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ABSTRACT

The World Health Organization (WHO) classified COVID-19 as a global pandemic, with the situation
ultimately requiring unprecedented measures to mitigate the effects on public health and the global
economy. Although SARS-CoV-2 (the virus responsible for COVID-19) is primarily respiratory in nature,
multiple studies confirmed its genetic material could be detected in the feces of infected individuals,
thereby highlighting sewage as a potential indicator of community incidence or prevalence. Numerous
wastewater surveillance studies subsequently confirmed detection of SARS-CoV-2 RNA in wastewater
and wastewater-associated solids/sludge. However, the methods employed in early studies vary widely
so it is unclear whether differences in reported concentrations reflect true differences in epidemiological
conditions, or are instead driven by methodological artifacts. The current study aimed to compare the
performance of virus recovery and detection methods, detect and quantify SARS-CoV-2 genetic material
in two Southern Nevada sewersheds from March—May 2020, and better understand the potential link
between COVID-19 incidence/prevalence and wastewater concentrations of SARS-CoV-2 RNA. SARS-CoV-
2 surrogate recovery (0.34%—55%) and equivalent sample volume (0.1 mL—1 L) differed between
methods and target water matrices, ultimately impacting method sensitivity and reported concentra-
tions. Composite sampling of influent and primary effluent resulted in a ~10-fold increase in concen-
tration relative to corresponding grab primary effluent samples, presumably highlighting diurnal
variability in SARS-CoV-2 signal. Detection and quantification of four SARS-CoV-2 genetic markers (up to
~108 gene copies per liter), along with ratios of SARS-CoV-2 to pepper mild mottle virus (PMMoV),
exhibited comparability with public health data for two sewersheds in an early phase of the pandemic.
Finally, a wastewater model informed by fecal shedding rates highlighted the potential significance of
new cases (i.e., incidence rather than prevalence) when interpreting wastewater surveillance data.
© 2020 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

1.0. Introduction

fatality rate (~1—3%) were lower than SARS (11%), Middle East
respiratory syndrome (MERS) (34%), and Ebola (25—90%) (Bialek

Coronavirus disease 2019 (COVID-19) is caused by severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2), otherwise
known as the 2019 novel coronavirus (2019-nCoV). In late 2019, the
first clusters of viral pneumonia of unknown origin had been
identified in Wuhan, China (Lu et al., 2020), and by March 2020, the
World Health Organization (WHO) had classified COVID-19 as a
global pandemic (Bialek et al., 2020). Initial estimates of its case
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et al., 2020; WHO, 2020a, 2020b, 2003). However, COVID-19’s
propensity to spread before symptoms appeared in infected indi-
viduals—coupled with an overall asymptomatic ratio of >30%
(Nishiura et al., 2020)—resulted in a relatively high reproduction
number of 1.5-3.5 in the absence of mitigation measures
(Eisenberg, 2020).

The severe morbidity and mortality outcomes ultimately led to
extraordinary measures to mitigate effects on public health and the
global economy, while also raising potential concerns for the water
and wastewater industries. COVID-19 is primarily respiratory in
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nature, but early studies confirmed the presence of SARS-CoV-2
genetic material in the feces of infected individuals (Wolfel et al.,
2020; Zang et al.,, 2020), possibly due to co-infection of cells
within the gastrointestinal (GI) tract (Xiao et al., 2020). This alter-
native infection route was previously hypothesized for MERS (Zhou
et al., 2017) and may explain why the genetic material of SARS-CoV-
2 can be detected in feces even after it is no longer detected in oral
and nasal swabs (Xiao et al., 2020). To date, isolation of infectious
SARS-CoV-2 from fecal samples has been unsuccessful in multiple
studies (Wolfel et al., 2020; Zang et al., 2020), although one study
observed entry into Vero cells using SARS-CoV-2 isolated from a
single patient (Zhang et al., 2020). Zang et al. (2020) hypothesized
that although SARS-CoV-2 had the potential to infect cells within
the GI tract, the virus appeared to be inactivated rapidly by colonic
fluids, in contrast with enteric rotavirus. SARS-CoV-2 was not
detected in urine in Wolfel et al. (2020), but infectious SARS-CoV-1
was detected in urine in the past (Xu et al., 2005).

Using knowledge gained from prior studies on SARS-CoV-2
surrogates (Bibby et al., 2017; Casanova et al., 2010; Gundy et al.,
2009; Lytle and Sagripanti, 2005; Ye et al, 2016, 2018), a number
of short communications provided initial assessments of SARS-
CoV-2 risk for water and wastewater systems (Maal-Bared et al.,
2020; Pecson et al., 2020; Wigginton and Boehm, 2020). But with
respect to environmental applications, much of the scientific
community focused on the application of wastewater surveillance
or wastewater-based epidemiology (WBE) to characterize COVID-
19 in communities throughout the world (Bivins et al., 2020).
Wastewater surveillance involves monitoring chemical or micro-
biological targets to gain insight into the behaviors or characteris-
tics of a community. This approach has been used to characterize
opioid abuse (Gushgari et al., 2019), to facilitate polio eradication
(Hovi et al., 2012), and as an ‘early warning’ signal for the spread of
viral gastroenteritis (Hellmér et al., 2014). For SARS-CoV-2, this tool
can potentially detect the initial occurrence or reemergence of
COVID-19 in a local community (Medema et al., 2020), characterize
trends in incidence or prevalence, and even complement case data
to assess clinical testing coverage, in part because it captures both
asymptomatic and symptomatic infections (WRF, 2020). As a
‘pooled’ sample, wastewater provides a broad representation of
community health and can aid in characterizing viral strains
circulating within a community with just a small number of sam-
ples (WRF, 2020).

Although much can be learned from existing literature on virus
detection in environmental matrices (Haramoto et al., 2018; Ye
et al,, 2016), the rapid onset of COVID-19 presented a number of
challenges for implementation of wastewater surveillance, partic-
ularly in identifying suitable methods for detection and quantifi-
cation of SARS-CoV-2 (an enveloped RNA virus) in a complex,
solids-rich matrix. Numerous studies have reported detection
and/or quantification of SARS-CoV-2 genetic material in untreated
wastewater (Ahmed et al., 2020; Gonzalez et al., 2020; Green et al.,
2020; Medema et al., 2020; Miyani et al., 2020; Nemudryi et al.,
2020; Sherchan et al., 2020; Wu et al., 2020b), treated waste-
water (Wurtzer et al., 2020), and wastewater-associated solids
(Peccia et al., 2020). However, the methods in these early studies
vary widely, potentially confounding comparisons across studies.
The objectives of the current study were to (1) characterize the
performance of several sample collection, processing, and analysis
methods; (2) attempt to detect and quantify SARS-CoV-2 genetic
material in two Southern Nevada sewersheds and in wastewater-
impacted surface water; and (3) better understand the potential
link between clinically-confirmed COVID-19 case data and con-
centrations of SARS-CoV-2 RNA in wastewater. The knowledge
gained during this early phase of the pandemic is valuable for
continued efforts related to COVID-19 and for future
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implementation of wastewater surveillance to address other
emerging public health challenges.

2.0. Methods
2.1. Sample collection

Water/wastewater samples were collected from the following
five sites in Southern Nevada from early March 2020 to late May
2020: (1) a large, centralized wastewater treatment facility serving
approximately 1 million people with a typical average daily flow of
105 million gallons per day (mgd) (Facility 1); (2) a smaller, satellite
wastewater treatment facility serving approximately 60,000 people
with a typical average daily flow of 5 mgd (Facility 2); (3) the Las
Vegas Wash, a tributary of Lake Mead that consists primarily of
treated effluent discharge from four major wastewater treatment
facilities; (4) untreated surface water from Lake Mead; and (5)
finished drinking water from three treatment facilities. For (3)
through (5), weekly grab samples of 10—20 L were collected from
those locations; details for (1) and (2) are provided below.

At Facility 1, routine monitoring included primary effluent grab
samples collected between 10:00 a.m. and 11:00 a.m. each sam-
pling day. The average hydraulic retention time (HRT) of the pri-
mary clarifier at this time is approximately 5 h, which suggests the
grab samples corresponded with raw sewage that arrived at the
facility between 5:00 a.m. and 6:00 a.m., when the flow rate is at a
minimum (data shown later). For this sampling location, approxi-
mately 3% of the flow originates from solids dewatering. For routine
monitoring, 100-mL samples were collected over the first two
weeks of March (n = 4), and then 10-L samples were collected one
to two times per week for the remainder of the study (n = 21). To
compare grab versus composite and influent versus primary
effluent, 10 composite influents and 4 composite primary effluents
were also collected in tandem with the routine samples. All com-
posites were 24-hr, flow-proportional, 1-L samples collected with a
refrigerated autosampler. Several 10-L samples of secondary
effluent (n = 4) and finished effluent (n = 2; activated sludge,
secondary clarification, dual-media filtration, and UV disinfection)
were collected to assess persistence of the SARS-CoV-2 genetic
signal through wastewater treatment.

At Facility 2, routine monitoring included 24-hr, flow-
proportional, composite influent samples collected one or two
times per week starting in early April (n = 11). These samples were
collected in 10-L volumes from a refrigerated autosampler.

2.2. Sample processing

The 10-L raw influent samples from Facility 2 were pre-filtered
with 100-pm filter paper (Whatman grade 0965, GE Healthcare
Bio-Sciences, PA, USA), and coarse solids were discarded. All other
samples were processed without pre-filtration.

Primary concentration consisted of hollow fiber ultrafiltration
(HFUF) (REXEED-25S, 30 kDa, Asahi Kasei Medical Co., Japan),
centrifugal ultrafiltration (Centricon Plus-70, 30 kDa or 100 kDa,
Millipore Sigma, Burlington, MA, USA), or polyethylene glycol (PEG)
precipitation with 9% PEG 8000 (Promega Corporation, Madison,
WI, USA) and 1 M sodium chloride (Thurston-Enriquez et al., 2003).
For Centricon (initial volume up to 150 mL) and PEG (initial volume
of 250 mlL), samples were first centrifuged at 3500xg for
15—30 min at 10°C to pellet solids. PEG precipitation involved
overnight mixing at 4°C, centrifugation at 3500xg for 60 min at
4°C, discarding of supernatant, and pellet resuspension in residual
supernatant volume (~0.5 mL). Preliminary experiments with PEG
followed by chloroform-butanol extraction (1:1 v/v) indicated loss
of SARS-CoV-2 signal so this extraction step was omitted from the
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study (see Table S5 for additional information). To maximize
equivalent sample volume (ESV) for the Centricons, up to three
successive centrifugations (3500xg for 20—30 min at 10°C) were
performed, each time recording and discarding the filtrate volume
and then adding additional sample volume to the device. More than
three centrifugations sometimes resulted in apparent loss of Cen-
tricon filter column integrity, as indicated by unusually rapid
filtrate passage and discoloration of the filtrate.

All samples with volumes >10 L were first processed by HFUF
down to a volume of ~100—200 mL, followed by centrifugation of
the concentrate at 3500xg for 15—30 min at 10°C for solids pel-
leting. HFUF concentrates were either analyzed as-is or further
processed with secondary concentration via Centricon ultrafilters
(up to 150 mL) or PEG precipitation (40 mL). The resulting con-
centrates/pellets were immediately stored at —20 °C prior to
nucleic acid extraction.

With the exception of the first four samples collected at Facility
1, all routine monitoring samples were processed with the HFUF-
Centricon approach (Fig. 1). For the first two weeks of March,
100-mL samples from Facility 1 were processed by centrifugation
and Centricon ultrafiltration. This resulted in low overall ESVs of
0.2—1 mlL, which prompted collection of larger sample volumes
processed by HFUF-Centricon according to Papp et al. (2020) and
Hill et al. (2007). Retrospectively, this may not have been the
optimal approach, but since HFUF-Centricon had been used pre-
viously by our lab, it ensured greater consistency in trend analysis
across the study.

The performance of each sample processing method was eval-
uated based on ESVs, recovery of spiked vaccine-strain bovine
coronavirus (BCoV; Calf-Guard, Zoetis, Parsippany, NJ, USA), and
recovery of native pepper mild mottle virus (PMMoV). Because the
BCoV stock was acquired after the wastewater surveillance study
began, recovery was evaluated in only a subset of the samples.
Based on consistency in recovery efficiency, all SARS-CoV-2 con-
centrations were adjusted for average BCoV recovery (described
later) from this sample subset. Additional details related to the
BCoV recovery experiments are provided in Text S1.

2.3. Sample analysis

Nucleic acid extraction and cDNA synthesis. DNA and RNA in all
liquid and solid samples were extracted in 350-uL volumes using
the Purelink Viral RNA/DNA Mini Kit (Thermo Fisher Scientific,
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Waltham, MA) according to manufacturer’s instructions. Nucleic
acids were quantified with a Qubit 3.0 Fluorometer and a dsDNA HS
Assay kit or RNA HS assay kit (Thermo Fisher Scientific). Comple-
mentary DNA (cDNA) was directly synthetized from DNA/RNA ex-
tracts without dilution using the iScript™ Select cDNA Synthesis Kit
(Bio-Rad Laboratories, Hercules, CA) or the Maxima First Strand
cDNA Synthesis Kit (Thermo Fisher Scientific). All reactions were
carried out in a Mastercycler gradient PCR system (Eppendorf,
Hamburg, Germany) in 20—40 puL reaction volumes. Additional
details for cDNA synthesis are available in Text S1.

qPCR assays. Wastewater samples were assayed for four SARS-
CoV-2 gene targets using probe-based qPCR assays: N1 (CDC,
2020), N2 (CDC, 2020), E_Sarbeco (Corman et al., 2020), and orfla
(Lu et al., 2020); surface water and drinking water samples were
assayed only for N1 and N2. All wastewater samples were also
analyzed for PMMoV using a SYBR-based qPCR assay (Hamza et al.,
2011). PMMoV has been identified as a useful indicator of fecal
pollution because of its abundance in feces and sewage (Rosario
et al,, 2009). This RNA virus simultaneously serves as a valuable
internal control for SARS-CoV-2 because its genetic material re-
quires the same analysis pipeline (i.e., RNA extraction and cDNA
synthesis). Spiked recovery samples were analyzed using a probe-
based assay for BCoV (Decaro et al., 2008). Assay details are sum-
marized in Table 1.

Primers, probes, and gBlock gene fragments for E_Sarbeco, orfla,
BCoV, and PMMoV were purchased from Integrated DNA Technol-
ogies (IDT, Skokie, IL, USA). The N1 and N2 reagents, including a
plasmid-based positive control, were acquired as part of the 2019-
nCoV RUO Kit from IDT, although N1 and N2 were quantified using
a synthetic SARS-CoV-2 RNA standard from ATCC (VR-3276SD,
ATCC, Manassas, VA, USA) (see Text S1). All assays were run on a
CFX96 or CFX384 Touch™ Real-Time PCR Detection Systems (Bio-
Rad Laboratories) using the conditions detailed in Text S1. Steps in
determining limits of detection (LoDs), limits of quantification
(LoQs), and ESVs are also described in Text S1, and corresponding
data are summarized in Table 2.

Inhibition was assessed by two different methods. First, a known
concentration of the IDT N1/N2 plasmid—used as an internal
positive control (IPC)—was spiked into several cDNA samples
generated from HFUF-Centricon concentrates. Inhibition was
assumed to be absent or indiscernible based on consistency in cycle
of quantification (Cq) between spiked cDNA and spiked blanks (i.e.,
Cq = +1.0). Second, a separate IPC (QuantiFast Pathogen PCR + IC

A. Primary Concentration with Hollow Fiber Ultrafiltration B. Secondary Concentration, Processing, and Analysis
Peristaltic ‘ \
Pump . o
HFUF Centricon Extraction Synthesis qPCR
10-20L| |~50 mL 350 uL 10 uL 1-5uL /////
Dialysis g = g b g . // 7
Filter | | )
~1-2mL 60 puL 40 uL
~100-200 mL  Pellet Extract cDNA
10 Lof WW Concentrate
or +
10-20 L of SW/DW ~6 mL
Solids
WW ESV = 1-20 mL (0.01-0.2%) of Original Sample
Sample/Concentrate Permeate SW/DW ESV = 500-1,000 mL (5%) of Original Sample

Fig. 1. Schematic of (A) primary concentration with hollow fiber ultrafiltration (HFUF) and (B) secondary concentration with Centricon ultrafiltration, final sample processing, and
analysis. This sample pipeline was used for weekly monitoring of wastewater (WW), surface water (SW), and drinking water (DW). This procedure resulted in equivalent sample
volumes (ESVs) of 1-20 mL of wastewater, depending on the qPCR assay volume, and 500—1000 mL of surface water or drinking water.

3
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Table 1
Summary of the qPCR assays used in this study.

Assay Target Virus Primer name Sequence (5" — 3') Annealing Temp. (°C)  Reference

N1 SARS-CoV-2 2019-nCoV_N1-F = GACCCCAAAATCAGCGAAAT 55 CDC (2020)
2019-nCoV_N1-R  TCTGGTTACTGCCAGTTGAATCTG
2019-nCoV_N1-P  FAM-ACCCCGCATTACGTTTGGTGGACC-BHQ1

N2 SARS-CoV-2 2019-nCoV_N1-F = TTACAAACATTGGCCGCAAA 55 CDC (2020)
2019-nCoV_N1-R  GCGCGACATTCCGAAGAA
2019-nCoV_N1-P  FAM-ACAATTTGCCCCCAGCGCTTCAG-BHQ1

E_Sarbeco SARS-CoV-2 E_Sarbeco_F ACAGGTACGTTAATAGTTAATAGCGT 58 Corman et al. (2020)
E_Sarbeco_R ATATTGCAGCAGTACGCACACA
E_Sarbeco_P1 FAM-ACACTAGCCATCCTTACTGCGCTTCG-BBQ

orfla SARS-CoV-2 orfla_F AGAAGATTGGTTAGATGATGATAGT 58 Lu et al. (2020)
orfla_R TTCCATCTCTAATTGAGGTTGAACC
orfla_Pb FAM-TCCTCACTGCCGTCTTGTTG ACCA-BHQ1

BCoV Bovine Coronavirus BCoV—F CTGGAAGTTGGTGGAGTT 60 Decaro et al. (2008)
BCoV-R ATTATCGGCCTAACATACATC
BCoV—Pb FAM-CCTTCATATCTATACACATCAAGTTGTT-BHQ1

PMMoV (SYBR)  Pepper Mild Mottle Virus  PMMoV_F GTGGCAGCAAAGGTAATGGT 55 Hamza et al. (2011)
PMMoV_R ATTTGCTTCGGTAGGCCTCT

Table 2

Calculated limits of detection (LoD) and limits of quantification (LoQ) for SARS-CoV-2 routine monitoring. Concentrations are reported per L of original sample after accounting
for equivalent sample volume (ESV) and recovery. The LoDs and LoQs have ranges due to the differences in ESV for each sample. Also, the LoDs and LoQs are higher for E and

orfla due to their lower ESVs.

Parameter Sample LoD’ N1 LoQ! N2 LoQ! LoD? E LoQ? orfla LoQ?
qPCR Reaction N/A 2 10 1 5 5

(gc)

Centricon® WW (3.7 +0.5) x 10° (1.8 +0.3) x 10* (3.7 + 0.5) x 10* (9.2 +1.3) x 10° (46 +0.7) x 10* (4.6 +0.7) x 10*
(gc/L)

HFUF-Centricon* WW (85 +3.1) x 103 (42 +1.5) x 10% (8.5 +3.1) x 104 (2.1 +038) x 10% (1.1 £04) x 10° (1.1 £03) x 10°
(gc/L)

HFUF-Centricon® SW/DW (14 +0.7) x 10? (7.1 + 3.4) x 10? (14 +0.7) x 10° N/A N/A N/A

(gc/L)

LoD = limit of detection; LoQ = limit of quantification; HFUF = hollow fiber ultrafiltration; gc = gene copy; WW = wastewater; SW = source water; DW = drinking water;
1qPCR reaction with 5 pL of cDNA template; >qPCR reaction with 1 L of cDNA template; >Sample concentrations adjusted for 55% recovery; “Sample concentrations adjusted

for 2.1% recovery.

kit, Qiagen, Hilden, Germany) was spiked according to manufac-
turer’s instructions to assess inhibition in another subset of
wastewater-derived cDNA samples. Again, inhibition was assumed
to be absent or indiscernible based on the Cq criterion.

3.0. Results and discussion

The following samples were non-detect for SARS-CoV-2 RNA:
secondary (n = 4) and finished (n = 2) wastewater effluents from
Facility 1 (no treated wastewater samples were collected from Fa-
cility 2), blended wastewater effluent in the Las Vegas Wash
(n = 11), untreated surface water from Lake Mead (n = 11), and
finished drinking water (n = 33). Because these samples were all
non-detect, the remainder of this study focuses on wastewater
influent and primary effluent.

3.1. Method comparisons

Because of the rapid onset of COVID-19 and time-sensitive na-
ture of this research, it was not possible to identify optimized
sample collection, processing, and analysis methods prior to the
study. Therefore, relatively consistent methods were employed for
routine monitoring, but those were supplemented with additional
experiments and modeling to characterize the impacts of meth-
odological considerations on the SARS-CoV-2 genetic signal in
wastewater.

The SARS-CoV-2 genetic signal can potentially be affected by
sample location, sample type, and time of collection. For example,

the signal may change depending on whether the sample is
collected upstream in a sewershed, in the influent to a wastewater
treatment facility, or in the primary clarifier effluent, primarily due
to differing compositions, dilutions, and dispersion effects. The
signal may also depend on whether the sample is a grab versus
composite, the type of composite (e.g., time-proportional vs. flow-
proportional), and the time of day when it is collected (Ort et al.,
2010b). Particularly early in the outbreak, SARS-CoV-2 might be
considered a rare constituent, in contrast with more ubiquitous
indicators of fecal contamination such as PMMoV, so its detection/
presence at any given time may be more susceptible to hydraulic
effects. Ort et al. (2010a) showed that some rare constituents
exhibit intermittent concentration peaks that might be missed with
mistimed grab samples.

Text S2 summarizes the potential effects of hydraulics on SARS-
CoV-2 concentrations with several hypothetical scenarios. As
shown in Fig. S1 (non-ideal reactor with dispersion), primary
clarifiers have the potential to disperse the signal from a rare
constituent over several hours. This increases the probability of
capturing the signal but potentially dilutes the signal strength. To
compensate for the potential dilution effect, larger sample volumes
(e.g., 10 L) were initially assumed to be necessary. It was not
possible to obtain composite sample volumes greater than 1 L at
Facility 1 so 10-L grab samples of primary effluent were initially
selected for routine monitoring in this study.

To test the effects of sample location, sample type, and poten-
tially sample time, the genetic signal from SARS-CoV-2 was
compared in composite influent (Centricon only), composite
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primary effluent (Centricon only), and grab primary effluent sam-
ples from Facility 1 (HFUF-Centricon). For both SARS-CoV-2 and
PMMoV, the concentrations adjusted for method-specific recovery
were consistently higher in both composite samples (Table S3),
which was also observed in Curtis et al. (2020). SARS-CoV-2 con-
centrations were 1 order of magnitude higher on average, and
PMMoV concentrations were 1—2 orders of magnitude higher. As
shown in Fig. S1, dispersion might cause primary effluent concen-
trations to be lower than raw influent samples for a rare constitu-
ent, but with the exception of one day for PMMoV, concentrations
of SARS-CoV-2 and PMMoV were similar between corresponding
composite influents and composite primary effluents. Therefore,
the consistently higher signals in the composite samples might be
attributable to time differences. The grab primary effluent samples
corresponded with the minimum flow for Facility 1 so loadings of
SARS-CoV-2 and PMMoV might increase later in the day. Additional
testing would be needed to confirm this diurnal variation.

With respect to sample processing, numerous approaches were
evaluated throughout the duration of the study. The methods were
evaluated based on equivalent sample volume and recovery of
spiked BCoV and native PMMoV, for which data are summarized in
Table 3. It was initially assumed that secondary concentration
methods would be needed to maximize ESV for SARS-CoV-2
detection, hence the selection of HFUF-Centricon for routine
monitoring of 10-L samples. Hill et al. (2007) previously demon-
strated >70% recovery of MS2 and phiX174 using this combined
approach. Although secondary concentration was able to increase
ESVs (e.g., 0.55 + 0.05 mL for HFUF vs. 11 + 2.8 mL for HFUF-
Centricon), secondary concentration resulted in a notable
decrease in BCoV recovery (e.g., 54 + 11% for HFUF vs. 2.1 + 0.87%
for HFUF-Centricon). Furthermore, spiking BCoV at different stages
of sample processing (see Text S1) confirmed that performance
deteriorated during secondary concentration. For example, primary
concentration with Centricon resulted in a high yet variable BCoV
recovery (55 + 38%), similar to the MS2 recovery observed in
Medema et al. (2020). However, when isolating secondary con-
centration, BCoV recovery by Centricon dropped to 9.4 + 9.5%. A
similar decrease in performance was observed for PEG when used
for secondary concentration following HFUF, with the overall
HFUF-PEG method achieving only 0.34% recovery of BCoV. In
contrast, using PEG for primary concentration resulted in higher
recoveries of 11 + 8.4%. In a small number of split samples, direct
extraction of the HFUF concentrate appeared to be slightly more
sensitive than the overall HFUF-Centricon approach. HFUF alone
achieved a greater number of positive qPCR assays/reactions in 8 of
10 split samples, although concentrations corrected for ESV and
recovery were nearly identical between the two methods (<1.5-

Table 3
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fold difference for SARS-CoV-2 and PMMoV). For all methods,
PMMoV recovery was ~1 order of magnitude lower than BCoV
recovery.

Considering the higher observed concentrations in composite
samples with reduced volume, the lack of a clear benefit of sec-
ondary concentration, and the costs associated with additional
processing, primary concentration with HFUF (current study), PEG
precipitation (Wu et al., 2020b), Centricon ultrafilters (Medema
et al,, 2020), or electronegative filtration (Gonzalez et al., 2020)
should be adequate for wastewater surveillance of SARS-CoV-2.
Other viable options appear to be ultracentrifugation (Green
et al., 2020; Wurtzer et al., 2020) or even direct extraction from
sludge (Peccia et al., 2020). In the current study, BCoV concentra-
tions were low for extracted solids from spiked samples (Table 3),
although solids partitioning in the recovery experiments may not
have accurately mimicked partitioning in actual samples (samples
were rocked for 10 min after spiking with BCoV). Ye et al. (2016)
estimated ~15% adsorption of enveloped viruses to wastewater
solids under equilibrium conditions. During routine monitoring,
only 26% and 13% of extracted solid samples from Facility 1 and
Facility 2, respectively, were positive for one or more SARS-CoV-2
assays (maximum of 2 positive assays and 2 positive reactions for
a single sample). Peccia et al. (2020) employed a nucleic acid
extraction kit specifically designed for solid samples, which may
have improved recovery from sludge and SARS-CoV-2 detection in
that study.

3.2. COVID-19 case data and wastewater occurrence of SARS-CoV-2

Fig. 2 summarizes the clinical case data for Southern Nevada
from March 9th (first confirmed cases) through May 31st (SNHD,
2020). The raw data from the Southern Nevada Health District
(SNHD) correspond with the date of positive test confirmation
rather than onset of symptoms, so Fig. 2 may include a time lag.
Nevertheless, the data provide some indication of when COVID-19
initially spiked and then peaked in the community—at which point
just over 0.007% of the population was confirmed positive each day.
The number of new cases generally waned after the first week of
April but then increased in early May when there was an increase in
testing rate. The constant decrease in hospitalizations and deaths
through the end of May (Fig. S2), coupled with a higher frequency
of non-detects in wastewater (described later), suggest that the
increase in new cases in early May was largely a function of
increased testing. Following the peak, the 7-day moving average
fluctuated between 57 and 111 new cases per day—or
0.002—-0.005% of the population. By the end of May, there were
6719 confirmed cases of COVID-19 (0.29% relative prevalence), 1565

Summary of equivalent sample volumes (ESVs) and virus recoveries as a function of sample concentration method and target matrix. Sample concentration and analysis
focused on liquid-phase viruses, except where solids are specified. The HFUF-Centricon method was applied to wastewater (10-L samples) and source/drinking water (10—20-L
samples). All other methods were tested only with wastewater. ESVs indicate the volume of original sample reflected in each assay after accounting for sample concentration,

sample processing, and molecular analyses.

Primary Concentration Secondary Concentration Average ESV! (mL)

Average ESV? (mL)

BCoV Recovery (n = 3—4) PMMoV Recovery (n = 2—4)

HFUF None 0.55 + 0.05
HFUF Centrifuge (Solids)* ~12
Centricon None 1.1 +0.78
PEG None 3.6 +£ 0.07
HFUF PEG 53 +18
HFUF Centricon 11 +£2.8
HFUF* Centricon 500-1000

0.11 + 0.01 54% + 11% 4.0% +2.2%
~2.4 0.18% + 0.09% 0.02% + 0.01%
0.22 +0.16 55% + 38% 1.3% + 0.16%
0.72 + 0.01 11% + 8.4% 0.28% + 0.10%
11+3.6 0.34%° 0.01%°

22+ 057 2.1% + 0.87% 0.12% + 0.05%
N/A N/A N/A

HFUF = hollow fiber ultrafiltration; PEG = polyethylene glycol; ESV = equivalent sample volume; BCoV = bovine coronavirus; PMMoV = pepper mild mottle virus; 'ESV for N1
and N2 assays (5 pL per reaction); 2ESV for E_Sarbeco, orfla, BCoV, and PMMoV (1 pL per reaction); >Recovery for solids may actually reflect low recovery and/or low virus
partitioning to solids; “Data for source/drinking water samples (only N1 and N2 assays and no recovery experiments performed in these matrices); Recovery evaluated in a

single sample.
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Fig. 2. Clinically confirmed COVID-19 case data for Southern Nevada (SNHD, 2020). New cases were assigned based on when data were reported to the Southern Nevada Health
District (SNHD) and not based on symptom onset. Numbers in parentheses indicate case data relative to an overall population of approximately 2.3 million people. A statewide
closure of non-essential businesses was ordered on March 17th, phase 1 reopening began on May 9th, and phase 2 reopening began on May 29th.

related hospitalizations (23% of confirmed cases), and 343 related
deaths (5% of confirmed cases) in Southern Nevada.

Fig. 3 summarizes the wastewater flow data for Facilities 1 and 2
between March and May of 2019 and 2020. Because of its service
area, Facility 1 was significantly impacted by the closure of casinos
and hotels along the Las Vegas Strip in mid-March. Facility 2, which
serves primarily residential areas, experienced minimal impacts
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from COVID-19 mitigation measures, although average daily flows
may have increased slightly due to people spending a greater
amount of time at home. At both facilities, peak flow shifted ~2 h
later in the day when comparing 2019 versus 2020. Because the
shift was observed in both facilities, with one experiencing lower
flows and the other experiencing normal/higher flows, the shift
was presumably due to behavioral changes rather than hydraulics.
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Fig. 3. Average daily flow and diurnal flow data in million gallons per day (mgd) for (A,B) Wastewater Treatment Facility 1 and (C,D) Wastewater Treatment Facility 2. Data in B and
D represent 15-min flow averages (+1 standard deviation) between early March and late May.
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As noted earlier, the grab primary effluent samples collected be-
tween 10:00 a.m. and 11:00 a.m. correspond with the minimum
observed flow rate at Facility 1, after accounting for the 5-h hy-
draulic retention time of the primary clarifier.

Fig. 4 summarizes the routine monitoring data for SARS-CoV-2
RNA. For Facilities 1 and 2, respectively, N1 was detected in 64%
and 9% of all samples, N2 was detected in 48% and 45%, E_Sarbeco
was detected in 20% and 0%, and orfla was detected in 8% and 0%.
The average Cqgs for the samples with detections were 33.8 + 1.4 for
N1, 35.1 + 1.6 for N2, 35.2 + 1.1 for E_Sarbeco, and 33.3 + 1.8 for
orfla. Similar inconsistency in assay results has been reported by
Ahmed et al. (2020) in Australia, Medema et al. (2020) in the
Netherlands, and Nemudryi et al. (2020) in Montana. On the other
hand, Wu et al. (2020b) observed relatively consistent detections of
N1, N2, and N3 in Massachusetts, and Green et al. (2020) observed
consistent detections for all quantifiable samples in upstate New
York. One study noted that inconsistency across assays might result
from increasing prevalence of genetic variants (Penarrubia et al.,
2020), but similar to Ahmed et al. (2020), many positive samples
in the current study were near the LoDs and LoQs for the respective
assays, which may have resulted in variability between gene targets

Water Research X 10 (2021) 100086

with differing sensitivities. There were no detections during the
first week of March, but there was a detection of N1 at Facility 1 on
March 9th, which is consistent with the first confirmed clinical case
in the local community. Both Peccia et al. (2020) and Medema et al.
(2020) detected SARS-CoV-2 RNA in wastewater prior to confirmed
cases in several communities.

With four SARS-CoV-2 assays and duplicate reactions for each
assay, there were a total of eight qPCR reactions for each sample.
Only several samples were positive for multiple assays, and many
samples were positive for only one qPCR replicate for a given assay.
Therefore, the number of positive reactions was used as a semi-
quantitative indication of the strength of the SARS-CoV-2 genetic
signal. For Facility 1, the peak signal occurred on April 13th when 4
assays and 6 of 8 total reactions were positive; several samples
between March 30th and April 27th had at least 3 positive assays
and 4 of 8 positive reactions. This semi-quantitative peak was
somewhat consistent with the clinical peak in Fig. 2. Facility 2 never
exceeded 2 positive assays and/or reactions, with the peak occur-
ring sometime between April 13th and April 27th. Therefore, there
was some temporal consistency in the data from Facilities 1 and 2,
and the fact that the genetic signal was seemingly stronger at
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Fig. 4. Summary of routine SARS-CoV-2 monitoring data for (A) Facility 1 from early March to late May and (B) Facility 2 from early April to late May. The symbols represent SARS-
CoV-2 or PMMoV concentrations (all adjusted for equivalent sample volume and recovery). For SARS-CoV-2, open symbols indicate the sample was >LoD but < LoQ, gray symbols
indicate the sample was >LoQ with detections in only one of two qPCR replicates, and black symbols indicate the sample was >LoQ with detections in both qPCR replicates. Gray
columns indicate the number of positive reactions out of eight (four assays with duplicate qPCR reactions).
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Facility 1 is consistent with the clinical data for each service area. As
of May 31st, the relative prevalence in the service area for Facility 2
was 0.22% based on confirmed cases, while the relative prevalence
in the immediate area surrounding Facility 1 was 0.40% on average
and as high as 0.65% in one area (Fig. S3) (SNHD, 2020).

With respect to gene copy (gc) concentrations, there was only
one sample from Facility 1 that was >LoQ and positive for both
gPCR replicates (3.6 x 10% gc/L for N1 on April 27th) and one
sample from Facility 2 (1.2 x 10° gc/L for N2 on April 28th). Multiple
samples at Facility 1 were quantifiable based on single qPCR rep-
licates, while only one additional sample was technically quantifi-
able at Facility 2. In general, concentrations at both facilities
appeared to fluctuate between 10* and 10° gc/L. The average
PMMoV concentration was approximately 4.5 x 10° gc/L at both
facilities, which is consistent with the literature (Symonds et al.,
2018).

Liquid-phase concentrations reported in the peer-reviewed
(Ahmed et al., 2020; Nemudryi et al., 2020; Wu et al., 2020b) and
currently non-peer-reviewed literature (Green et al., 2020; Wurtzer
et al,, 2020) vary by several orders of magnitude—as low as 10" gc/L
in Australia to almost 107 gc/L in France—but it is currently unclear
whether that is due to differences in COVID-19 incidence/preva-
lence, sample processing methods, data interpretation (e.g., ac-
counting for virus recovery and/or ESVs), or perhaps a combination
of factors. The concentrations reported in Wu et al. (2020b) were
slightly lower than the current study, although confirmed COVID-
19 prevalence in their Massachusetts study area was also an or-
der of magnitude lower at that time. That study did not appear to
correct for virus recovery, and concentrations may have also been
impacted by pasteurization prior to analysis. For areas with similar
clinical prevalence or death rates, reported concentrations were
either several orders of magnitude lower (Ahmed et al., 2020),
relatively consistent (Green et al., 2020), or approximately one or-
der of magnitude higher (Wurtzer et al., 2020) than the observed
data in Southern Nevada. As noted in Ahmed et al. (2020), inter-
laboratory validation is a critical need for wastewater surveillance
of SARS-CoV-2, and until that is addressed and more peer-reviewed
studies are published, it will be difficult to reliably compare data
across time and location.

3.3. Incidence/prevalence estimates

Approaches to estimate incidence or prevalence based on
wastewater surveillance data have also varied across studies. Some
studies have used a mass balance approach by coupling fecal
shedding data from the literature, sewershed characteristics, and
SARS-CoV-2 RNA concentrations (see Eq. (1)) (Ahmed et al., 2020;
Wu et al., 2020b).

Water Research X 10 (2021) 100086

collection (e.g., influent vs. primary effluent and grab vs. composite)
that affect the composition of the sample and how that should be
considered in the model. At this time, the major source of uncer-
tainty is the fecal shedding rate and how that varies over time,
between individuals (e.g., symptomatic vs. asymptomatic), and
across other demographic factors. Wolfel et al. (2020) provided an
initial assessment demonstrating that fecal shedding rate varied by
several orders of magnitude for a given person, with a maximum
shedding rate early in the infection period and then a steady
decline over as long as ~30 days (Fig. S4). Zheng et al. (2020) re-
ported similar viral loads in stool samples and a similar shedding
duration but did not observe any clear trends over time. Assuming
the Wolfel et al. (2020) trajectory, a simple mass balance approach
may not be appropriate for determining overall prevalence within a
community, particularly for a prolonged outbreak, but may provide
a reasonable indication of new cases, or incidence, that might
dominate the SARS-CoV-2 wastewater load.

Using the simple mass balance approach, we assumed a feces
production rate of 126 g/person-d, an initial fecal shedding rate of
1082 gc/g for new cases (adapted from Wolfel et al., 2020; see
Fig. S4), and average SARS-CoV-2 RNA concentrations across all
assays (including estimated concentrations < LoQ) from the routine
monitoring samples. These calculations resulted in estimates of
~200 new cases per day for Facility 1 and ~20 new cases per day for
Facility 2, which equates to 0.02—0.03% daily relative incidence.
Considering that confirmed daily relative incidence was 0.004% on
average in April and May (Fig. 2), the wastewater estimates indicate
the ascertainment ratio was approximately 5—8 in Southern
Nevada during this period. This is in general agreement with Wu
et al. (2020a), which suggested the ascertainment ratio was on
the order of 3—20 in the United States early in the pandemic.

Green et al. (2020) used ratios of SARS-CoV-2 (i.e., infected fecal
load) to crAssphage (i.e., total fecal load) as an indirect estimate of
disease prevalence, while the current study focused on PMMoV to
estimate incidence. SARS-CoV-2:PMMoV ratios in the current study
suggested an average of ~30 new cases per day for Facility 1 across
the entire study period (i.e., 0.003% relative incidence), with an
apparent peak occurring between March 23rd and April 20th. For
Facility 2, the peak ratio occurred on April 14th indicating ~15 new
cases per day (i.e., 0.025% relative incidence), and the remaining
data suggested fewer than 2 new cases per day (i.e., 0.003% relative
incidence). These ratio-based estimates appear to align more
closely with the confirmed clinical data for Southern Nevada
(Fig. 2), even without adjusting for asymptomatic infections or
ascertainment ratio.

Fig. 5 illustrates an alternative framework for estimating SARS-
CoV-2 concentrations in Facility 1 wastewater, specifically ac-
counting for the time-dependent shedding rate of infected in-
dividuals. In the underlying model (see Text S3), the fecal shedding

SARSCoV2 Concentration (gc/L) x Wastewater Flow Rate (L/d)

Infections (persons) =

With this approach, it is important to capture the uncertainty
and inherent variability of critical parameters, which can be
accomplished to some degree with Monte Carlo simulations
(Ahmed et al., 2020). Feces production rate is fairly well charac-
terized in the literature with a median of 126—250 g/person-d,
depending on location (Rose et al., 2015). Wastewater flow rate is
also relatively straightforward when using average daily flow for a
particular facility, although there could be artifacts of sample

Feces Production Rate (g/person — d) x Fecal Shedding Rate (gc/g)

(1)

rate followed the trajectory illustrated in Fig. S4 (i.e., decreasing
from a maximum of 103 gc/g to 1 gc/g over 25 days), an adaptation
of Wolfel et al. (2020). The number of new cases per day was based
on 50% of the clinically confirmed daily cases reported for Southern
Nevada (SNHD, 2020), since Facility 1 serves approximately half of
the local population, but the model also assumed an asymptomatic
ratio of 50% (Day, 2020), or an ascertainment ratio of 2. An infected
individual was assumed to no longer be shedding once the
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Fig. 5. Model output (green triangles) and observed SARS-CoV-2 RNA concentrations (black circles) for the Facility 1 wastewater. The observed data represent mean log10 con-
centrations +1standard deviation across all positive assays for a given sample. Purple diamonds indicate new daily cases within the sewershed [50% asymptomatic (assumed) and
50% symptomatic(clinically confirmed)], blue circles represent cumulative cases within the sewershed (asympomatic + symptomatic), and red squares indicate the number of
shedding individuals at any time (modeled). The red numbers indicate days of interest: (1) first detection of SARS-CoV-2 RNA in Facility 1 wastewater, (2—3) period of consistent
detections of SARS-CoV-2 RNA in wastewater, (4—5) period of strongest SARS-CoV-2 RNA signal in wastewater. Parentheses on the left vertical axis indicate relative COVID-19

incidence or prevalence within the sewershed.

shedding rate dropped below 1 gc/g. The SARS-CoV-2 load from all
shedding individuals on a given day was divided by the corre-
sponding average daily flow for Facility 1.

Considering that the model predicts concentrations of 102-10> gc/
L early in the outbreak (i.e., <LoD for this study) and that the first
wastewater detection occurred during that time (i.e., March 9th), it is
unlikely that the confirmed case load accurately represented COVID-
19 incidence/prevalence in the community at that time. Consistent
wastewater detections of SARS-CoV-2 occurred once the confirmed
daily case load and cumulative cases exceeded 0.001% relative inci-
dence and 0.01% relative prevalence, respectively. This corresponds
with model concentrations of ~104 gc/L or higher, which is consistent
with the observed LoDs for the SARS-CoV-2 assays. The strongest
observed wastewater signal, as determined by the number of posi-
tive assays and replicate reactions (see Fig. 4), occurred when the
confirmed daily case load and cumulative cases reached 0.01%
relative incidence and 0.1% relative prevalence, respectively, which
corresponds with a model concentration of nearly 10° gc/L. The
observed wastewater concentrations were generally in agreement
with the model predictions, although some samples exhibited high
variability between the four molecular targets.

The model assumes new cases with high shedding rates domi-
nate the SARS-CoV-2 wastewater load, which is why the daily case
load and modeled concentrations generally mirror each other in
Fig. 5. Based on this shedding framework, wastewater concentra-
tions of SARS-CoV-2 may be a useful leading indicator of COVID-19
when the case load is increasing by orders of magnitude over a
short period of time. But due to inherent variability in SARS-CoV-2
methods, wastewater surveillance may not have sufficient resolu-
tion to detect small changes in daily case load. For much of the
study period, observed and predicted wastewater concentrations
fluctuated between 10* and 10° gc/L because daily relative inci-
dence also fluctuated around 0.01% from late March through the
end of May. Finally, the persistence of fecal shedding suggests that
clinical data may be better suited to identify the waning portion of
the COVID-19 epidemiological curve, although this could not be
demonstrated in the current study because of the consistency in
new daily cases through the end of May.

4.0. Conclusions

The COVID-19 pandemic highlighted deficiencies in rapidly
deploying widespread clinical testing. This subsequently raised
awareness of wastewater surveillance and its value in detecting the
introduction of COVID-19 into a community, characterizing COVID-
19 incidence or prevalence, and potentially informing policy mea-
sures. The scientific community rapidly developed methods to
initiate wastewater surveillance of SARS-CoV-2 throughout the
world, but the resulting studies often differed in terms of sample
collection, processing, and/or analysis, thereby making it difficult to
compare results and draw broad conclusions. This highlights the
urgent need for an interlaboratory comparison of SARS-CoV-2
methodology.

Until that is completed, the current study provides guidance on
certain aspects of SARS-CoV-2 wastewater surveillance. For
example, SARS-CoV-2 RNA appears to show a diurnal effect in
wastewater that might necessitate composite sampling. Moreover,
secondary concentration methods may not be necessary and may
actually be detrimental for detection and quantification of SARS-
CoV-2 RNA. In any case, understanding the implications of
method selection on equivalent sample volume and virus recovery
is critical for accurately characterizing SARS-CoV-2 RNA concen-
trations. This information can be used to inform future sampling
design or to retrospectively compare data from early studies.

In addition to characterizing concentrations of SARS-CoV-2 ge-
netic markers in a specific community, the proposed model from
this study highlights the potential significance of new cases (i.e.,
incidence rather than prevalence) in driving wastewater loads. The
model also suggests that wastewater surveillance might be a
valuable leading indicator of COVID-19 outbreaks but may be a
lagging indicator for declining infection rates due to prolonged viral
shedding. The value of wastewater surveillance may be partially
dependent on the status of clinical testing in a given community
(e.g., extent of clinical testing lags). Additional studies or meta-
analyses are needed to confirm the methods and assumptions
used when comparing wastewater surveillance data to infection
incidence or prevalence. In particular, additional data are needed to
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verify the assumption in the current study of high shedding early in
the infection period. Nevertheless, this study demonstrates that
wastewater surveillance can provide a valuable assessment of
community health conditions, particularly when clinical testing
resources are stressed or uncertain.

Data availability

All data generated or used during this study are available from
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