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ARTICLE INFO ABSTRACT

Editor: Warish Ahmed Wastewater surveillance of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) may be useful for monitor-
ing population-wide coronavirus disease 2019 (COVID-19) infections, especially given asymptomatic infections and

Keywords: limitations in diagnostic testing. We aimed to detect SARS-CoV-2 RNA in wastewater and compare viral concentrations

Wastewater-based epidemiology

‘ to COVID-19 case numbers in the respective counties and sewersheds. Influent 24-hour composite wastewater samples
Sewage surveillance

Coronavirs were collected from July to December 2020 from two municipal wastewater treatment plants serving different popu-
COVID lation sizes in Orange and Chatham Counties in North Carolina. After a concentration step via HA filtration, SARS-CoV-
ddPCR 2 RNA was detected and quantified by reverse transcription droplet digital polymerase chain reaction (RT-ddPCR) and
quantitative PCR (RT-qPCR), targeting the N1 and N2 nucleocapsid genes. SARS-CoV-2 RNA was detected by RT-
ddPCR in 100 % (24/24) and 79 % (19/24) of influent wastewater samples from the larger and smaller plants, respec-
tively. In comparison, viral RNA was detected by RT-qPCR in 41.7 % (10/24) and 8.3 % (2/24) of samples from the
larger and smaller plants, respectively. Positivity rates and method agreement further increased for the RT-qPCR
assay when samples with positive signals below the limit of detection were counted as positive. The wastewater
data from the larger plant generally correlated (|| ~0.5, p < 0.05) with, and even anticipated, the trends in reported
COVID-19 cases, with a notable spike in measured viral RNA preceding a spike in cases when students returned to a
college campus in the Orange County sewershed. Correlations were generally higher when using estimates of
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sewershed-level case data rather than county-level data. This work supports use of wastewater surveillance for tracking
COVID-19 disease trends, especially in identifying spikes in cases. Wastewater-based epidemiology can be a valuable
resource for tracking disease trends, allocating resources, and evaluating policy in the fight against current and future

pandemics.

1. Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is the
causative agent of coronavirus disease 2019 (COVID-19) and is responsible
for a global pandemic exceeding 430 million cases and almost 6 million
deaths worldwide (JHU COVID-19 Dashboard, 2/27/22). The United
States leads the world in both COVID-19 cases and deaths, with 79 million
cases and 950,000 deaths (JHU COVID-19 Dashboard, 2/27/22). While
SARS-CoV-2 is primarily transmitted through large respiratory droplets
and aerosols, it is also shed in the feces of both symptomatic and asymptom-
atic infected individuals (Y. Chen et al., 2020b; Gao et al., 2020; Holshue
et al., 2020; Tang et al., 2020). This provides an opportunity for surveilling
populations for COVID-19 infection by monitoring municipal wastewaters -
a form of environmental surveillance known as wastewater-based epidemi-
ology (WBE; Bivins et al., 2020; Xagoraraki and O’Brien, 2020). WBE has
been proposed as an efficient method for monitoring population-wide in-
fections given limitations in diagnostic testing and identification of asymp-
tomatic infections (Bivins et al., 2020).

There is precedence for using WBE for population-level surveillance of
viruses. For example, WBE has become instrumental in the endgame strat-
egy for eradication of poliomyelitis (Asghar et al., 2014; Hovi et al., 2012;
WHO, 2019). Similar to SARS-CoV-2, many poliovirus infections are sub-
clinical, and viral shedding into feces may still occur in these cases (Long
et al., 2020; Martinez-Bakker et al., 2015; Nathanson and Kew, 2010). De-
tection of viral RNA in sewage has helped to identify outbreaks and tailor
strategies for polio eradication, including targeted mobilization of vaccine
campaigns (Brouwer et al., 2018; P. Chen et al., 2020a; Ivanova et al.,
2019).

Like poliovirus, SARS-CoV-2 is a + ssRNA virus which can be shed by
infected individuals prior to onset of symptoms or while remaining asymp-
tomatic. Some individuals continue to shed virus in feces up to 26 days
post-infection, even while remaining negative for SARS-CoV-2 in respira-
tory swabs (Falman et al., 2019; O’Reilly et al., 2020; Zhang et al., 2020).
Estimates of the total asymptomatic proportion of COVID-19 infections
prior to vaccination were 16-18 % (He et al., 2020; Mizumoto et al.,
2020). Clinical surveillance may fail to capture these infections as asymp-
tomatic individuals or those with mild cases may not seek diagnostic test-
ing. Even among symptomatic individuals, the median incubation period
of approximately five days among positive individuals implies a delay in
testing and diagnosis (Lauer et al., 2020). More reliable methods are
needed for real-time viral infection estimation and tracking of population-
level COVID-19 disease burden (Peccia et al., 2020).

Early COVID-19 WBE work from around the world proved the potential
of RT-qPCR for detecting SARS-CoV-2 in wastewater, albeit using small
numbers of samples over short time periods (Ahmed et al., 2020a;
Medema et al., 2020; Wu et al., 2020b). More robust studies followed,
with Gonzalez et al. sampling through the first 5 months of lockdown in
the U.S. and capturing the beginning of the surge in cases in Summer
2020 (Gonzalez et al., 2020). Though these studies faced issues with
method sensitivity and data scatter, they often found concentrations of
SARS-CoV-2 in wastewater that suggested a higher incidence of COVID-
19 infections than were reported by diagnosed cases, highlighting gaps in
clinical monitoring. As research in this field progressed, scientists employed
these methods to detect SARS-CoV-2 in cruise ship and passenger aircraft
wastewater and to contain outbreaks in college dormitories (Ahmed
et al., 2020b; Betancourt et al., 2021; Gibas et al., 2021). In all studies,
the authors have acknowledged a need to refine the approach for wastewa-
ter surveillance of COVID-19, particularly for improving assay sensitivity,

optimizing controls, and relating wastewater measurements to case num-
bers (Ahmed et al., 2022).

In this study, detection of SARS-CoV-2 by reverse transcription polymer-
ase chain reaction (RT-PCR) was performed for 24-hour composite waste
samples from two publicly owned wastewater treatment plants (WWTPs)
in Orange and Chatham Counties, North Carolina, USA. These two testing
sites allow for the comparison of SARS-CoV-2 detection in two different
sewersheds. The served towns are only 16 miles apart but differ in popula-
tion size, treatment plant size, and unique inputs to the sewershed such as
the proximity of University of North Carolina (UNC) Hospitals and the re-
turn of students to the UNC campus in the case of the Orange County treat-
ment plant. In addition to comparing results between these two plants, the
paper includes a comparison of PCR methods and a comparison of gene tar-
gets for detecting SARS-CoV-2 RNA in wastewater. The paper also includes
analysis of data across geographic and temporal scales, and it introduces an
approach for estimating sewershed-level case counts useful in wastewater-
based epidemiology. Together, this work helps to advance methods for
wastewater surveillance of COVID-19 with recommendations that can be
useful as wastewater surveillance systems are moved to practice across
the globe.

2. Materials and methods
2.1. Description of municipal wastewater treatment plants

Two wastewater treatment plants of differing profiles were sampled
(Fig. 1). Plant 1 is an urban treatment plant located in Orange County, NC
adjacent to the University of North Carolina-Chapel Hill (UNC-CH) serving
the towns of Chapel Hill, Carrboro, and the University, an area of 76.2 km?
(29.4 mi?) with a population of ~83,000 (~55 % of the Orange County
population). Plant 2 is a rural treatment plant in neighboring Chatham
County, NC serving ~4000 people (~5 % of the Chatham County popula-
tion) in an area of 10.3 km? (3.98 mi2). While Plant 2 receives primarily res-
idential and retail inputs to the sewershed, Plant 1 receives residential,
industrial, hospital, and retail inputs.

2.2. Sample collection and storage

With the assistance of staff at Plant 1 and Plant 2, =250 mL samples of
24-h composite wastewater influent and 30 mL grab samples of primary
solids were collected weekly from 7/10/20 to 12/15/20, corresponding
to 24 sampling dates. Operators from each treatment plant collected waste-
water samples the morning of each sampling day. Samples were stored and
transported on ice for processing within 4 h.

2.3. Sample processing

Composite influent samples were heat pasteurized at 75 °C for 30 min
followed by addition of a Bovine Coronavirus (BCoV) modified live vaccine
(PBS Animal Health 16445, Massillon, OH) as a processing control at a ratio
of 1 pL:1 mL sample for 17 sampling dates (07/10/20 through 10/27,/20)
or 1 uL:10 mL for 7 sampling dates (11/03/20 through 12/15/20). The
copy number in the BCoV stock was estimated via reverse transcription
droplet digital PCR (RT-ddPCR) to be 29.5 copies/uL (see Supplementary
Materials). The samples were then processed via filtration to adsorb virus
onto HA filters. Briefly, 200 mL of heat pasteurized influent was acidified
to pH 3.5 using 10 M HCI and amended with 2 mL 2.5 M MgCl, (final con-
centration 25 mM). Ten replicate samples were then vacuum filtered in
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Fig. 1. Map of the study areas. Geographic areas are shown for the sewersheds of
Plants 1 (green polygon) and 2 (orange polygon) and their respective counties
(red dotted lines) and ZIP codes (black solid lines) to illustrate the difference
between populations served by the plants and populations for which
epidemiological data is publicly available.

20 mL volumes through mixed cellulose ester 0.45 pm membrane filters
fitted on single-use funnels (MilliporeSigma EFHAW100I, Burlington,
MA), using a new funnel and filter for each replicate. Filter funnels were
rinsed with phosphate buffered saline (PBS) and filters were aseptically
transferred using forceps to cryovials containing 600 pL lysis buffer (n =
8) or no buffer (n = 2). Based on availability, NucliSENS lysis buffer
(bioMérieux 280,134, Marcy-1'Etoile, France) was used for 5 sampling
dates (07/10/20 through 08/06,/20), while QIAGEN (Hilden, Germany)
RLT Plus lysis buffer was used for the remaining 19 sampling dates (08/
11/20 through 12/15/20). At the conclusion of filtering, 50 mL of sterile
PBS acidified to pH 3.5 and amended with 500 pL 2.5 M MgCl, (final con-
centration 25 mM) and BCoV (1 pL:1 mL or 1 pL:10 mL) was filtered as
above and stored in 600 pL lysis buffer to serve as a method control. Pri-
mary solids samples were not concentrated and were simply aliquoted
into 1:1 by volume mixtures with lysis buffer (NucliSENS or RLT Plus, fol-
lowing the same dates as above) or no buffer. All samples were stored at
—80 °C until RNA extraction, performed within 10 days.

2.4. RNA extraction

Frozen samples were extracted using a QIAGEN RNeasy Plus Mini Kit
according to manufacturer protocol with the addition of an initial bead-
beating step. Briefly, the contents of stored filters (i.e. filter plus 600 uL
lysis buffer) were aseptically transferred to garnet bead tubes, with prior re-
moval of endogenous buffer from the QIAGEN DNeasy PowerSoil Kit. Tubes
were bead beaten for 120 s at 5000 rpm in a Biospec Products (Bartlesville,
OK) Mini-BeadBeater 3110 BX followed by centrifugation at 8000 X g for
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30 s. The resulting supernatant was passed through a gDNA eliminator
spin column (Qiagen RNeasy Plus Mini Kit) and the flow through was
mixed with an equivalent volume of 70 % ethanol before being passed
through the RNeasy spin column at =8000 x g. The spin column was
washed once with 700 pL. RW1 buffer, twice with 500 pL RPE buffer work-
ing solution per manufacturer instructions, and then eluted with 75 pL
RNase-free water that was collected and passed through the spin column
an additional time. Extracts were aliquoted into 25 pL volumes and stored
at —80 °C. RNA concentration was quantified using the Qubit RNA HS
assay kit and Qubit 4 Fluorometer. Total RNA from the Qubit assay for sam-
ples 7/10/20 to 10/13/20 averaged 32.6 + 16.8 ng/uL for Plant 1 and
40.8 = 23.6 ng/pL for Plant 2 (data not shown). Later dates were not
assayed. All samples were spiked with 5 puL armored Hepatitis G (Asuragen
42,024, Austin, TX) at the beginning of the extraction protocol to serve as
an extraction control. The copy number in the HepG stock was estimated
via RT-ddPCR to be 459.4 copies/pL (see Supplementary Materials). The
corresponding PBS method control prepared during filtration and a nega-
tive extraction control containing only lysis buffer were included in each
extraction.

2.5. Detection and quantification by RT-ddPCR

“Absolute” quantification of SARS-CoV-2, i.e. quantification using
partitioned reactions rather than standard curves, was performed on RNA
extracted from influent wastewater samples according to the dMIQE guide-
lines (minimum information for publication of quantitative digital PCR ex-
periments, see Supplementary Material), using the Bio-Rad QX200 Droplet
Digital PCR System (dMIQE Group and Huggett, 2020). The Bio-Rad One-
Step RT-ddPCR Advanced Kit for Probes (1,864,021, Hercules, CA) was
used per manufacturer protocol but modified to increase the total reaction
volume from 20 pL to 22 pL. Each reaction contained 5.5 pL Supermix,
2.2 pL reverse transcription enzyme (RT), 1.1 pL DTT, 3 pL primer/probe
mixture (final concentration 913 nM for each primer and 232 nM for probes
for all targets), 5.2 pL nuclease-free water, and 5 pL. RNA template or nucle-
ase free water (for no template controls). Forward and reverse primers and
FAM-labeled probes for SARS-CoV-2 nucleocapsid protein targets N1 and
N2 were purchased via the IDT 2019 nCoV Research Use Only Kit (Inte-
grated DNA Technologies 10,006,713, Coralville, IA; Table 1). Quantitative
Synthetic SARS-CoV-2 RNA: ORF, E, N (American Type Culture Collection
VR-3276SD™, Manassas, VA) was used as the positive control, diluted to
produce ~15 copies/pL in the RT-ddPCR reaction. The PBS method con-
trols, negative extraction controls, and no template controls were run along-
side samples as negative controls. PCR reaction mixtures were briefly
vortexed and spun-down in a Fisher Mini-Plate centrifuge spinner for 30 s.

Using a multichannel pipette, 20 pL of each reaction mixture was loaded
into an 8-well cartridge for droplet generation on the Bio-Rad QX200 drop-
let generator along with 70 pL of droplet generation oil. The cartridge was
covered with a gasket and placed in the droplet generator per manufacturer
instructions. Generated droplets were carefully transferred to a skirted 96-
well plate, which was sealed in a Bio-Rad PX1 PCR Plate Sealer. Reverse
transcription and PCR were performed in a deep well Bio-Rad C1000
Touch Thermal Cycler with a 3 min 25 °C hold, 1 h 50 °C reverse transcrip-
tion, 10 min 95 °C enzyme activation, 30 s 95 °C denaturation, 1 min 55 °C
annealing, 10 min 98 °C enzyme deactivation, and using 45 denaturation/
annealing cycles instead of 40 and a 2 °C/s ramp rate. The plate was then
transferred to the Bio-Rad QX200 droplet reader and read for the appropri-
ate fluorophores.

Bio-Rad QuantaSoft Analysis Pro version 1.0.596 software was used to
calculate droplet count and gene-copy concentrations. Thresholds for posi-
tive droplets were set between the positive and negative droplet bands, vi-
sually inspecting for an area of least density when there was no clear
distinction (see Fig. S1 for examples of positive and negative samples). Du-
plicate wells were merged in the software and only reactions containing
=20,000 droplets were included in the analyses. Concentrations were
then adjusted for RNA elution volume and membrane filter volume and re-
ported as gene-copies/uL or gene-copies/L (Eq. (1)). A RT-ddPCR minimum
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Table 1

Sequence and reference information for the oligonucleotides used to detect SARS-CoV-2 in municipal wastewaters.
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Target Gene Primer/Probe Sequence 5-3’ Nucleotide Amplicon Reference and accession
position length no.
N1 Nucleocapsid nCoV N1 Fwd GACCCCAAAATCAGCGAAAT 28,303-28,322 73 bp Lu et al., 2020
nCoV N1 Rev TCTGGTTACTGCCAGTTGAATCTG 28,374-28,351
nCoV N1 Probe FAM-ACCCCGCAT-/ZEN/-TACGTTTGGTG 28,325-28,348 SARS-CoV-2 accession no. MN908947
GACC-3IABKFQ
N2 Nucleocapsid nCoV N2 Fwd TTACAAACATTGGCCGCAAA 29,180-29,199 67 bp Lu et al., 2020
nCoV N2 Rev GCGCGACATTCCGAAGAA 29,246-29,228
nCoV N2 Probe FAM-ACAATTTGC-/ZEN/-CCCCAGCGCTT 29,204-29,226 SARS-CoV-2 accession no. MN908947
CAG-3IABKFQ
Bovine Coronavirus BCoV Fwd CTGGAAGTTGGTGGAGTT 29,026-29,043 85 bp Decaro et al., 2008
BCoV Rev ATTATCGGCCTAACATACATC 29,090-29,110
BCoV Probe FAM-CCTTCATATCTATACACATCAAGTTGTT-BHQ-1 29,058-29,085 BCoV strain Mebus accession no. U00735
Hepatitis G HepG Fwd CGGCCAAAAGGTGGTGGATG 100-119 185 bp Schlueter et al., 1996
HepG Rev CGACGAGCCTGACGTCGGG 285-267
HepG Probe HEX-AGGTCCCTCTGGCGCTTGTGGCGAG-BHQ-1 172-196 HGV accession no. U44402
Pepper Mild Mottle PMMoV Fwd GAGTGGTTTGACCTTAACGTTTG 1878-1901 67 bp Haramoto et al., 2013; Racki et al., 2014 for
Virus PMMoV Rev TTGTCGGTTGCAATGCAAGT 1945-1926 primers/probe
PMMoV Probe VIC-CCTACCGAAGCAAATG-MGB-NFQ 1906-1921
PMMoV Pos Control GAG TGGTTTGACC TTAACGTTTG AGAGGCCTAC NA PMMoV isolate S accession no. M81413
CGAAGCAAAT
GTCGCACTTG CATTGCAACC GACAA
SPUD SPUD Fwd AACTTGGCTTTAATGGACCTCCA 449-471 101 bp Nolan et al., 2006
SPUD Rev ACATTCATCCTTACATGGCACCA 549-527
SPUD Probe FAM-TGCACAAGCTATGGAACACCACGT-BHQ1 482-505 Solanum tuberosum phyB accession no. Y14572
SPUD Pos Control TCAGACGTTACGTACAAACTTGGCTTTAATGGACCT NA
(SPUD-T) CCAATTTTGAG
TGTGCACAAGCTATGGAACACCACGTAAGACATAAAA
CGGCCACA
TATGGTGCCATGTAAGGATGAA

TGTATCGATCGATCGACTGAGCTA

threshold of 3 positive droplets was set for positive detection of targets
(Ciesielski et al., 2021). For samples with fewer than 3 positive droplets
in merged duplicate wells, the limit of detection (LOD) was determined
by calculating the concentration (gene-copies/pL) in the 10 pL of RNA elu-
ate for a 3 positive droplet threshold in the combined droplet count. Non-
detects are reported as less than the calculated LOD. Additional droplet de-
tails are reported in Supplemental Materials. Positive and negative controls
produced expected results for all targets. Methods for BCoV, HepG,
PMMoV, and the SPUD inhibition assay are described in Supplemental
Materials.

< ddPC)lflmpie:‘,xn
gene copies uL template per well
Lsample Lwastewater filtered

) - elutionpL - dilution factor ~

1

2.6. Detection and quantification by RT-gPCR

SARS-CoV-2 targets N1 and N2 were additionally quantified by RT-
qPCR, using the same primers and probes as for RT-ddPCR and following
MIQE guidelines (see Supplementary Materials; Bustin et al., 2009). The
same synthetic SARS-CoV-2 was also used as a positive control and for pro-
ducing standard curves. The iTaq universal probes One-Step kit for RT-
qPCR (Bio-Rad #1725141) was used per manufacturer instructions. Ampli-
fications were performed in 20 pL reaction mixtures containing 10 pL of Super
Mix, 0.5 pL of reverse transcriptase enzyme (RT), 1.5 pL of primer/probe mix-
ture (503 nM of forward primer, 503 nM of reverse primer, 128 nM of probe),
3 pL of nuclease free water, and 5 pL of RNA template. Reactions were run
under the following conditions: 50 °C for 10 min for reverse transcription
and 95 °C for 1 min for denaturation. Then, 40 cycles were run of 95 °C for
10 and 60 °C for 30 s on a Bio-Rad CFX96 Touch thermal cycler. All reactions
were run in duplicate, with each RT-qPCR plate containing a five-point stan-
dard curve in triplicate and at least three non-template controls. Positive and
negative controls were as expected for all targets.

To determine the limit of detection (LOD) and limit of quantification
(LOQ) for RT-qPCR, 3 RT-qPCR runs containing 8 standard concentrations

in replicates of 4 were run for each target. This provided 12 replicates for
each of the 8 standard concentrations across all plates. The 8 concentrations
ranged from 6645 copies/pL (Std. 1) to 0.30 copies/pL (Std. 8). A detection
rate of 75 % was needed across the 12 replicates to include the standard
concentration in the LOD calculations. Standard 8 failed to qualify, so Stan-
dard 7 represented the lower limit of the linear range (0.70 copies/uL- 6645
copies/pL; see Table S1 for linearity). The Cq for Standard 7 varied from
35.3 to 37.2 for N1 and 35.15 to 36.92 for N2 (Table S2). The LOD was de-
termined by averaging the Ct values for the lowest qualifying concentration
for each target, and then calculating the related concentration of SARS-
CoV-2 per reaction. The LOQ was determined by subtracting 2 standard de-
viations of the lowest standard's Ct values from the LOD Ct value, and again
calculating the related concentration per reaction. Signals detected below
the LOD and LOQ were kept in the data set to facilitate methods comparison
but are reported separately in tables and figures.

SARS-CoV-2 concentrations present in influent wastewater samples
were calculated from measured RT-qPCR Ct values. A standard curve equa-
tion was derived for each target on each plate from the Ct values of the
known standards. A calibrator Ct was calculated by averaging the Ct values
for the first standard concentration. The average target amplification factor
(AF) was calculated via Eq. (2). Concentrations of SARS-CoV-2 per reaction
were adjusted for reaction efficiency by multiplying the ratio of the calibra-
tor to unknown samples (derived in Eq. (3)) by the concentration of the cal-
ibrator (e.g. Std. 1 concentration). This value was then multiplied by an
elution correction factor and divided by the volume filtered to yield concen-
trations in gene-copies/mL or gene-copies/pL. Methods for BCoV and the
SPUD inhibition assay are described in Supplemental Materials. HepG
and PMMoV were not run on RT-qPCR due to a lack of original RNA extract
remaining.

Average Target AF = 10 ~ '/slpe 2

1

Ratio calibrator
Target AF

unknown - ( t (calibrator)

3

- Cr (unknown) )
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2.7. Epidemiological data

We obtained daily ZIP code-level COVID-19 case counts from the WRAL
online repository (https://github.com/wraldata/nc-covid-data/tree/
master/zip_level data/time_series_data/csv) and county-level case counts
from the Johns Hopkins University Center for Systems Science and Engi-
neering repository (https://github.com/CSSEGISandData/COVID-19/
tree/master/csse_covid_19 _data/csse_covid_19_time_series). Both data
sources reported cumulative cases by geography on each date; where
dates were missing in the WRAL archive, we substituted data that we had
manually downloaded from the NC DHHS COVID-19 dashboard (https://
covid19.ncdhhs.gov/dashboard/data-behind-dashboards) on a daily basis
for a portion of the study period. Daily incident cases by county and ZIP
code were calculated by subtracting the cumulative cases reported the pre-
vious day (or the most recent date with case reports) from the cumulative
cases reported on each date during the study period.

The populations of each ZIP code and sewershed were estimated from
the 2019 American Community Survey (ACS) 5-year block group popula-
tion estimates, which were distributed among the constituent blocks ac-
cording to the 2010 population distribution. Blocks were associated with
the ZIP code and sewershed that contained their centroids and block popu-
lations were summed to obtain ZIP code and sewershed population esti-
mates. Anticipating substantial spatial misalignment between ZIP code
and sewershed boundaries (Fig. 1), we weighted the number of cases in
each intersecting ZIP code in two ways: by the proportion of the ZIP code
area overlapping the sewershed and by the proportion of the ZIP code pop-
ulation living within the sewershed. For both weighting approaches, we
summed the weighted daily cases across all intersecting ZIP codes to esti-
mate sewershed case counts. Three-day and seven-day rolling averages
were calculated for the incident sewershed cases obtained by each of the
three (county-level, area-weighted, population-weighted) approaches.

Effluent flow data was reported by each WWTP and compiled by NC
DEQ. Detected SARS-CoV-2 N1/N2 gene copies were normalized by
plant-reported effluent flow in millions of gallons per day (MGD), by esti-
mated population within the sewershed, and by prevalence ratio as com-
pared to PMMoV gene copies/L. Influent data is not reported to the state
and can vary by plant due to in-plant recycling of flow streams. Results
are reported as SARS-CoV-2 N1/N2 gene-copies per person per day (PPPD).

2.8. Statistical analyses

Spearman's rho (p) correlations were estimated between N1 concentra-
tion (gene-copies/L) and daily, 3-day, and 7-day rolling average COVID-19
case counts at the three levels of geographic case aggregation for Plant 1
and Plant 2. Correlations were examined for wastewater samples collected
up to 7 days prior to and after the date the cases were reported to assess
timeliness of wastewater measurements. Correlations with a p-value
<0.05 were considered statistically significant.

3. Results
3.1. Detection of N1 and N2 using RT-ddPCR
Over a 24-week period from July to December 2020, SARS-CoV-2 was

regularly detected in wastewaters from both Plant 1 and Plant 2 via RT-
ddPCR. At least one of the SARS-CoV-2 targets (N1 or N2) was detected

Table 2
Detection of N1 and N2 gene targets of SARS-CoV-2 by RT-ddPCR in raw wastewa-
ter samples from two central NC treatment plants (n = 48).

N1
Positive Negative Total
N2 POSltlYe 33 2 35
Negative 8 5 13
Total 41 7 48
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in 90 % (N = 48) of influent samples (Table 2), including 100 % of Plant
1 samples and 79 % of Plant 2 samples. N1 was detected in 85 % of samples
(96 % Plant 1, 75 % Plant 2), and N2 was detected in 73 % of samples (83 %
Plant 1, 63 % Plant 2). Detection status of N1 and N2 agreed in 79 % of sam-
ples in both Plant 1 and Plant 2, with 69 % of samples being positive for
both targets. A sample was considered positive if at least one of its replicate
extractions was positive.

Consistent detection of SARS-CoV-2 was successful in wastewater influ-
ents but not in primary solids (data not shown) with the RNeasy Plus Mini
kit and RT-ddPCR. Other labs (including some in the NC Wastewater Path-
ogen Research Network) have been able to detect the SARS-CoV-2 N1/N2
targets in primary solids with other RNA extraction kits (Kim et al., 2021;
Peccia et al., 2020). For our study, the 20 mL filtered influent samples pro-
vided more reliable surveillance above detection limits for RT-ddPCR as
compared to direct extraction methods of primary solids. Therefore, we fo-
cused our analysis and reporting on the influent wastewater samples.

Concentrations of SARS-CoV-2 from Plant 1 positive samples ranged
from 1.7 X 10%to 1.4 x 10° N1 gene-copies/L and 2.4 x 10%t0 5.9 X
10* N2 gene-copies/L (Table S3). Plant 2 samples displayed a similar
range of 1.9 x 10%to 2.1 X 10° N1 gene-copies/L and 1.9 x 10°to 2.8
x 10° N2 gene-copies/L (Table S4). Virus concentrations normalized by
flow, population, and PMMoV helped compare the disparate population
density and sewersheds serviced by the two plants. The average 24-h com-
posite flow was 3.65 (SD: 2.21; n = 24) MGD for Plant 1 and 0.34 (SD: 0.19;
n = 24) MGD for Plant 2. Flow- and population-normalized SARS-CoV-2
gene copies were calculated using daily matched flow data and sewershed
populations of 82,772 for Plant 1 and 3814 for Plant 2. As seen in Tables S3
and S4, Plant 1 normalized values ranged from 2.9 x 10°to 4.1 x 107 N1
gene-copies per person per day and Plant 2 normalized values ranged from
8.0 x 10° to 4.5 x 107 N1 gene-copies per person per day. Normalizing
virus concentrations tended not to change virus estimates by more than
an order of magnitude (Tables S3 and S4). However, changes greater than
an order of magnitude were occasionally observed for the smaller treatment
plant.

The total process recovery determined via BCoV concentrations was
39 %, with a range of 3 %-107 %. The extraction recovery determined
via HepG concentrations was 42 %, with a range of 0 %-184 %. These
recoveries were not used to correct wastewater data.

3.2. Comparison of wastewater and case data

Data from RT-ddPCR analyses were matched by date and location to
daily new reported cases for each county and sewershed (Figs. 2-3). Re-
ported daily new COVID cases in Chatham County and the Plant 2
sewershed were generally lower than cases in Orange County and the
Plant 1 sewershed. For the Plant 1 sewershed, the peak in daily COVID
cases on 8/20/20 corresponded with the greatest concentration of gene
copies for SARS-CoV-2 N1 on 8/18/20. Peak reported daily new COVID
case counts for Orange County, as reported by NC DHHS, was 112 and oc-
curred on 8/19/20, with a 3-day running average of 94 cases. These waste-
water and case spikes coincided with the return of UNC students to campus.
Trends for N2 were similar to those of N1 (Figs. S2-S3).

Spearman's correlations between SARS-Cov-2 wastewater concentra-
tions and COVID-19 cases were examined in Figs. 4 (N1) and S4 (N2) for
Plant 1 and Figs. 5 (N1) and S5 (N2) for Plant 2. Correlations were stronger
at the larger WWTP (Plant 1, p ~0.5) compared to the smaller WWTP (Plant
2, p ~ 0.25). At Plant 2, both targets were only sporadically correlated with
unsmoothed and 3-day rolling average case counts, and neither was signif-
icantly correlated with 7-day rolling average case counts at any geographic
scale or temporal offset. Plant 1 correlations were more consistently signif-
icant as the smoothing window for cases was increased, with higher vari-
ability in associations with daily case counts and more stable
relationships with a 7-day rolling average of cases. Correlations were
weaker for county-level reported cases than for sewershed-level cases,
which were similar whether derived from ZIP code reports by area- or
population-weighting. Plant 1 sewershed cases with 7-day smoothing


https://github.com/wraldata/nc-covid-data/tree/master/zip_level_data/time_series_data/csv
https://github.com/wraldata/nc-covid-data/tree/master/zip_level_data/time_series_data/csv
https://github.com/CSSEGISandData/COVID-19/tree/master/csse_covid_19_data/csse_covid_19_time_series
https://github.com/CSSEGISandData/COVID-19/tree/master/csse_covid_19_data/csse_covid_19_time_series
https://covid19.ncdhhs.gov/dashboard/data-behind-dashboards
https://covid19.ncdhhs.gov/dashboard/data-behind-dashboards
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Fig. 2. Detection of SARS-CoV-2 N1 in wastewater and new COVID-19 cases for county and sewershed serviced by Plant 1. Bars represent daily new COVID-19 cases for
Orange County (top) or the Plant 1 sewershed (bottom; estimated in Section 2.7). Boxes connected by the line graph represent SARS-CoV-2 gene copies per person per
day (PPPD) in wastewater. With the assistance of staff at Plant 1, 24-h composite wastewater samples were collected weekly from 7,/10/2020 to 12/15/2020,
corresponding to 24 sampling dates. SARS-CoV-2 detection data reflects merged duplicate RT-ddPCR reactions for the nucleocapsid gene (N1). Black boxes represent a

SARS-CoV-2 detection event below the limit of quantification.

were significantly associated with N1 concentrations measured up to four
days before the case report date, and with N2 concentrations measured
three to seven days before the case report date. By contrast, smoothed
case counts at the county level were only associated with N1 concentrations
measured two days after and with N2 concentrations from one day before
to two days after being reported.

3.3. Comparison of RT-qPCR and RT-ddPCR

For RT-qPCR, the average limit of detection (LOD) for N1 was deter-
mined to be 3.3 gene-copies/reaction and the limit of quantification
(LOQ) was 8.9 gene-copies/reaction. For N2, the LOD was set at 3.7 gene-
copies/reaction and the LOQ set at 9.5 gene-copies/reaction. See Table S2
for the data used to calculate the LOD/LOQ. Plate summary statistics for
each RT-qPCR plate can be found in Table S1. For the N1 target, reaction
efficiencies ranged from 97 %-102 % and all R* values exceeded 0.98.
For the N2 target, reaction efficiencies ranged from 88 %-110 % and all

R? values exceeded 0.98. Process recovery using BCoV was 2.65 %
(range: 0.0 %-58.9 %).

SARS-CoV-2 gene target concentrations were quantified via RT-qPCR in
influent wastewater samples from the WWTPs for 24 sampling dates in du-
plicate, resulting in a total of 48 data points for each target per site (except
for Plant 2 N2, which only had 47; Tables S5-S6). Replicate concentrations
were classified based on LOD/LOQ levels. See Tables S7-S8 for count data
for each category. Table 3 compares detection count data for the two
methods. Classifying all detects found below the LOD as non-detects results
in a detection rate for Plant 1 of 48 % for N1 and 31 % for N2. For Plant 2
this was 25 % for N1 and 21 % for N2. When considering only detects above
the LOD/LOQ, 10 of 24 dates (41.7 %) were positive for at least one SARS-
CoV-2 target in Plant 1, and 2 of 24 dates (8.3 %) were positive for Plant 2.

Almost all (96 %) detects above the LOD/LOQ for RT-qPCR
corresponded with detects from RT-ddPCR when comparing the same tar-
get and WWTP. 66 % of RT-qPCR samples with signal detected below the
LOQ and 63 % of RT-gPCR samples detected below the LOD corresponded
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Fig. 3. Detection of SARS-CoV-2 N1 in wastewater and new COVID-19 cases for the county and sewershed serviced by Plant 2. Bars represent daily new COVID-19 cases for
Chatham County (top) or the Plant 2 sewershed (bottom; estimated in Section 2.7). Boxes connected by the line graph represent SARS-CoV-2 gene copies per person per day
(PPPD) in wastewater. With the assistance of staff at the Plant 2, 24-h composite wastewater samples were collected weekly from 7,/10/2020 to 12/15/2020, corresponding
to 24 sampling dates. SARS-CoV-2 detection data reflects merged duplicate RT-ddPCR reactions for the nucleocapsid gene (N1). Black boxes represent a SARS-CoV-2

detection event below the limit of quantification.

with RT-ddPCR detections. Close to half (44 %) of positive samples for RT-
ddPCR had no level of detection for RT-qPCR. Only one replicate out of 188
(0.5 %) was positive using RT-qPCR and a non-detect via RT-ddPCR. When
considering results below the LOD to be non-detects, McNemar's chi-
squared statistic was 55.2 (df = 1,p = 1.11 x 107 %),

SPUD assay results suggested that RT-ddPCR experienced higher rates of
inhibition from the sample matrix than RT-qPCR (Fig. S6). Negative inhibi-
tion percentages may have resulted from excess minute volumes of the
spike solution being introduced to the samples due to adhesion onto the out-
side of the pipette tip. However, these differences with the positive control
were not statistically significant. There was also no significant deviance in
Ct values for spiked samples from those of the positive control for RT-qPCR.

4. Discussion

Results from this study show consistent detection of SARS-CoV-2 from
wastewater and support use of wastewater-based epidemiology to track

COVID-19 disease trends. As a pooled sampling strategy, WBE requires
fewer resources than individual testing, and may be a valuable tool to com-
plement clinical diagnostic testing in assessing population disease burden.
In the present study, SARS-CoV-2 was detected by RT-ddPCR in 100 %
(24/24) and 79 % (19/24) of influent wastewater samples from Plants 1
and 2, respectively, over a period of 24 weeks between July and December
2020.

Detected concentrations of SARS-CoV-2 in the studied wastewaters
tended to track the trends seen in case counts. The wastewater data were
fairly noisy, but a peak in the Plant 1 data concentrations coinciding with
and, importantly, preceding by two days, a peak in sewershed case counts
shortly after the return of university students to the area provides addi-
tional evidence toward the benefits of WBE for COVID-19 control (Fig. 2).
Between 8/10/20 and 8/16/20, campus COVID-19 testing positivity rates
increased from 2.8 % to 13.6 %, triggering university officials to substan-
tially reduce residence hall capacity for undergraduates and move courses
to remote learning (Guskiewicz and Blouin, 2020).
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Fig. 4. Spearman's correlations between Plant 1 (Orange County) N1 concentrations (copies/L) and publicly reported Covid-19 cases. Each point represents the correlation
between case counts and the N1 wastewater concentrations in samples collected x days after the case reporting. For example, — 3 represents correlating all wastewater
concentrations with the case counts from 3 days after each wastewater sampling. Correlations were calculated separately for daily case counts, 3-day rolling-average, and
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(p < 0.05) are indicated with filled circles.

Significant (p < 0.05) positive correlations were observed between
wastewater and cases in Plant 1, though such correlations were more elu-
sive in Plant 2 (Figs. 4-5). These correlations and visual inspection of the
overlaid datasets suggest that wastewater tracked case counts quite well
for Plant 1. Plant 2 serves a smaller township with a greater rural propor-
tion and thus a smaller percentage of residents with municipal wastewater
service. Potential relationships between detected gene copies in Plant 2
wastewater and case counts are complicated by periods of zero reported
cases followed by spikes in new cases, which are partially artifacts of irreg-
ular access to testing and test results reporting. Additionally, in this smaller
served population, a slight change in cases results in a larger change in in-
cidence rate than for plants serving a larger population, an issue referred
to as the small number problem. Noise in the data may have also been
due to differences across time such as wastewater residence time in piped
infrastructure or variance between the plants such as storage conditions
or other plant-level factors. For both plants, associations might have been
stronger with more frequent sampling. Feng et al. noted that sampling at
least twice weekly was needed to maintain accuracy in COVID-19 trend
analysis (Feng et al., 2021).

Our finding that smoothed COVID-19 case counts correlated with SARS-
CoV-2 concentrations in Plant 1 wastewater four to seven days before the
cases were reported is largely consistent with other reports in the literature.
A study of 12 WWTPs in Wisconsin found that correlations with 7-day
smoothed case counts were typically higher when wastewater was sampled
0-6 days prior to case specimen collection, although the temporal offset
with the strongest correlation differed by plant (Feng et al., 2021). Plant
size was not found to influence correlation patterns, but their smallest
plant served an estimated 11,000 individuals, nearly three times the service
population of Plant 2 in our study, for which we did not observe significant
correlation between cases and wastewater. Multiple studies from Massa-
chusetts using varied approaches found wastewater viral loads correlated
with reported case counts as much as 10-11 days later (Omori et al.,
2021; Wu et al., 2020a). In New Haven, Connecticut, SARS-CoV-2 titers
in primary sludge predicted new cases up to two days before specimen col-
lection date and 6-8 days before case report date under a distributed lag
modeling approach (Peccia et al., 2020).

This work provides multiple insights toward improving WBE for SARS-
CoV-2. First, sensitivity is a concern in detection of environmental viruses -
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information is lost below the lower limits of detection of our tools. This is
particularly challenging in wastewater, which often contains substantial
concentrations of PCR inhibitors. Our findings suggest an improved sensi-
tivity of RT-ddPCR over RT-qPCR - particularly when considering the in-
creased inhibition seen in RT-ddPCR - which is consistent with recent
studies on SARS-CoV-2 WBE (Ciesielski et al., 2021; D’Aoust et al., 2021).
Potential limits to widespread adoption of RT-ddPCR include higher costs
and longer run times compared to RT-qPCR. When minimal lag times are
seen between infection and case reporting, a rapid turnaround time
would be needed to make WBE an attractive alternative to clinical testing.
This speed may be more achievable with RT-qPCR. However, this study
demonstrates the value of increased sensitivity offered by the RT-ddPCR
assay in detecting viruses in wastewaters.

SARS-CoV-2 nucleocapsid targets N1 and N2 have arisen as commonly
used genetic indicators of the virus in wastewater. Relying on only one tar-
get would be best for minimizing resource use, so this work and others have
sought to compare the two. Because the two targets each appear once in the

virus’s genome, they theoretically should be detected equally. However, we
found that they agreed in only 79 % of samples, suggesting differences be-
tween the two assays. Between the two, N1 was detected more often (85 %
vs 73 %). Working near the lower limit of detection, this suggests greater
sensitivity in our N1 assay. As such, we have opted to largely limit N2 re-
sults to the Supplemental Information, though we recognize the potential
value in the increased anticipation of case data by N2 data if this trend
were substantiated. Previous studies have also found discrepancies be-
tween N1 and N2, but they conflict on which is preferred for use in waste-
water (Gonzalez et al., 2020; Medema et al., 2020; Peccia et al., 2020).
Results of this study suggest that N1 may be preferred for programs seeking
the efficiencies of a single-target assay.

This study found process control Bovine Coronavirus and extraction
control Hepatitis G to both show substantial variability, at times being de-
tected at concentrations substantially above what was calculated to have
been spiked into the samples, and sometimes not being detected at all. As
such, we did not correct our quantified SARS-CoV-2 concentrations by
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Table 3

Comparison of replicate counts for sample classifications between RT-qPCR and RT-
ddPCR. Count numbers include both targets and compare classifications of replicate
samples. N = 188 for both methods.

RT-ddPCR
DETECTS NON-DETECTS Total
Positive Sample Negative Sample
(=3 positive droplets) (<3 positive droplets)
DETEECTS 24 1 25
Positive Sample
NON-I?ETECTS 60 2 82
Negative Sample
RT-qPCR DETECTS
Signal below LOD » 7 46
DETECTS
Signal below LOQ z 12 35
Total 136 52 188

these controls. Our low and variable HepG extraction recovery is consistent
with those of others in the literature (Barua et al., 2022; Gonzalez et al.,
2020). Recent WBE research has similarly found BCoV and other
coronaviruses to have low and highly variable recovery (Betancourt et al.,
2021; Ciesielski et al., 2021). Gonzalez et al. found a 59 % BCoV recovery
with no concentration step, and this dropped to 5.5 % with centrifugation
or 4.8 % with filtration, and Graham et al. found low but less variable recov-
ery when using BCoV as only an extraction control (Gonzalez et al., 2020;
Graham et al., 2021). This suggests that the filtration step may be the
weak point in our workflow for BCoV recovery. The heat pasteurization
step required by lab safety protocols at the time may have also affected
virus recovery. If BCoV is an appropriate analog for SARS-CoV-2 behavior,
the body of literature may support higher concentrations of SARS-CoV-2 in
wastewater than have been reported. It is unclear if this is the case, how-
ever, so research directly comparing BCoV and other common controls to
SARS-CoV-2 would be valuable. Producing viral concentrations accurately
will be difficult for wastewater samples until processing and extraction con-
trols are improved.

Our approach for estimating sewershed-level case counts will be valu-
able for evaluating the accuracy of WBE for future COVID-19 surveillance.
In the absence of sewershed data, using block group data to estimate ZIP
code and sewershed populations, and then weighting ZIP code case data
by intersected area or population allowed us to produce more accurate es-
timates of the number of COVID-19 cases served by the WWTPs. We recom-
mend that others assessing WBE follow this approach, because case data
may not be available for rapid WBE at a more precise level than county
and ZIP code due to privacy concerns. As a sewershed may represent only
a fraction of the ZIP code or county population, its wastewater will provide
inadequate geographic resolution to reliably anticipate higher geographic-
level incidence.

Our study allowed us to witness sewage viral concentrations clearly
responding to an unexpected large-scale outbreak in a college community.
Provided a rapid turnaround from sampling to reporting, WBE may allow
extra days for decision makers to assess trends and reduce the health im-
pacts of outbreaks like this. Even without a rapid turnaround, WBE could
be valuable in assessing policy impacts (e.g., lifting mask mandates) or eco-
nomic consequences. For example, these measurements could also help
evaluate effects of infection rates on school attendance, travel rates, or con-
sumer trends.

Despite these important developments, further research will be needed
to realize the potential of WBE. Improving sensitivity of detection methods
may improve assessment of infection trends, particularly in less populated
sewersheds. This study enabled comparison of results from plants serving
different population sizes, but only included two plants. Results should be
pooled from a larger number of plants to test more rigorously the effect of
plant size on estimating viral concentrations and disease trends. It will
also be critical to identify and account for the most important factors
impacting the accuracy of data being compared in WBE. For wastewater,
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this could be viral degradation, rainfall, and flow-related factors and for
case data, the willingness and ability of populations to be tested. These im-
provements may help position wastewater as a cost-effective proxy for case
data whenever such data are unavailable or unreliable. Results of this and
other studies show that WBE is proving to be helpful in documenting
COVID-19 trends and could be a valuable tool for fighting current and fu-
ture pandemics.

5. Conclusions

SARS-CoV-2 wastewater concentrations anticipated case counts in the
larger treatment plant and sewershed, especially preceding a spike in
cases.

The 7-day average of both N1 and N2 concentrations in wastewater antic-
ipated increases in sewershed cases several days before they were re-
ported. For this study, N1 was detected more frequently than N2 and
may be a preferred target if seeking to measure only one target.
RT-ddPCR was more sensitive than RT-qPCR in the detection of SARS-
CoV-2 in wastewater. Method agreement increased when including posi-
tive signals noted below the limit of detection for the RT-qPCR assay. Pro-
grams may want to consider reporting this type of RT-qPCR data in
categories separate from positive or negative.

Wastewater representing only a subset of the county population provides
inadequate geographic resolution to reliably anticipate county-level inci-
dence. Sewershed-level estimates were better correlated with wastewater
measurements.

Capacity built from these efforts may be instrumental in responding to
current and future pandemics. WBE shows promise for identifying out-
breaks and documenting disease trends.
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CoV-2, and we’d like to acknowledge the hard work of those working to
move wastewater surveillance from research to practice across the globe.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2022.159996.
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