhibited

greater mean concentration (6.6−7.1 log10 CN/L) and lower
intraday variance (CV: 34.9−67.5%) than SARS-CoV-2 RNA
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concentrations (mean: 3.1 log10−3.8 log10 CN/L; CV: 70−
100%). Increased mean concentration and lower variance in
primary influent, consistent with other observations of primary
influent,61,62 is expected given the likely greater prevalence of
PMMoV RNA shedding23 compared to SARS-CoV-2 RNA
shedding among the sewershed population. Similar trends
between PMMoV and human adenovirus DNA were observed
during 24-h sampling of primary influent from WWTPs in
Australia,63 although adenovirus is characterized by different
morphology and physiology (unenveloped and DNA genome)
than SARS-CoV-2. Owing to low COVID-19 prevalence,

SARS-CoV-2 was not measured during the study in Australia.
Unlike the studies in Nevada29 and Virginia,28 which used
flow-weighted composites, PMMoV RNA and SARS-CoV-2
RNA concentrations in manually prepared 24-h time-based
composite samples were frequently lower than the grab-
sample-derived average. Unfortunately, composite samples
were prepared by personnel on site at each WWTP during
routine influent sampling associated with permitting require-
ments, so a more thorough exploration is not possible.
However, the results suggest that ensuring primary influent
samples are well mixed, including the solids fraction, prior to

Figure 2. Recovery-corrected SARS-CoV-2 RNA concentrations, N1 copy number (CN) per L (mean and standard deviation), in primary influent
stratified by increasing average daily COVID-19 cases (A) and average daily COVID-19 positivity (B) and PMMoV-normalized SARS-CoV-2 RNA
concentrations (log10 N1 CN per L/log10 CN per L) in primary influent by increasing average daily COVID-19 cases (C) and average daily
COVID-19 positivity (D). COVID-19 cases and positivity averages and confidence intervals are calculated for the 2-week period prior to each 24-h
sampling event. Statistical comparisons between adjacent pairs were made using Kruskal−Wallis tests with Dunn’s correction.
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subsampling for compositive preparation is vital to avoid
systematic bias in SARS-CoV-2 measurements. Interpreted
together the low SARS-CoV-2 RNA concentrations using time-
based manual composites in the current study combined with
the similar and higher concentrations using flow-weighted
composites in the previous studies indicate diurnal variation in
SARS-CoV-2 RNA concentrations in primary influent across
multiple sampling sites. In the event composite sampling is not
possible, SARS-CoV-2 RNA concentrations in the current
study indicate grab sampling should target midday to early
evening periods (12:00 to 18:00) and avoid early morning
influent grab sampling (2:00 to 6:00). While this is consistent
with the study in Virginia, such timing is likely dependent on
the hydraulics of individual wastewater collection systems. The
current results suggest that the ideal grab sampling period
could be identified by targeting periods of high fecal loading as
determined by enumerating PMMoV.
Recovery adjustment increased the intraday variation in

SARS-CoV-2 concentrations more greatly than flow adjust-
ment (CV: 16.3−104% compared to 11−76%, respectively).
Normalization of SARS-CoV-2 RNA concentrations using
PMMoV, as has been done for both primary influent18 and
primary solids,9,64 greatly reduced the observed variation (CV:
4−13%). For comparing to clinical surveillance data, variations
in recovery efficiency likely represent a significant covariant,65

but normalization by PMMoV may greatly reduce the
variability of the genetic signal in wastewater.
WWTP Influent SARS-CoV-2 RNA and Clinical

Surveillance. Due to the agreement between BRSV and
SARS-CoV-2 RNA recovery, the effect of recovery-correction
on within-day trends, and the large variance associated with
recovery efficiency, recovery-corrected SARS-CoV-2 RNA
concentrations in primary influent were compared to county-
level COVID-19 cases and positivity rates during the 2 weeks
prior to each 24-h sampling period. SARS-CoV-2 RNA
concentrations (Figure 2A) did not consistently increase
with increasing average daily COVID-19 cases. The observed
nonlinear trend was also observed between PMMoV-
normalized SARS-CoV-2 RNA concentrations (Figure 2C).
For average daily COVID-19 positivity (Figure 2B), there was
an ordinal agreement between positivity and mean SARS-CoV-
2 RNA concentrations in primary influent. However, after
accounting for within-day variation in SARS-CoV-2 concen-
trations and recovery, the statistical differences between SARS-
CoV-2 RNA concentrations and COVID-19 positivity were
only consistent for two of three increases. As shown in Figure
2D, a similar trend was observed between the ordinal
agreement of PMMoV-normalized SARS-CoV-2 RNA concen-
trations and COVID-19 positivity. Trends between unadjusted
SARS-CoV-2 RNA concentrations and clinical surveillance
data, which do not demonstrate improved agreement, are
shown in Figure S15.
Both recovery-corrected SARS-CoV-2 RNA concentrations

and PMMoV-normalized SARS-CoV-2 RNA concentrations in
primary influent demonstrated non-monotonic trends with
county-level average daily COVID-19 cases. However, county-
level COVID-19 positivity showed an ordinal agreement with
both SARS-CoV-2 RNA concentration (both corrected and
uncorrected for recovery) and PMMoV-normalized SARS-
CoV-2 RNA concentration in primary influent. Given that each
of the WWTPs in the current study are located in counties
with large peri-urban and rural areas and large portions of the
population living outside the sewershed or connected to on-

site septic systems, it is reasonable that positivity in COVID-19
testing better reflects primary influent concentrations than
total new COVID-19 cases for the county. Positivity at the
county-level is more likely to represent the clinical trends
within the sewershed since it accounts for the number of cases,
the number of tests administered, and presence of unidentified
infections. Correlations have been demonstrated between
COVID-19 cases within sewershed boundaries and SARS-
CoV-2 RNA in wastewater,17,18 primary solids,8,9 and between
PMMoV-normalized SARS-CoV-2 RNA in primary solids.26

SARS-CoV-2 RNA concentrations in wastewater have also
been found to correlate with positivity.19 The results of the
current study indicate that when subcounty-level COVID-19
clinical surveillance data are not available, as is potentially the
case in many rural or peri-urban counties in the United States,
positivity may offer a better metric for comparison with
wastewater data.
Despite the ordinal agreement between positivity and the

average concentrations in the primary influent, differences in
the primary influent concentrations during each of these
periods were often not statistically different after accounting
for variation in concentration and recovery. A Bayesian
modeling experiment indicated that variation in recovery
efficiency is a key constraint in using wastewater data to
estimate prevalence.65 These observations indicate that
quantitative relationships between wastewater data and
SARS-CoV-2 infection prevalence, particularly those premised
on material balance, are likely to remain constrained by
variability and uncertainty.21

There are several limitations for the current study. The work
included only two WWTPs in northern Indiana, USA sampled
over two 24-h periods each. These WWTPs are located in
counties that include large rural and peri-urban areas with
many residents connected to septic systems and may not be
generalized to all sewersheds particularly urban ones. The four
24-h sampling periods spanned weekday periods from Tuesday
to Wednesday and Thursday to Friday and do not include
weekend periods. The sewershed served by WWTP A, where
large variations in process recovery were observed, includes
large manufacturing and industrial areas characterized by 24-h
shift work. Additionally, flow patterns during all the sampling
events were likely affected by changes in human behavior
patterns associated with lockdowns and interrupted domestic
and working routines. The concentration method utilized to
detect and quantify RNA present at low levels was
characterized by low and variable recovery in the course of
the study. The data collected during the study did not allow for
systematic exploration of the potential mechanisms driving the
variability, although such an exploration should be considered
for continued method development. This injects some
uncertainty into the trends that were observed. Even so,
recovery-corrected SARS-CoV-2 RNA concentrations reflected
within-day trends in influent flow rate and fecal-indicator virus
concentrations. COVID-19 clinical surveillance data in each of
these communities were only available at the county-level, even
though the two WWTPs only served 27% and 17% of their
county populations.

■ CONCLUSIONS
WBE offers a way of assessing the status of COVID-19 within
communities that is more equitable and less biased by care
seeking behavior than syndromic surveillance alone. In a
number of studies, SARS-CoV-2 RNA concentrations in
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wastewater correlated with COVID-19 cases in the commun-
ity. In the current study, unadjusted, recovery-corrected, and
PMMoV-normalized SARS-CoV-2 concentrations in primary
influent were evaluated using both grab and composite
sampling over 24-h periods. Grab sampling indicates diurnal
variation in SARS-CoV-2 RNA concentrations in primary
influent. No data adjustment technique produced complete
agreement between grab and composite sample SARS-CoV-2
RNA quantities. Despite large diurnal variation in primary
influent, SARS-CoV-2 concentrations demonstrated increases
that were monotonic with ordinal increases in COVID-19
positivity prior to each of the 24-h sampling periods. However,
SARS-CoV-2 RNA concentrations were not monotonically
related to COVID-19 cases at the county level. These findings
indicate the genetic signal in primary influent from two
WWTPs, both in rural and peri-urban counties, reflects
increasing COVID-19 positivity. The value of WBE is
potentially greatest in communities where clinical surveillance
date are sparse in both coverage and spatial resolution. Even in
such communities, WBE shows strong potential for monitoring
COVID-19 trends as measured by clinical positivity.
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