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ARTICLE INFO ABSTRACT

Keywords: Throughout the COVID-19 global pandemic there has been significant interest and investment in using
SARS-CoV-2 Wastewater-Based Epidemiology (WBE) for surveillance of viral pathogen presence and infections at the com-
Wastewater munity level. There has been a push for widescale implementation of standardized protocols to quantify viral
Molecular methods . . e . L. e e

PCR loads in a range of wastewater systems. To address concerns regarding sensitivity, limits of quantification, and

large-scale reproducibility, a comparison of two similar workflows using RT-qPCR and RT-ddPCR was conducted.
Sixty raw wastewater influent samples were acquired from nine distinct wastewater treatment plants (WWTP’s)
served by the Hampton Roads Sanitation District (HRSD, Virginia Beach, Virginia) over a 6-month period
beginning March 9th, 2020. Common reagents, controls, master mixes and nucleic acid extracts were shared
between two individual processing groups based out of HRSD and the UNC Chapel Hill Institute of Marine
Sciences (IMS, Morehead City, North Carolina). Samples were analyzed in parallel using One-Step RT-qPCR and
One-Step RT-ddPCR with Nucleocapsid Protein 2 (N2) specific primers and probe. Influent SARS-CoV-2 N2
concentrations steadily increased over time spanning a range from non-detectable to 2.13E + 05 copies/L.
Systematic dilution of the extracts indicated that inhibitory components in the wastewater matrices did not
significantly impede the detection of a positive N2 signal for either workflow. The RT-ddPCR workflow had a
greater analytical sensitivity with a lower Limit of Detection (LOD) at 0.066 copies/pl of template compared to
RT-gPCR with a calculated LOD of 12.0 copies/pL of template. Interlaboratory comparisons using non-parametric
correlation analysis demonstrated that there was a strong, significant, positive correlation between split extracts
when employing RT-ddPCR for analysis with a p value of 0.86.

1. Introduction

The etiological agent of COVID-19, severe acute respiratory syn-
drome coronavirus 2 (SARS-CoV-2), is responsible for the current
pandemic. SARS-CoV-2 is a member of the family Coronaviridae which
are enveloped, single-stranded, positive-sense RNA viruses with patho-
genic potential for humans and various animals (Zeng et al., 2020;
Huang et al., 2020). Transmission is primarily through respiratory
droplets resulting in the development of COVID-19 disease
(Meselson, 2020). Additionally, numerous studies have demonstrated
that SARS-CoV-2 viral RNA is detectable in stool from patients that
exhibit symptoms as well as in stool of asymptomatic carriers
(Wu et al., 2020; Xiao et al., 2020; Tang et al., 2020). It has been shown
that individuals infected with COVID-19 can continuously shed
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SARS-CoV-2 for up to as many as 20 days following initial contraction at
variable rates dependent on the constitution of the infected individual
with viral concentrations decreasing over time throughout the duration
of the infection (Bai et al., 2020; Xu et al., 2020; Cevik et al., 2021). As
viral material continues to be shed in feces and saliva throughout the
course of an infection, it enters wastewater systems that deliver sewage
to wastewater treatment plants (WWTPs) responsible for treatment and
removal of pollutants from industrial wastewater (Lodder and De Roda
Husman, 2020; Ahmed et al., 2020a). The combination of SARS-CoV-2
viral concentrations and concurrent wastewater treatment plant
influent flow measurements can be used to quantify the viral load in a
municipal wastewater system, thereby providing a metric of the prev-
alence of infection in the community (Randazzo et al., 2020; Westhaus
et al., 2021; Kitajima et al., 2020). The wastewater-based epidemiology
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(WBE) approach has proven effective in previous surveillance efforts for
the closely related SARS-CoV in wastewater from hospitals in China as
well as the poliovirus eradication program piloted by the World Health
Organization in 1988 (Asghar et al., 2014). As the pandemic of
COVID-19 persists, the utility of WBE continues to be recognized as a
complementary monitoring tool by acting as an early warning signal for
outbreaks of COVID-19 infections (Ahmed et al., 2020a, 2020b;
Ahmed et al., 2021).

Currently, there are numerous molecular workflows utilized to
quantify SARS-CoV-2 RNA in wastewater matrices (Kitajima et al.,
2020). Among these molecular workflows, RT-qPCR and RT-ddPCR
have become the dominant platforms for the quantification of
SARS-CoV-2 RNA for WBE purposes and have been described in
numerous works e.g. Ahmed et al., 2020a, 2020b; Lu et al., 2020;
Medema et al., 2020; Wu et al., 2020; Ahmed et al., 2021; and Feng
et al., 2021. However, the standardization across platforms has been
challenging as there are advantages and disadvantages with each
workflow regarding rapidity of result acquisition, cost, reagent avail-
ability, user-friendliness, equipment, and sensitivity (Cao et al., 2013;
Hayden et al., 2013; Falzone et al., 2020; Vasudevan et al., 2021).
However, some of the reported studies do not present the range of
necessary quality control evaluations, and others do not apply the ap-
proaches across a range of expected SARS-CoV-2 concentrations. As a
result, there are inconsistencies amongst reports that inform manage-
ment, public policy and decision-making entities. Due to this lack of
standardization, there is a growing demand to determine if a particular
workflow is best suited for SARS-CoV-2 specific WBE surveillance and
whether there is a limitation in reproducibility that would restrict
wide-scale application (Kitajima et al., 2020; Sims and
Kasprzyk-Hordern, 2020). This is particularly pertinent with the current
circulation of mutation-based strains and the need to track these and
subsequent important strains (Baric, 2020; Public Health, 2021) Here,
we present a comparison between two molecular workflows using
RT-qPCR and RT-ddPCR for quantification of SARS-CoV-2 and evaluate
the impact of inhibition on quantification of the SARS-CoV-2 target. The
study was designed to quantify sensitivity and reproducibility for the
quantification of SARS-CoV-2 RNA in untreated wastewater influent
over time, with samples collected across WWTP types from nine separate
WWTP’s in southeast Virginia.

2. Materials and methods
2.1. Sample sites and collection

Hampton Roads Sanitation District (HRSD) serves a population of 1.7
million people across 18 cities in the Commonwealth of Virginia with 9
major and 7 minor facilities. A combination of grab and 24-Hour flow-
weighted raw wastewater influent samples were collected from the
nine major WWTPs. A total of 60 influent samples were aseptically
collected from March 9th, 2020 to September 6th, 2020 with the use of
Teledyne ISCO 3710 portable samplers paced to take 150 mL aliquots at
variable intervals dependent on the individual treatment plant flow
rates. Grab and composited samples were collected between the hours of
8 and 11 AM and transported on wet ice to HRSD in less than six hours
for immediate filtration.

2.2. Wastewater influent concentration

Prior to wastewater concentration, the pH of the wastewater samples
was adjusted to 3.5 with 10 M HCl solution followed by inoculation with
MgCl, x 6 H0 (to a final concentration of 25 mM). Magnetic stir bars
were added to the samples and a magnetic stir plate was used to agitate
until thoroughly mixed. 50 mL of sample was then filtered to dryness
through a 47 mm dia., 0.45 pm Mixed Cellulose Ester (HA, HAWP04700,
Millipore Corp., Bedford, MA) filter using vacuum filtration manifolds.
Using sterilized forceps, HA filters were transferred to a microcentrifuge
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tube and immediately analyzed or stored at —80 °C for no more than 1
week.

2.3. Viral RNA extraction

From each sampling event, viral RNA was extracted using the AllPrep
PowerViral DNA/RNA Kit according to the manufacturer’s instructions
(cat no. 28,000-50, QIAGEN, Germantown, MD) and each round of
nucleic acid extraction included a negative extraction control (NEC) as
defined in Section 2.7. In brief, HA filters were transferred to a 0.1 mm
Glass PowerBead Tube followed by an addition of 600 pL of Precipita-
tion Solution 1 and 6 pL of B-mercaptoethanol. Additionally, each
sample was spiked with 10 pL of Zoetis Calf Guard Cattle Vaccine (BCoV,
ValleyVet Supply, Marysville, KS) with a predetermined concentration
(1.0E6 copies) to act as a total process control. Bead tubes were secured
and disrupted using a Mini-Bead-Beater-96 (cat no. 1001, BioSpec,
Bartlesville, OK) for 2 min at maximum speed. Upon completion of bead
beating, samples were centrifuged at a speed of 13,000 x g for 1 min. The
supernatant was subsequently processed according to the manufac-
turer’s instructions followed by an elution with 100 pL of RNase free
H70 and the resulting extracts were stored at —80 °C until they could be
shared between both processing teams.

2.4. SARS-CoV-2 specific quantitative RT-gPCR

Purified RNA was analyzed with the Reliance One-Step Multiplex
Supermix (cat no. 12010220, Bio-Rad, Hercules, CA) and the CFX96
Real-Time System with a C1000 Touch Thermal Cycler (Bio-Rad).
Primer pairs specific for the Nucleocapsid Protein 2 (N2) and BCoV were
used in equimolar ratios at 1.0 pM per reaction and fluorescent probes
were used at a concentration of 0.1 uM (Biosearch Technologies, Pet-
aluma, CA; Table 1). Reaction mixtures contained 5 pL of RNA template
and each reaction mixture reached a total volume of 20 pL. Each 96 well
plate (cat no. HSP9655, Bio-Rad, Hercules, CA) included a negative
extraction control, negative reverse transcription control, and a no
template control. Plates were transferred to the thermal cycler and
reverse transcription was initiated at 50 °C for 10 min followed by DNA
polymerase activation and template denaturation which were per-
formed at 95 °C for 10 min. After initial denaturation was complete,
there were 40 cycles of denaturation for 3 s at 95 °C and annealing/
extension for 30 s at 55 °C. All PCR runs were analyzed using Bio-Rad
CFX Maestro Software 1.1 (Version 4.1.2433.1219). Unknown samples
were run in triplicate for the N2 target and the BCoV target. 6-point
Standard curves were generated using Twist Synthetic SARS-CoV-2
RNA Control 3 (cat no. 102860, TwistBioscience, South San Francisco,
CA) at a stock concentration of 1.8E + 5 copies/pL. Control RNA was
serially diluted 1:10 in AE Buffer (cat no. 19077, QIAGEN, Germantown,
MD) and run in triplicate on each 96-well plate with concentrations
ranging from 9.00E + 5 copies/reaction to 9.00E + O copies/reaction
(Supplemental Fig. 1). Ct values were determined using CFX Maestro
Software regression analysis and samples with copy numbers below the
calculated limit of detection (LOD) were deemed non-detectable.

2.5. SARS-CoV-2 specific RT-ddPCR

Purified RNA was analyzed using Bio-Rad’s One-Step RT-ddPCR
Advanced Kit for Probes and a QX200 Droplet Reader equipped with
Bio-Rad QuantaSoft Software (Version 1.74.0917). The same primer
pairs specific for N2 and BCoV that were used for RT-qPCR were also
employed for RT-ddPCR analysis and were used in equimolar ratios at
0.9 pM per reaction whereas fluorescent probes were used at a con-
centration of 0.25 pM (Table 1). Reaction mixtures contained 5 pL of
RNA template and, with all reagent components, each reaction mixture
reached a total volume of 25 pL. Reaction mixtures were prepared in a
pre-PCR room to reduce the possibility of reagent contamination. 20 pL
of reaction mixture was used to generate droplets using a Bio-Rad
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Table 1
Primer and Probe Information.
Target Gene Primer and Sequence 5'-3' Reference
Probes
nCov N2 TTACAAACATTGGCCGCAAA
Forward
N2 Nucleocapsid nCoV N2 Lu et al. (2020). US CDC Real-Time Reverse Transcription PCR Panel for Detection of
ACATT AAGAA
Protein Reverse GCGCGAC CCGAAG Severe Acute Respiratory Syndrome Coronavirus 2. Emerg Infect Dis, 26(8).
Efg’g’e N2FAM oM. ACAATTTGCCCCCAGCGCTTCAG-BHQ-1
BCoV Forward CTGGAAGTTGGTGGAGTT
Bovine BCoV Reverse ATTATCGGCCTAACATACATC Decaro et al. (2008). "Detection of bovine coronavirus using a TagMan-based real-time
Coronavirus BCoV HEX HEX-CCTTCATATCTATACACATCAAGTTGTT- RT-PCR assay." Journal of Virological Methods 151(2): 167—171.
Probe BHQ-1

Droplet Generator according to the manufacturer’s instructions and the
resulting emulsion was transferred to a new 96-well plate (cat no.
951020389, Eppendorf, Enfield, CT) to undergo PCR amplification.
Plates were transferred to C1000 Touch Thermal Cyclers (Bio-Rad) and
underwent reverse transcription for 1 h at 50 °C. Polymerase activation
and template denaturation were performed at 95 °C for 10 min. After
initial denaturation was complete, there were 40 cycles of denaturation
for 30 s at 95 °C and annealing/extension for 1 min at 55 °C. Enzyme
deactivation was then performed at 98 °C for 10 min. Plates were then
held at 25 °C for one minute. Once PCR amplification was completed,
the plates were then transferred to the QX200 Droplet Reader (Bio-Rad)
for analysis. Threshold values were manually set one standard deviation
above the baseline (Cao et al., 2015; Baker et al., 2018). For analysis,
replicate sample wells were merged, and samples were considered
non-detectable if there were fewer than 3 positive partitions, and were
deemed non-quantifiable if the average number of partitions was < 10,
000 accepted droplets and if concentrations were below the calculated
LOD (Deprez et al., 2016).

2.6. Limits of detection

In order for wastewater surveillance to be an effective strategy for
understanding community prevalence of SARS-CoV-2, the LOD accord-
ing to workflow and platform should be determined. In this study, the
LOD was interpreted as a metric of sensitivity. For RT-ddPCR, the Limit
of Blank (LOB) was determined using eight technical replicates of eight
negative matrix samples derived from influent collected at multiple
WWTPs throughout eastern North Carolina. The LOB was calculated as
the mean of all sixty-four replicates and the LOD was then calculated as
two standard deviations beyond the defined LOB (Hayden et al., 2013).
For RT-qPCR the LOD was calculated by analyzing serial dilutions of a
synthetic RNA standard with 18 technical replicates at 6 orders of
magnitude. The LOD was defined as the concentration at which < 60%
of technical replicates were detectable (Gonzalez et al., 2020).

2.7. Data analysis

The agreement for the detection of SARS-CoV-2 RNA in wastewater
between the two molecular workflows was determined using Cohen’s
Kappa Coefficient and percent agreement statistics (McHugh, 2012;
Obermeier et al., 2016). The Kappa value was interpreted as follows: k
values < 0 are indicative of no agreement, 0.01-0.20 as none to slight,
0.21-0.40 as fair, 0.41- 0.60 as moderate, 0.61-0.80 as substantial, and
0.81-1.00 as near perfect agreement (McHugh, 2012). Shapiro-Wilks
tests were performed to assess the normality of the data distribution
where p values < 0.05 were considered deviant from a normal distri-
bution (Royston, 1982). Quantitative data were log transformed to
reduce observed kurtosis and non-parametric Spearman rank correlation
was performed to interpret relationships between variables (Akoglu,
2018). Correlation coefficient values were interpreted as follows: p
values < 0.3 are indicative of a poor relationship, 0.30 — 0.50 as fair, 0.6

— 0.8 as moderately strong, and > 0.8 as very strong (Akoglu, 2018).
Calculated Spearman rank correlation values with a p value < 0.05 were
considered statistically significant. All plots were generated using R
Statistical Computing Software version 4.0.1 (R Core Team, 2020) and
the ggpubr package (Kassambara, 2018).

2.8. Quality control and data evaluation

To rule out contamination of samples and efficacy of each workflow,
positive and negative controls were used for the separate processing
steps consistent with the MIQE Guidelines (Bustin et al., 2009; Huggett
et al., 2013, 2020). The following were implemented for each assay
performed using both RT-qPCR and RT-ddPCR:

a Positive Extraction Process Control: A known quantity of BCoV was
introduced to each sample following influent concentration and
immediately preceding extraction.

b Negative Extraction Processing Control (NEC): A sterile filter was
extracted using the same extraction kit as unknown samples.

¢ Negative Reverse Transcription Control (NRT): Prior to PCR analysis,
an aliquot of Supermix was held at 95 °C for 1 min to inactivate the
reverse transcriptase enzyme and 5 pL of the heat treated Supermix
was incorporated into a reaction mixture.

d No Template Control (NTC): Buffer AE (QIAGEN) containing no
target analyte was used within a reaction mixture with all required
components including primers, probes, and mastermix.

e Inhibition Control: Nucleic acid extract was diluted in Buffer AE
(QIAGEN) at a 1:2 dilution as well as a 1:5 dilution to reduce the
concentration of inhibitory substances that may be present in
wastewater matrices.

Extraction recoveries derived from BCoV concentrations were
calculated using the following equation:

CopyNumberof BCoVinSampleafterprocessing

Rec _ %100
ecovery (CopyNumberofBCoVspikedintoSamplepriortoextraCtion)

Calculated recoveries fell within a range between 2.55% and 86.9%
for RT-ddPCR and between 6.92% and 99.3% for RT-qPCR.

For RT-qPCR, samples were considered to be positive (detectable) if
amplification/positive signal was observed in two of the three technical
replicates and concentrations were above the calculated LOD. Samples
were considered quantifiable if all replicates were positive with a Ct
deviation <1 Ct (Staley et al., 2012). For RT-ddPCR, samples were
considered to be positive (detectable) if there were at least three positive
partitions following the merging of three wells and if sample concen-
trations were above the calculated LOD and were considered quantifi-
able if the average total number of partitions was >10,000. Based on
these criteria, all samples that were detectable were also quantifiable
and negative controls (NEC’s, NRT’s, and NTC’s) were non-detectable
for both RT-qPCR and RT-ddPCR.
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2.9. Assessing inhibition

Wastewater as a matrix is known to be fraught with inhibitory high
molecular weight compounds such as humic acids, polysaccharides and
proteins that impede PCR and molecular detection (Schlindwein et al.,
2009). Therefore, after thawing, all sample extracts were diluted using
AE buffer as previously described in Section 2.3 with the aim of
decreasing the concentration of potential inhibitors. For both RT-qPCR
and RT-ddPCR, several samples did change from a positive signal to
non-detectable when diluted further from 1:2 to 1:5. There was mod-
erate agreement between samples diluted at a 1:2 dilution versus a 1:5
dilution for detecting a positive signal regardless of which workflow was
employed with k values of 0.54 and 0.60 respectively (Fig. 1). Therefore,
moving forward, all comparisons were made using samples that were
diluted 1:2 unless indicated otherwise.

3. Results
3.1. Intra-laboratory comparison between RT-ddPCR and RT-qPCR

During the sampling window, raw wastewater influent was collected
from 9 separate WWTP’s between March 9th, 2020 and September 6th,
2020. SARS-CoV-2 N2 concentrations consistently increased over time
and ranged from non-detectable to 3.2E + 05 copies/L for RT-ddPCR
and from non-detectable to 1.16E + 06 for RT-qPCR. The workflow
for RT-ddPCR led to a lower N2-specific classical LOD of 0.066 copies/pL
of template whereas the LOD for RT-qPCR analysis averaged 12.0
copies/pL of template. For RT-ddPCR, of the 63 unknown samples at
both a 1:2 and 1:5 dilution, a total of 33 were considered non-detectable
according to the previously defined criterium (Section 2.8) in that there
were fewer than 3 positive partitions following the merging of wells. For
the workflow of RT-qPCR, 14 of the unknown samples at both a 1:2 and
1:5 dilution yielded a positive signal but were below the calculated LOD
and so were considered non-detectable. For the first half of the sampling
collection period, only RT-ddPCR had the capability to identify a posi-
tive signal for N2 (Fig. 2). Samples from the same extract that had been
analyzed using both platforms revealed that RT-qPCR analysis consis-
tently identifies higher N2 concentrations than RT-ddPCR. All calculated
concentrations were within 1 log of each other for samples that were
positive using both molecular workflows and percent difference did not
exceed 20.0%. Between the two workflows there was a positive agree-
ment of 95.0%, negative agreement of 67.7% and an overall percent
agreement of 73.8%. Spearman rank correlation analysis provided a p
value of 0.717 which is indicative of moderately strong agreement.
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3.2. WWTP specific comparison

As each individual WWTP serves a different community with unique
inputs, it was of interest to assess the variation in SARS-CoV-2 quanti-
fication according to treatment plant. This is of interest because matrix
composition between individual WWTP’s could preferentially favor one
workflow over another. To address this, samples from different WWTP’s
supporting variable catchment populations and sizes throughout the
collection window were used to determine whether the origin of a
sample would impact the efficacy of a particular molecular platform
(Table 2). Five WWTP’s with a large enough sample size (n > 7) were
used to determine if there was plant dependent variability in platform
performance. For each of the five WWTP’s, at a 1:2 dilution, the RT-
ddPCR workflow was able to consistently identify a positive signal
with a greater frequency than RT-qPCR (Fig. 3). Due to the superior
analytical sensitivity of RT-ddPCR based upon the calculated LOD, this is
particularly evident early on within the collection window when there
was a lower anticipated viral load. Four of the five facilities had x values
< 0.15 suggesting slight or no agreement between workflow analyses.
Only facility four had a k value > 0.15 (x = 0.33; moderate agreement).

3.3. Interlaboratory comparison using RT- ddPCR

For widespread surveillance efforts, reproducibility is critical for
consistency in reporting. To ensure that RT-ddPCR is an effective plat-
form for large-scale implementation, split extracts samples were
analyzed in parallel using RT-ddPCR by both processing teams from
HRSD and IMS (Fig. 4). Correlation analysis resulted in a p value of 0.86,
indicative a very strong positive relationship between quantification of
N2 signal in raw wastewater influent by both teams. For all samples that
detected a positive N2 signal by both HRSD and IMS (n = 39), 76.3% of
the samples were < 0.25 log different from one another, 13.2% diverged
by < 0.5 log and 10.5% of samples N2 concentrations that were different
by > 0.5 log. There was 95% positive percent agreement, 67.7% nega-
tive percent agreement, and 73.8% overall percent agreement and fair
agreement based on kappa analysis with a k value of 0.31.

4. Discussion

The use of WBE relies on the accurate quantification of viral path-
ogen targets in order to develop and implement public health decision
making practices for disease mitigation. There are three main suggested
and highlighted purposes of WBE for COVID-19 related targets, 1.)
evaluation of increasing and decreasing trends in overall load of SARS-
CoV-2 in any given municipality, 2.) quantification of SARS-CoV-2 in
municipalities to estimate the prevalence of infected individuals in a
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Fig. 1. Effect of Dilution on Detection of SARS-CoV-2 RNA in Wastewater: Extracts had been diluted at both a 1:2 (black dots) and 1:5 dilution (grey dots) in AE
buffer prior to reverse transcription and PCR amplification and samples were analyzed using both (a) RT-ddPCR and (b) RT-qPCR by the processing group based out

of IMS.
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6 Fig. 2. Direct Comparison of Workflow Per-
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bl sensitivity of workflows that are being utilized for WBE (Foladori et al.,
:a . 1‘,3 21 f " 2020). In this comparative study, a LOD of 0.066 copies/pL of template
acir nrformation. . .
v and 12.0 copies/pL of template for RT-ddPCR and RT-qPCR respectively,
Catchment Population Collection Events was achieved for both molecular workflows. In these particular work-
Facility 1 343,016 10 flows, the LODs for each platform equate to 1.32E + 2 copies/L and 2.4E
Facility 2 69,059 6 + 4 copies/L respectively. These are an improvement from what has
an}%:yz Zg’;’i‘zw ;4 previously been reported in the literature (Gonzalez et al., 2020; Arna-
aclli 5 . .
Facm;S 141.543 7 out et al.,, 2020) and with the LOD for RT-ddPCR being more than
Facility 6 118,497 1 tenfold lower than the alternative workflow of RT-qPCR, RT-ddPCR
Facility 7 197,608 2 offers a significant advantage by allowing for earlier detection of
Facility 8 187,832 2 SARS-COV-2 signal in the wastewater. While RT-qPCR can offer ad-
Facility 9 99,112 8

community and 3.) uncovering emergence and or disappearance of
SARS-CoV-2 from wastewater in specific environments such as dormi-
tories, corporate environments, and schools (Yong, 2020; Gibas et al.,
2021). These suggested uses of WBE rely on development of molecular
workflows that are fully quantitative and are bolstered by strong quality
control, are consistent with recommended quality assurance practices,
and exhibit reliable reproducibility.

As the pandemic has continued, WBE is widely recognized as a
powerful tool for surveillance purposes (Ahmed et al., 2020b). One of
the primary concerns in optimizing surveillance efforts is the overall

vantages in speed, we also found that using the workflows presented
here, that RT-ddPCR was capable of delivering results on the same
business day. Using RT-ddPCR, this study was able to capture the onset
and early development of the pandemic as clinical cases of COVID-19
began to rise in a region covering nearly 1.5 million individuals as
early as the end of March (03/25/2020). Conversely, using RT-qPCR,
the first detection of SARS-CoV-2 RNA was seen as late as June
(06/02/2020).

To investigate the loss of target signal through processing and
analysis steps inherent to the workflow, recovery was assessed using an
attenuated bovine coronavirus. A known concentration of BCoV was
spiked into each sample following concentration and immediately
before extraction as described in Section 2.3. There was substantial
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Fig. 3. RT-ddPCR is the more Sensitive Workflow Regardless of WWTP Origin: Samples originating from the same WWTP were analyzed using the two previously
described molecular workflows of RT-ddPCR and RT-qPCR. For all WWTPs with > than 7 collection events, RT-ddPCR was able to outperform RT-qPCR with respect

to the detection of SARS-CoV-2 RNA.
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Fig. 4. Interlaboratory Assessment of Repro-

o0 ducibility for RT-ddPCR Workflow: Nucleic acid
® extracts that had been shared between both
HRSD (black dots) and IMS (grey dots) were
both analyzed using the RT-ddPCR workflow in
parallel. There was fair agreement between
both groups based on kappa coefficient analysis
with a k value of 0.31 and a 95% positive
percent positive agreement with a 73.8% over-
all percent agreement. Spearman correlation
analysis provided a p of 0.86 which is evidence
L] of a strong relationship between results pro-

Processing Group
* HRSDddPCR(1:2)
IMS ddPCR (1:2)

Sample

variability between samples with no observed relationship between
calculated recoveries and extraction batch or date of collection. Though
not statistically significant, the average recovery calculated based on
BCoV concentrations was lower in RT-ddPCR than when using RT-qPCR.
This reduction in recovery may be attributed to the additional step of
droplet generation that is required for analysis using RT-ddPCR as, prior
to PCR, droplets are fragile, and the integrity of the droplets can be
easily compromised (Anderson and Maldarelli, 2018). It is also imper-
ative to note that, in this study, all samples had > 10,000 accepted
droplets per replicate. Regardless of lower recovery, the superior
sensitivity of RT-ddPCR allowed for the capture of low concentration
targets that was otherwise missed by RT-qPCR.

Inhibition was also addressed to account for impeded quantification
resulting from complex matrix composition. By diluting extracts,
concentrated enzymatic inhibitors that are also present in raw waste-
water influent pose a lesser risk with respect to compromised quantifi-
cation (Cao et al., 2012). Investigation of the potential role inhibition
plays in molecular analysis revealed that strategic dilution of extracts
did not significantly improve the quantification for the N2 target. Cor-
relation statistics indicated that there was good agreement between
dilutions for both molecular workflows and it was seen for multiple
samples that diluting samples too much completely removed the viral
signal, especially for RT-ddPCR. This data suggests that dilution is not
critical for quantification of N2 in wastewater matrices. This ultimately
improves workflow efficiency in that a step in the processing of samples
is removed which reduces potential error. Regardless, it is still critical to
consider and include exhaustive quality control measures in all molec-
ular workflows for accurate reporting (Ahmed et al., 2020b)

Previous work has revealed that there are observable and significant
differences in the performance of molecular methods dependent on the
origin of wastewater sample acquisition (Reemtsma et al., 2010; Loos
et al.,, 2013). In this study, RT-ddPCR was superior with respect to
analytical sensitivity and viral quantification regardless of the WWTP
from which the sample originated. This may be derived from the low
sample size and overall low concentrations of the target for the duration
of the study and so future work would involve a larger sample size.
Though this study was unable to identify a facility to facility difference
between workflow performance, it is still an important aspect of WBE
methodology that needs to be taken in to account and should be
considered for ongoing WBE efforts.

Reproducibility is also a significant concern for consistency and
reliability of data acquisition for widespread surveillance efforts. Pre-
vious studies have indicated that poor reproducibility is far too common
as there are many variable aspects associated with quantitative molec-
ular tests (Hayden et al., 2013; Ahmed et al., 2021). As such, this study
aimed to determine whether RT-ddPCR could alleviate such concerns
regarding reproducibility. Upon direct comparison between quantitative
results from both processing, there was a strong correlation between
viral concentrations in untreated wastewater influent making RT-ddPCR
a highly reproducible workflow and thus well suited for widescale WBE
surveillance efforts. Though RT-ddPCR displayed a greater analytical

60 duced by both groups.

sensitivity, RT-qPCR offers the advantage of working within a wider
dynamic range and has a relatively rapid turnaround time from sample
collection to reporting output (Taylor et al., 2017). As such, the appli-
cation of RT-qPCR can and should still be considered for WBE.

The findings from this study are relevant to a wide range of locations,
including new assessments conducted in Charlotte, NC and across the
country using similar workflows (Gibas et al., 2021; Ahmed et al., 2021).
Unfortunately, to capture more of the population, there is much to be
done on WBE applications, including improvements and optimization of
approaches for package treatment plants, septic systems, and individual
treatment or living facilities. However, this study is valuable at a time
when vaccine distribution is increasing and, at some point, sensitivity
and quantification of viral pathogens using reproducible and optimized
approaches are paramount. With the global report of clinical cases
decreasing and as restrictions set forth by governing bodies begin to
loosen, fully quantitative results from WWTP’s will be desired to identify
regions of continued vulnerability at the community level. Sensitivity
will also be particularly pertinent as the COVID-19 pandemic continues
and mutant variants are rising in prominence requiring early action to
mitigate spread of these new strains (Baric, 2020; Orive et al., 2020).

5. Conclusion

This study illustrates that in using WBE for the surveillance of SARS-
CoV-2, RT-ddPCR for routine quantification may offer significant ad-
vantages over RT-qPCR. RT-ddPCR demonstrated resistance to in-
hibitors in a wastewater matrix and proved to be highly reproducible
between two processing groups. In parallel workflows, RT-ddPCR
offered substantially greater analytical sensitivity when compared to
RT-qPCR, yielding fewer false negative results. As such, RT-ddPCR has
greater potential as an early warning system given that viral quantifi-
cation was possible at an earlier timepoint. Regardless of which work-
flow is employed, thorough quality control measures should be
implemented to maximize the effectiveness of WBE approaches in the
future.
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