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• Lessons learned from wastewater sur-
veillance for SARS-CoV-2 are reported.

• A new innovative detection method,
V2G-qPCR, was evaluated.

• 100 gc/L of SARS-CoV-2 in wastewater
associate with a 4% positivity rate

• SARS-CoV-2 in wastewater was a 4-day
lead indicator.

• More frequent sampling is recom-
mended for model development.
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in wastewater, and the predictive value of integrating environmental and human surveillance data. Data from
our WBS program indicated that water quality was statistically different between sewer sampling sites, with
more variability observed in wastewater coming from individual buildings compared to clusters of buildings.
A new detection technology was developed based upon the use of a novel polymerase called V2G. Detectable
levels of SARS-CoV-2 in wastewater varied from 102 to 106 genomic copies (gc) per liter of raw wastewater
(L). Integration of environmental and human surveillance data indicate that WBS detection of 100 gc/L of
SARS-CoV-2 RNA in wastewater was associated with a positivity rate of 4% as detected by human surveillance
in the wastewater catchment area, though confidence intervals were wide (β ~ 8.99 ∗ ln(100); 95% CI =
0.90–17.08; p < 0.05). Our data also suggest that early detection of COVID-19 surges based on correlations be-
tween viral load inwastewater and human disease incidence could benefit by increasing thewastewater sample
collection frequency fromweekly to daily. Coupling simpler and faster detection technologywith more frequent
sampling has the potential to improve the predictive potential of usingWBS of SARS-CoV-2 for early detection of
the onset of COVID-19.

© 2021 Elsevier B.V. All rights reserved.
1. Introduction

The current COVID-19 pandemic has inspired novelmethods formon-
itoring impending outbreaks and for tracking the spread of the disease
among human populations. Although COVID-19 is spread primarily
through direct person-to-person contact and airborne routes (through in-
halation), studies have shown that the RNA of the virus, SARS-CoV-2, is
found in feces and in sanitary sewage (i.e., wastewater) (Holshue et al.,
2020; Nghiem et al., 2020; Pan et al., 2020; Wu et al., 2020; Xiao et al.,
2020; Zhang et al., 2020), with shedding occurring from some pre-
symptomatic and asymptomatic individuals at levels of 102 to 107 geno-
mic copies (gc)/mL in feces and 102 to 105 gc/mL in urine (Jones et al.,
2020). This is significant, as measurement of SARS-CoV-2 RNA in waste-
water can serve as a method of early detection, leading to enhanced
warning of an impending outbreak (Ahmed et al., 2020a; La Rosa et al.,
2020a; La Rosa et al., 2020b; Lamers et al., 2020;Mao et al., 2020), usually
about aweek (Medemaet al., 2020a; Peccia et al., 2020) or two (Randazzo
et al., 2020) before human surveillance using clinical diagnoses can detect
infection among the population. As a result, measurement of infectious
agents through wastewater-based surveillance (WBS) can empower
decision-makers by providing early warnings of outbreaks (Betancourt
et al., 2021; Brouwer et al., 2018; Lesimple et al., 2020; Mallapaty, 2020;
Shulman et al., 2014; Trottier et al., 2020), which can be a key factor in
guiding critical efforts to contain the spread of communicable infectious
diseases such as COVID-19.

In addition to serving as an early detection system for disease trans-
mission, advantages of WBS include accounting for individuals who are
underestimated by clinical surveillance (Bivins et al., 2020; Kumar et al.,
2020; Tang et al., 2020;Wölfel et al., 2020; Ye et al., 2016) because asymp-
tomatic individuals and/or those withmild symptomsmay not seek clin-
ical screening and formal diagnoses of the disease (Lodder and de Roda
Husman, 2020; Mallapaty, 2020). WBS is a noninvasive method since it
identifies buildings andnot individuals. This is especially relevant because
outbreaks like the COVID-19 pandemic can provoke social stigma anddis-
criminatory behavior toward individuals who may have contracted the
virus, which may cause some to conceal the illness and avoid testing to
prevent stigmatization (Bhanot et al., 2021).Wastewater viral concentra-
tions represent collective viral shedding by the community at a point in
time, providing a temporal distribution of SARS-CoV-2 infection that re-
quires fewer measurements than human surveillance systems. Thus,
compared to human surveillance, which requires intense testing of indi-
vidual humans, WBS is a relatively cost-effective method that requires
fewer measurements to assess contributions from a community. Due to
these advantages, WBS for SARS-CoV-2 has been implemented around
the world as part of wastewater based epidemiologic (WBE) efforts that
are aimed at using wastewater detection methods to track infection
among communities (Ahmed et al., 2020b; Daughton, 2020; Hamouda
et al., 2021; Haramoto et al., 2020; Medema et al., 2020b; Polo et al.,
2020; Sims and Kasprzyk-Hordern, 2020).
2

Although there are many advantages ofWBS, its use and implemen-
tation need optimization. This includes establishing relationships
between WBS measures and the incidence of human illness, improve-
ments in detection sensitivity and quantification, and better strategies
for sample collection, concentration, and detection (Kitajima et al.,
2020). In this study we implemented a WBS program to evaluate the
RNA of SARS-CoV-2 in wastewater. The objective here is to report on
lessons learned from establishing a wastewater monitoring program
that is integrated with human surveillance of COVID-19 and has the
goal of informing decisions needed for timely containment of disease
transmission. One important deviation of WBS from traditional waste-
water systems design is that measurements are taken much closer to
the origin of the source of contamination. Traditionally sewage systems
are designed for the conveyance of wastewater, to transport sewage
from the buildings to the wastewater plant. The wastewater treatment
plant is where the sewage is treated to improve its quality before dis-
charge and thus the quality of wastewater typically focuses on evaluat-
ing the wastewater characteristics at the treatment plant. Outside of
forensic-based illicit chemical tracking studies (Bannwarth et al.,
2019; Centazzo et al., 2019), there are limited data that evaluate water
quality characteristics of the sewage upstream from the wastewater
plant. One new aspect of the WBS SARS-CoV-2 virus monitoring is
that it has focused efforts on evaluating water quality upstream,
within the building scale and within the cluster scale (which collects
sewage from a group of buildings). Thus, we aim to describe lessons
learned from:measuring wastewater quality characteristics closer to
the point of initial discharge into the sewage system, concentrating
samples for viruses, and detecting SARS-CoV-2 within the concen-
trates. The unique features of this work include the development of
a new qPCR detection strategy for wastewater and the comparisons
between SARS-CoV-2 levels in wastewater and corresponding clini-
cal cases.

2. Methods

A WBS monitoring program was established for a university with
well-defined municipal water supply characteristics and an elaborate
human surveillance monitoring program. The WBS monitoring program
was implemented during the Fall 2020 academic semester (August to
December). TheWBSmonitoring programwas separated into three com-
ponents: wastewater sampling, sample processing (e.g., concentration),
and SARS-CoV-2 detection. Details of the study site and of the methods
employed for each of these components are described below.

2.1. Study site

The WBS study site was the University of Miami (UM), located in
Miami-Dade County, Florida, USA. Tap water was the source of waste-
water to the sampling sites as the site is characterized by dedicated
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sewers with no storm water inflows. The source of the tap water was
groundwater treated using an enhanced lime softening process which
increases the pH of the water (yearly average pH of treated water of
9.1) and decreases the alkalinity (and thus the buffering capacity) (av-
erage alkalinity of 51 mg/L as CaCO3). In addition, the tap water was
chlorinated using chloramines (combination of chlorine gas and ammo-
nia) with the goal of maintaining a residual at the point of use of at least
0.2 mg/L. To confirm the interconnections of the sewer lines, building
and sewer construction drawings were evaluated and sewer lines
were dye tested.

UM is a private research university with a population of more
than 34,000 students, faculty, and staff. The three largest campuses
include: (1) the Coral Gables campus, which includes most of the
teaching and dormitory facilities for the undergraduate student
Fig. 1. Location of building and cluster samplin
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population; (2) the Rosenstiel School of Marine and Atmospheric
Science (RSMAS) campus, which predominantly houses research
and administrative buildings that focus on studies of marine sys-
tems; and (3) the Miller School of Medicine (MSoM) campus,
which houses research and administrative facilities plus the
University's medical school, the Sylvester Comprehensive Cancer
Center (SCCC), and University-owned clinics and hospital. The hos-
pital (UM UHealth Tower, UMHT) treats COVID-19 patients. Samples
were collected frommanholes or lift stations that serviced a total of 5
clusters of buildings (C1 through C5) on each of the university cam-
puses and from a total of 7 individual buildings (B1 through B7) at
the Gables and Miller School campuses (Fig. 1). Occupancies and
numbers of buildings contributing to each sampling site are provided
in Table S-1 located in the supplemental text.
g sites at each of the university campuses.

Image of Fig. 1
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2.2. Human surveillance program

UMhas made tremendous efforts in adapting and responding to the
unprecedented events of COVID-19. The University of Miami Health
System (UHealth) rapidly built a robust SARS-CoV-2 testing program
(Nimer et al., 2020); the University also implemented a human surveil-
lance program through a Testing, Tracing and Tracking (3-T) program.
This human surveillance initiative aims to monitor changes in infection
burden that may require changes in public health strategy for the UM
community.

During the Fall 2020 semester, this human surveillance program in-
cluded screening of UM students who chose to live on campus and/or
attend classes in person. Students who lived on campus were screened
once every 10 days and students who lived off-campus and visited cam-
pus were screened once every 14 days. These requirements were initi-
ated consistently for student residents effective August 16 and for
non-resident students on September 10, 2021. A total of 55,186 tests
were conducted on students during the Fall 2020 semester (August
16, 2020 through January 3, 2021). All testing for COVID-19 was con-
ducted via mid-nasal swab followed by PCR-based diagnosis. Each
week, a total of 3800 students were screened. These data for resident
students were disaggregated by residence hall. Using these data daily
positive rate (# of cases per 1000 tested subjects) was computed for
each residential hall. Data were interpreted to identify “hot spots” in
the community and to establish potential mitigation measures (isola-
tion and/or quarantine) for affected groups of individuals. This human
surveillance programwas submitted to the University's Internal Review
Board (IRB), where it was deemed not to be human subjects' research
based on Office for Human Research Protections guidelines. Data
reporting was based upon numbers of cases per building with no spe-
cific identification of individuals, and hence was not subjected to IRB.
Additionally, the names of buildings were de-identified for purposes
of reporting results from the study outside of the University.

Human surveillance samples collected through the UM3-T program
were processed at the UM Mailman Center. The Mailman Center, lo-
cated on the MSoM campus, houses the core microbiology laboratory
as well as several research laboratories. Clinical samples sent to the
Mailman Centerwere placed in viral transportmedia or universal trans-
port media. They were processed using a Perkin Elmer (PE) assay
(Perkin Elmer, 2021a; Perkin Elmer, 2021b) which included nucleic
acid extraction via the PE Chemagic. A Thermo Fisher Applied
Biosystems QuantStudio 7 or Applied Biosystems 7500 Fast was used
for RT-qPCR analyses of clinical samples.
2.3. Wastewater sampling

Wastewater was collected at two sewage scales, one corresponding
to individual buildings and the other corresponding to clusters of build-
ings. Individual buildings were serviced by manholes, while clusters of
buildings were typically serviced by lift stations. There were no waste-
water treatment plants on campus. Wastewater from campus is re-
ceived by the city-wide sewage collection network which is then
treated with effluent discharged to either deep well or ocean outfall.
Regular sampling occurred weekly from the campus sewage collection
network, on Wednesday mornings from 7:30 am to 10:30 am, starting
on September 30, 2020, and continuing through the summer of 2021.
The data in this report covers regular sampling through December 16,
2020 (a total of 12 sampling days), with 6 to 12 samples collected
each sampling day. Of note, human surveillance data corresponding to
this time period extended through January 6, 2021. Early during the
study, sampling focused on clusters on all three campuses of UM, and
later focused on sample collection at the residential halls and the
UMHT for the purpose of on-campus surveillance and establishing rela-
tionships between SARS-CoV-2 levels inwastewater and the proportion
of building residents/patients with documented COVID-19.
4

All wastewater samples were collected as grab samples (corre-
sponding to an instant in time) using a “bottle on chain approach.”
We recognize that sewage quality can vary throughout the day but
due to budget limitations we chose to collect grab samples as opposed
to composites whichwould have required the purchase and installation
of autosamplers. To accommodate the variability, samples were col-
lected at each target manhole or lift station at almost the same time
each Wednesday for the purpose of eliminating, as best as possible,
daily and weekly level variations.

As part of sample collection, at each sampling site, a new unused 2-L
bottle (HDPE) was lowered into the sewer. This 2-L sample was then
split in the field into three containers: (1) a 0.5 L bottle which was
sent to a commercial laboratory (Source Molecular, a LuminUltra Com-
pany, (SM)) for SARS-CoV-2 quantification; (2) a 1-L bottle which was
sent to the UM SCCC laboratory for sample concentration; and (3) a
0.5 L plastic beaker which was used for basic water quality measure-
ments in the field (temperature, pH, specific conductivity (SPC), dis-
solved oxygen (DO), and turbidity) using a precalibrated sonde
(Xylem/YSI ProDSS) (Fig. 2). Details about field safety in terms of disin-
fection are provided in the supplemental text.

Upon receipt at the laboratory, the UM 1-L bottle was mixed. An al-
iquot of 10mLwas removed from theUM1-L bottle andplaced in a ster-
ile centrifuge tube for further processing for fecal indicator bacteria by
culture, as a means of confirming fecal inputs to the sampling site.
E. coli was analyzed for two of the early sampling days by spread plate
method on EMB agar using standard methods (Method 9221,
(American Public Health Association (APHA), 2005)) to quantify colo-
nies with characteristic green sheen. For the last eight sampling days,
fecal coliform were analyzed by membrane filtration using mFC agar
by culturing 1 mL and 0.1 mL aliquots from 100:1 dilutions in sterile
phosphate buffered saline as per standard methods (Method 9222D,
(American Public Health Association (APHA), 2005)). Colonies with
characteristic blue color were quantified.

2.4. Virus concentration

Weekly samples collected in this study were concentrated via elec-
tronegative filtration by the SM laboratory and by the UM laboratory.
Early during the study a subset of weekly samples were split and con-
centrated via ultracentrifugation. The paired samples which compared
electronegative filtration and ultracentrifugation were sent to Weill
Cornell Medicine (WCM) for RT-qPCR using laboratory-specific proto-
cols described below. In addition, all weekly samples were processed
for comparison between RT-qPCR (as analyzed by SM) and a new inno-
vative technique called V2G-qPCR (as analyzed by the UM Center for
AIDS Research (CFAR) laboratory), both of which used electronegative
filtration for sample concentration and which utilized laboratory-
specific protocols, also described below. V2G-qPCR was chosen as it
has been useful in the past to detect and quantitate viral targets such
as HIV-1 and Zika virus. The assay was modeled on previous work and
developed early in the pandemic for the direct detection SARS-CoV-2
RNA in saliva.

Early during the WBS effort, eight samples were split and concen-
trated in parallel at the UM laboratory using both ultracentrifugation
via Centricon-70 devices (Ahmed et al., 2020c; KWR Water Research
Institute, 2020) and by electronegative filtration (Abdelzaher et al.,
2008; Abdelzaher et al., 2009; Ahmed et al., 2020c; American Public
Health Association (APHA), American Water Works Association
(AWWA), Water Environment Federation (WEF), 2017; Bonilla et al.,
2015). Splits were collected at the same timepoint and concentrated
in the same laboratory at the same time. A 0.5 mL aliquot of the ultra-
centrifugation concentrates (1.5 mL total) were combined with 0.5 mL
2× DNA/RNA Zymo Shield. The electronegative filtration concentrates
consisted of filters placed in 1.5 mL of 1× DNA/RNA Zymo Shield
(Fig. 2). Sample sets of paired ultracentrifugation and electronegative
filter concentrates were submitted WCM for RT-qPCR analysis. At



Fig. 2. Flow diagram for sample splitting and sample concentration.
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WCM, four hundred microliters of each wastewater concentrate was
transferred to a deep-well plate for total nucleic acid (TNA) extraction.
All samples were extracted on the Tecan DreamPrep Fluent 480 auto-
mated workstation using the Zymo Research DNA/RNA Viral Magbead
kit to produce 60 μL of purified DNA/RNA. Viral abundance of SARS-
CoV-2 was determined by RT-qPCR using the Applied Biosystems
QuantStudio 6 Flex using a one-step TaqMan Fast Virus Master Mix
which targets the N1 gene (Centers for Disease Control and
Prevention (CDC), 2020). Twist Synthetic SARS-CoV-2 RNA Control 2
(MN908947.3) was used as a control, which comes as 106 copies per
μL. Dilution of the synthetic SARS-CoV-2 standard brought copies
down to 102 per reaction before use. Samples were run in triplicate,
with duplicate controls.

To facilitate the comparison between RT-qPCR and V2G-qPCR, the 2-
L sewage grab sample was split with the 0.5 L bottle going to the SM
commercial laboratory, and the 1-L bottle going to the UM SCCC labora-
tory. Concentration for both sampleswas done by electronegative filtra-
tion in the corresponding separate labs (Fig. 2).Wastewaterwasfiltered
the sameday as collected for all UMsamples, and also the same day (ex-
cept for once during all the days of sampling) for the SM samples. To
prepare samples for electronegative filtration, a known number of
betacoronavirus OC43 particles were added prior to sample processing
to assess recovery efficiency. For SM, a high concentration (about 107

copies) of heat inactivated (at 60 °C for 60 min) human coronavirus
HCoV-OC43 (ZeptoMetrix) was spiked into the sample volume to be fil-
tered as a virus recovery control. For each filtration batch, an additional
OC43 positive control sample was included which contained the same
amount of heat-inactivated OC43 added to the lysis buffer. All samples
(n = 95) included the OC43 process control spike for SM. For the UM
laboratory samples the OC43 process control was grown in cell culture
using HCT-8 or Vero cells (ATCC) and quantified in triplicate using Vol-
cano Second Generation qPCR (V2G-qPCR) (details of these assays are
provided below). Quantitative OC43 spikes (heat inactivated at 56 °C
for 15 min) were added between 105 and 106 gc/L for the UM samples.
For the UM samples, the last 51 samples (starting on November 11th)
included the process control spike. After addition of the process control,
sampleswere then adjusted by acidification. The SM sampleswere acid-
ified to a pH of 3.5 using 2 N HCl. For the UM laboratory samples, MgCl2
was added to a concentration of 50 mM and acid (10% HCl) was added
drop by drop to a target pH between 4.5 and 3.5, as per standard
methods (Method 9510, (American Public Health Association (APHA),
American Water Works Association (AWWA), Water Environment
5

Federation (WEF), 2017)). Once the samples were prepared, they
were mixed and filtered through an electronegative membrane (0.45
μm pore size, 47 mm diameter, SM: Pall HA/MCE membrane, UM:
Millipore HAWP4700) to clogging (from 20 mL to 200 mL). The filter
prepared by SM was placed in a 2 mL bead tube containing 700 μL of
PM1 lysis buffer (Qiagen AllPrep PowerViral DNA/RNA Kit) with beta-
mercaptoethanol and stored at -20 °C until DNA/RNA extraction
which was completed within 7 days of freezing. Three filters were pre-
pared per sample at the UM laboratory. Each UM filter was folded and
placed into its own tube (5 mL Eppendorf tube for V2G-qPCR analysis
or a 2 mL sterile tube for all other analyses). Tubes contained 1.5 mL
of DNA/RNA Shield (Zymo) forming a sewage concentrate that was
stored at 4 °C until analysis.

2.5. SARS-CoV-2 quantification for comparison of weekly samples

Among the three UM filters, onewas processed for rapid analysis by
the innovative V2G-qPCRmethod developed at theUMCFAR. One of the
other two UM SCCC filters was sent to WCM and the other was stored
for later analyses. The RNA from the UM filter analyzed by V2G-qPCR
was extracted using a Zymo Quick-RNA Viral Kit using either 500 μL
(first 10 sampling days) or 250 μL (last 2 sampling days) of the sewage
concentrate to recover purified RNA (30 μL). The volume of concentrate
was reduced from 500 to 250 μL to address inhibition, especially for
highly turbid (>100 ntu) samples. Primers and reporter probe for the
V2G assay bind to the same region as the nucleocapsid N3 target
(Centers for Disease Control and Prevention (CDC), 2020) but differ sub-
stantially. Reagent sequences were based on GenBank accession num-
ber NC_045512 and corresponded to 28645TGCTAACAAAGACGGC
ATCA (forward), 28751GTAGCACGATTGCAGCATTG (reverse) and 56-
FAM/ACATTGGCA/ZEN/CCCGCAATCCTGCT3IABkFQ (probe).

The V2G-qPCR method uses a novel polymerase capable of reading
both RNA and DNA templates and therefore does not require a separate
cDNA synthesis step (Blatter et al., 2013). Aliquots of purified RNAwere
used in singleplex reactions to quantitate up to four targets using a
BioRad CFX Connect real-time instrument and FAM reporter dye-
labeled probes. Targets included the SARS-CoV-2 N3 nucleocapsid
gene (as modified from Lu et al., 2020b) (5 μL of the RNA concentrate),
the human-specific general house-keeping gene B2M (M.Sharkey, un-
published) (2 μL), the process control OC43 (3 μL), and HIV-1 RNA (M.
Sharkey, unpublished) as the inhibition control (2 μL). The B2M target
is commonly used as an endogenous control to normalize relative

Image of Fig. 2


M.E. Sharkey, N. Kumar, A.M.A. Mantero et al. Science of the Total Environment 798 (2021) 149177
gene expression levels by RT-qPCR. Both SARS-CoV-2 and B2M targets
were analyzed for all sampling days. The OC43 target was analyzed for
samples collected during the last 6 sampling days (starting November
11th) and the HIV-1 target was analyzed for samples collected during
the last 4 sampling days (starting November 25th) to measure the de-
gree to which PCR amplification was inhibited by wastewater compo-
nents that co-purified with RNA. Early during the study, to minimize
PCR inhibition by dilution effect, we doubled the amount of water to
elute RNA from the purification columns. Unexpectedly, increasing the
volume of elution water led to a more pronounced inhibition of the
PCR amplification reaction that was reduced by eluting with a smaller
volume of water (Fig. 3a). Ct values were determined in duplicate for
twelve sample sites using final RNA elution volumes of 10 or 40 μL.
Comparison of the means of the two data sets showed an average shift
of two cycles when the larger elution volume was used which was sta-
tistically significant (p < 0.0001). Recovery of RNAwas compared using
different elution volumes and it was determined that 10 μL was suffi-
cient to elute the RNA without losses (Fig. 3b). We hypothesize that
the reason for this observation is that a larger volume flushes more in-
hibitory material through the column matrix. Using a minimal volume
hydrates the silica such that the RNA is efficiently released, while inhib-
itory substances are retained on the silica bed.

For SM, all filters were extracted using AllPrep PowerViral DNA/RNA
Kit (Qiagen) bead beating kit to produce 70 μL of purified DNA/RNA. In
addition, 5 ng of Mouse Lung Total RNA (Takara Bio USA) was added
into the sample lysate to evaluate extraction efficiency and PCR inhibi-
tion. The percentage lysate recovered during extractionwas also consid-
ered as part of the evaluation of inhibition. RT-qPCR analysis was
performed on the StepOne Plus system (Thermo Fisher Applied
Biosystems), and Taqman Fast Virus 1-StepMasterMix (Thermo Fisher)
was used. Fivemicroliters of DNA/RNA template were added into a final
volume of a 20 μL RT-qPCR reaction. Each samplewas analyzed in dupli-
cate. For quantification of SARS-CoV-2 RNA, the N1 and N2 primer and
probe assays (Centers for Disease Control and Prevention (CDC),
2020) were employed. Synthetic RNA standard (ATCC, VR-3276SD)
was diluted to create the standard curve for N1 and N2. For relative
quantification ofMouseACTB,MouseACTB endogenous control primers
and probe set (FAM reporter, primers unlimited, ThermoFisher) was
used. Mouse Lung RNA (2.5 ng) was run as duplicates with each extrac-
tion batch as a reference. For quantification of OC43, published OC43
primers and probe (Dare et al., 2007) were used. OC43 genomic RNA
standard (ATCC, VR-1558DQ) was diluted to create the standard
curve. After RT-qPCR and qPCR runs, data was processed on StepOne
Software (v2.3). Ct values from qPCR measurements were converted
to genomic copies (gc) per reaction using standard calibration curves
of known levels of known standards. The gc per reaction were then
converted to gc/L of original sewage sample using mass balance
Fig. 3.RNA columnelution volume significantly affects target PCR amplification efficiency. PCR in
RNA elution from Zymo columns is efficient when using 10 μL water (panel b).
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considerations. The results from SM were used to check the results
from the V2G-qPCR analyses, retrospectively.

2.6. Statistical analysis

Wastewater results were imported into Excel (Microsoft Office 365
Pro Plus). Correlations between the RT-qPCR results and V2G-qPCR
were evaluated using Pearson correlation coefficients (R2) using base-
10 logarithm-transformed values. Correlations were considered strong
for R2 greater than 0.5 (Shibata et al., 2004) andwere considered signif-
icant for p values less than0.05. Statistical differences betweenmeans of
wastewater data were evaluated using single factor ANOVA. For sets of
analyses showing statistical differences, student t-tests (assuming
paired two samples for means, two tailed with alpha at 0.05) were
used to evaluate differences between two specific data sets. Statistical
differences between the variance of data sets were analyzed using the
F-test with an alpha value of 0.05.

Human surveillance data were processed by assuming that subjects
testing positive for COVID-19 on a given day were infected many days
before and were shedding the virus since contracting it. Therefore, this
shedding of the virus can be traced in thewastewater samples even be-
fore their clinical diagnoses. Thus, in our analysis we computed cumula-
tive and daily lag-specific COVID-19 positivity rates 7 days pre- (or -7,
wastewater signal before human cases) consistentwith earlyWBS stud-
ies (Medema et al., 2020a) and 15 days post (+15, wastewater signal
after human cases) human case date which is consistent with the dura-
tion of illness (Wang et al., 2020). We computed cumulative positivity
rate by dividing the total number of positive cases up to a given lag di-
vided by the total number of tests performedup to that lag. For example,
to compute the -4 day lag the cumulative positivity rate can be com-
puted as the sum of COVID-19 positive cases from 7th day through
4th day before the wastewater sampling date divided by the sum of
total tests performed during the same time period, and coefficient was
multiplied by 1000. The cumulative lth day lagged positivity rate for a
given time (t) can be expressed as yt±l ~ 1000 ([Σlϵ(−7,15) Ct±l] /
[Σlϵ(−7,15) Tt±l]). Where Ct±l is the COVID-19 positive cases on lth lag
from time t (i.e., day of wastewater sampling). The daily lag-specific
positivity rate was computed as the ratio of the number of positive
cases on lth day after a given date divided by the total tests on the corre-
sponding lagged day andmultiplied by 1000. The time-lagged positivity
rates were analyzed with respect to SARS-CoV-2 RNA concentration
found in the wastewater samples using descriptive statistics and
location-specific linear regressions with random effect, since the pat-
tern of COVID-19 positivity rate is likely to have unique pattern for
units draining to a given wastewater sampling location. Since the
SARS-CoV-2 RNA concentration (gc/L) was positively skewed, it was
log transformed. In the descriptive analysis, RNA concentration was
hibition ismore pronouncedwhenusing an elution volumeof 40 μL versus 10 μL (panel a).
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categorized into four groups: below detection limit, less 1 K, 1 K to 10 K
and 10 K+.

Human surveillance data were available for student residents on
campus, for student non-residents who visit campus for hybrid courses,
and for faculty/staff. The lag correlation analysis described above was
performed using the student resident data given that this population
was on campus full-time on a daily basis.

3. Results and discussion

3.1. Water quality

Overall, water quality results (Fig. S-1) showed that each sewer had
unique characteristics that could potentially influence the quantity and
persistence of SARS-CoV-2 (Ahmed et al., 2020d; Buonerba et al., 2021;
La Rosa et al., 2020). The pH values per site ranged from 6.9 to 8.8, the
average SPC varied from 149 μS/cm to 3420 μS/cm, and the average tur-
bidity of thewastewater by site varied from1.5 ntu to 161 ntu (Fig. S-1b,
c,e). Of interest was that dissolved oxygen levels were higher than ex-
pected with average values per sampling location ranging from 4.0 to
7.7 mg/L (Fig. S-1d) with values at saturation for some sampling events.
Among the water quality parameters measured, temperature (with av-
erage values per sampling location ranging from 22.0 to 32.6 °C, Fig. S-
1b) is known to impact the persistence of the SARS-CoV-2 signal with
higher temperature resulting in higher viral RNA degradation rates
(Hart and Halden, 2020; Ma et al., 2020; Nazari Harmooshi et al.,
2020; Carducci et al., 2020; Hokajärvi et al., 2021). Different sites
showed statistical differences in mean and variances in water quality
parameters. In general, buildings showed higher variability in water
quality compared to clusters. Statistical details are further described in
the supplemental text.

Correlationswere evaluated betweenwater quality and SARS-Cov-2
levels. All correlationswere weak (R2 < 0.1) and insignificant. Although
significant differences were observed in water quality parameters be-
tween sites, these measures did not correlate with the SARS-CoV-2
RNA signal.

We also found the variations in bacteria levels to be surprising. At
wastewater treatment plants the typical level of E. coli in sewage (at
the community scale) is 10,000 colony forming units (CFU) per mL of
wastewater (Roca et al., 2019). Some sewage samples showed these
levels but there was also sewage from clusters that were at levels that
were much less, less than 10 CFU per mL. As a result, the fecal indicator
bacteria analyses were switched to measurements of fecal coliform by
membrane filtration to confirmwhether in fact the levels of fecal bacte-
ria were low. Again, with the fecal coliform plates we found that levels
in the sewage were as expected for some sites, on the order of 10,000
per mL. But there was sewage from some buildings and clusters that
were consistently low. This was confirmed with two different sets of
agar plates and was observed repeatedly on a weekly basis. These
clean plates were likely associated with low levels of feces in thewaste-
water at the time of sampling and the likely effects of chlorine residual
from the tapwater. This resulted in a change in our protocolwhere sam-
ples were processed with the same procedures used to collect drinking
water. A reductant, sodium thiosulfate, was added to the sample collec-
tion bottles (0.1 g added per liter of wastewater) starting November
25th to reduce the chlorine residual. Even with the reductant added
clean agar plates were still observed for some sites.

3.2. Virus concentration

Ultracentrifugation using Centricon-70 devices and electronegative
filtration performed similarly for the detection of SARS-CoV-2. Specifi-
cally, the mean Ct value for the ultracentrifugation concentrates (29.2)
was higher than themean Ct value for the electronegative filter concen-
trates (26.9). The Ct mean values were not statistically different at 95%
confidence (p = 0.097) and consistent with other studies that have
7

compared sample concentration methods (Lu et al., 2020a; Pecson
et al., 2021). The equivalent volume per concentrate distributed to
WCM was 16 and 17 mL for ultracentrifugation and 50 to 140 mL for
electronegative filtration resulting in a factor of 3 to 8 times more orig-
inal wastewater sample volume for qPCR reactions using electronega-
tive filtration. The larger equivalent volume of wastewater analyzed
using electronegative filtration likely contributed to the lower Ct values
on average.

In addition to showing comparable results between both ultracentri-
fugation and electronegative filtration concentration methods, we
found that the supplies for electronegative filtration were more readily
available. The nature of the electronegative filtration process also
allowed for the preparation of multiple filters from the same sample
without sacrificing concentration factors. As a result, sample concentra-
tion by ultracentrifugation was dropped early during the study and
electronegative filtration was run for all samples.

3.3. Comparison of V2G-qPCR and RT-qPCR results

The overall comparison between the UM CFAR V2G-qPCR method
and the SM RT-qPCR method shows a strong correlation between the
two methods with N1 RT-qPCR detection showing a slightly stronger
correlation (R2 = 0.75, p < 0.01) in comparison to N2 RT-qPCR (R2 =
0.63, p < 0.01) (Fig. 4). The correlations between N1 and N2 RT-qPCR
detection (R2 = 0.87, p < 0.01) were also, as expected, strong. Correla-
tions between V2G-qPCR and RT-qPCR results were particularly good
considering that two different laboratories were used for sample con-
centration and considering the different amplification processes, detec-
tion technologies, and target genes. On average the results from the N1
RT-qPCR method were about 10% higher than those of the V2G-qPCR
method, whereas results from the N2 RT-qPCR method were about 6%
lower than those of the V2G-qPCR method. The detection limits for
both the V2G-qPCR and RT-qPCR technologies were similar, on the
order of a few 100's of gc/L. SM reports a limit of detection (LOD) of 3
copies per reaction and a limit of quantitation (LOQ) of 10 copies per re-
action. Assuming a 95% extraction efficiency of 5 μL RNA input in the
qPCR reaction, 70 μL of total RNA extract, and 200mL filtration volume,
then the LOD is estimated as 220 gc/L and the LOQ is estimated as 740
gc/L. Similarly for V2G-qPCR the LOD is estimated at 1 copy per reaction
through validation with standards, and the LOQ at 10 copies per
reaction. Assuming a 95% extraction efficiency of 5 μL RNA input in the
qPCR reaction, 30 μL of total RNA extract, and 100 mL filtration
volume, then the LOD is estimated as 70 gc/L and the LOQ is estimated
as 700 gc/L.

When comparing results for individual sites, the sites that detected
consistently below detection limits (C3, C4, and C5) showed below de-
tection limit values for both the V2G-qPCR and RT-qPCR method
(Fig. 5). For the remaining sites, the N1 RT-qPCR results and the N2
RT-qPCR results were statistically not different as expected given that
these were processed from the same concentrate and at the same labo-
ratory. Of particular interest is that for all sites, V2G-qPCR and N2 RT-
qPCR resultswere also statistically not different (p>0.05), which is par-
ticularly promising given that different laboratories and methods were
used for quantification of SARS-CoV-2. The only statistical differences
observed between V2G-qPCR and N1 RT-qPCR were for a subset of the
sites: for C1 (p = 0.049) and C2 (p = 0.01). For all other sites, V2G-
qpcr and N1 RT-qPCR results were not statistically different.

To enable rapid turn-around time, V2G-qPCR results were used for
UM SARS-CoV-2 wastewater surveillance. Analysis results were re-
ported to the university administration leadership within 24 h of sam-
ple collection, to inform decision-making on human health
surveillance and disease prevalence mitigation measures. The main ad-
vantage of theV2G-qPCRmethod is that is it simpler than the traditional
RT-qPCR methods in that it does not require a separate cDNA synthesis
step which reduces assay time and cost. Due to genetic modifications,
V2G polymerase activity is robust when using crude cell lysates
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(Chovancova et al., 2017) and when amplifying RNA from unprocessed
biological fluids, such as saliva and urine. Similar, robust amplification
efficiency has been observed in this study when using RNA purified
from wastewater concentrates with optimal column elution volumes.
The standard turn-around time from receipt of the sewage concentrates
to SARS-CoV-2 quantitation was 2.5 h. The reduced time for analysis is
facilitated by a 50-minute cycling time for V2G-qPCR in comparison to
a 1.5 to 2 h cycling time for most RT-qPCR assays. Although results
were routinely available within 24 h of sample collection, a 12-hour
turn-around time was possible and was achieved for V2G-qPCR when
needed.

3.4. Trends observed for SARS-CoV-2 in wastewater

A wide range of SARS-CoV-2 virus concentrations were observed in
wastewater (Fig. 6). SARS-CoV-2 levels in wastewater for some clusters
(C3, C4, and C5) were consistently below detection. These clusters had
warmer water and one cluster (C3) also had high salinity. However,
wastewater from cluster C2 was consistently at high levels with all fac-
tors consistent with water conducive to higher SARS-CoV-2 RNA levels
(it had a lower water temperature, near neutral pH, low salinity, and
C1  C2   C3   C4   C5  B1

Clusters 

Fig. 5. Ranges of SARS-CoV-2 measurements for different clusters and buildings as determined
and darker orange for N2 gene).
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moderate turbidity). On average, C2 viral levels were in the 103 to 104

gc/L range. Wastewater virus concentrations from individual buildings
were also variable. For example, wastewater from building B4 and B5
were generally belowdetection limits for SARS-CoV-2 RNA.Wastewater
from some of the other buildings (e.g., B1 and B7) showed very high
viral load levels, as high as 106 gc/L.

As seen in Fig. 5, for virus concentration levels measured using the
V2G-qPCR method, clusters C3, C4, and C5 had statistically lower
SARS-CoV-2 levels relative to clusters C1 and C2 and relative to build-
ings B2, B3, and B7 (all p < 0.01). SARS-CoV-2 levels for B7 were statis-
tically different than levels observed at all clusters (C1 through C5, p <
0.01) and all other buildings (B1, p = 0.02; B2, p = 0.03; B4, p = 0.04;
B5, p < 0.01; B6, p < 0.01) with the exception of B3 (p = 0.07). Except
for the extremely low variances for C3, C4, and C5 due to values below
detection limits, none of the variances among the remaining sampling
locations were statistically different.

For levels measured using RT-qPCR, clusters C3, C4, and C5 had sta-
tistically lower SARS-CoV-2 levels relative to all other sites. Based upon
N1 gene quantification, the means of C1, B4, and B5 were statistically
less than C2, B2, B3, and B7 (p < 0.01). Results were similar based
upon N2 gene quantification with the means of C1, B4, and B5
   B2  B3   B4   B5   B6   B7

Detec�on Limit

Buildings

by V2G-qPCR (left box plot, light blue) and by RT-qPCR (right box, light orange for N1 gene
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Fig. 6. Time series of SARS-CoV-2 via V2G-qPCR in wastewater from clusters of buildings and individual buildings during the September to December 2020 sampling period.
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statistically less than C2, B2, and B3 (p < 0.01) with the exception of B7
which was not statistically different due to the higher variation of the
N2 values for this site. The variance of B7 was not statistically different
from other sites except for C1 (p < 0.01) and B4 (p = 0.03).

Over time (Fig. 6), results show that the variability of thewastewater
from clusters was more gradual. Wastewater from individual buildings
had higher variability, and generally gave a strong positive or negative
signal. For example, the wastewater from building B4 had a very inter-
esting trend. Thewastewater for this building started at belowdetection
limits, went up to the 104 gc/L, then oneweek later dropped to 103 gc/L,
and then the week after fell to below detection limits again. Apparently
a source of SARS-CoV-2 was present in the November 11th time frame
in building B4 releasing SARS-CoV-2 RNA into the sewer. The wastewa-
ter frombuilding B5 showed similar trendswith values going above and
below detection limits. The wastewater from buildings B2 and B3 were
more constant in the 103 to 104 gc/L range. In addition,wastewater from
building B1 and B7 varied from 103 to 106 gc/L during this time frame.

3.5. Correlation of wastewater SARS-CoV-2 RNA with COVID-19 human
cases

In regards to human health surveillance during this period (August
to December 2020), 536 of the 27,526 student resident participants
tested were positive for COVID-19, reflecting an average positivity rate
of 194 cases per 1000 tested participants. The daily average positivity
rate was 23.6 cases per 1000 tested subjects (95% confidence interval
(CI) = 18.1 to 29.2 cases/1000 tests). Of note, this positivity rate was
lower than the rate in the greater Miami-Dade County community.

To increase statistical power, human health data were aggregated
for the entire campus with wastewater results represented by sites C1
9

and C2 and building B2 which was outside of the C1 and C2 sewer
sheds. Of note C2 received wastewater from B3, B4, B5, and B7. C1 re-
ceived wastewater from B6. Building B1 is on a separate campus
whose human population was not included in the aggregation. From
38 wastewater samples of three aggregate sites, only two were below
the detection limit. The average SARS-CoV-2 concentration was 1283
gc/L (95% CI = 696 to 2364.8 RNA copies/L). A temporal comparison
of human surveillance with the wastewater samples suggests that the
concentration of SARS-CoV-2 RNA in wastewater sample was followed
by spikes in the COVID-19 positivity rates, especially toward the end
of October 2020 (Fig. 7).

In the time-lagged analyses, COVID-19 positivity rate increased as
SARS-CoV-2 RNA concentration increased (Fig. 8). In the daily lag-
specific analysis, −5 through −3 day and 3 through 5 day lagged
positivity rates were significantly associated with SARS-CoV-2 RNA
concentrations in wastewater samples (Table S-1). The association of
SARS-CoV-2 RNA concentration in the wastewater was strongest with
the 3rd day lagged positivity rate (β ~ 8.99; 95% CI = 0.90 - 17.08;
p < 0.05), followed by the -4th day lagged positivity rate (β ~ 8.68;
95% CI 9.30–70.64; p< 0.05). This suggests thatmost COVID-19 positive
cases peaked four days after and three days before high concentrations
of SARS-CoV-2 RNAwere found in thewastewater samples. On average
100 copies of the SARS-CoV-2 RNAwere associatedwith a positivity rate
(numbers per 1000 tested) of 40 and 41 on 4th day after and the third
day before the wastewater sampling date (40–8.68 × ln(100);
41–8.99 × ln(100)), respectively.

When analyzing cumulative time-lagged analysis, the -6th through
0 day lagged cumulative COVID-19 positivity rates showed significant as-
sociation with the virus RNA concentration in the wastewater samples
(Table S-1). This association was not significant from 1 through 5th day

Image of Fig. 6


Fig. 7. Temporal distribution of COVID-19 positive cases for student residents, student non-residents, and faculty/staff plus 7-day moving average for student residents (panel A) and
positivity rates (panel B) among student residents and SARS-CoV-2 levels in wastewater (log scale on secondary y axis). Wastewater levels of SARS-CoV-2 represent the average of C1,
C2 and B2.
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lag and was also significant on the 6th day lag. There were differences in
the association of time-lagged COVID-19 positivity rates with the virus
RNA in the wastewater samples when disaggregating by C1, C2, and B2.
The strongest associations were observed in C2 followed by B2.
4. Conclusions

We report here on lessons learned from establishing a wastewater
monitoring program to supplement human surveillance of COVID-19.
From this study we observed that SARS-CoV-2 RNA concentrations in
individual buildings were more variable than in clusters of buildings.
Concentrations at building and cluster scales varied by orders-of-mag-
nitude from detection limits of 101 through 106 gc/L allowing for the
log transformation of the data to observe trends. In terms of overall
quality of thewastewater, we observed that basic physical-chemical pa-
rameters were influenced by the water source but water quality
Fig. 8. Time-lagged positivity rate with respect to log (SARS-CoV-2 RNA concentration in
gc/L) in the wastewater samples between October 30, 2020 and January 2, 2021. The
cumulative model included positivity rates between 7 day and a given day before/after
the wastewater sampling day. In the daily-lag specific model, positivity rate was
computed for a given day before/after the wastewater sampling day. Error bars
correspond to 95% confidence limits on positivity rate.
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parameters were not correlated with SARS-CoV-2 levels. Additionally,
the potablewater source that services the building is chlorinated for dis-
infection, the residual of which is believed to reduce bacteria in the
wastewater to levels that were lower than expected.

Ultracentrifugation and electronegative filtration concentration
methods were found to be comparable. Electronegative filtration was
facilitated by the ease of obtaining supplies and provided for efficient
sample splitting allowing for multiple filters to be prepared and shared
among laboratories without sacrificing processing volume.

We also learned that new innovative technologies, such as V2G-
qPCR, can simplify the detection and quantification of SARS-CoV-2 in
wastewater. The approach was initially meant to serve as an interesting
comparator for the more mainstream RT-qPCR approaches but devel-
oped into a reliable and consistent assay for quantifying SARS-CoV-2
RNA purified from wastewater. Since RNA extracted from wastewater
is amplified directly with V2G-qPCR, the cDNA synthesis step is
bypassed, reducing both assay time and cost. Using this new tool, it
was possible to have results from the start of sampling to the end of de-
tectionwithin 12 h, which is fast compared to standard techniques, and
therefore can be useful for an early detection system for COVID-19.

Comparison of wastewater results against human surveillance data
suggests that SARS-CoV-2 measures in wastewater can provide an
early warning of impending COVID-19 outbreaks. Results showed that
high concentration of SARS-CoV-2 RNA in wastewater samples on a
given day indicates undetected COVID-19 cases. These undetected
caseswill likely be observed 4 days after the observed increase inwaste-
water RNA levels. To fine tune the optimum lag time, wastewater sam-
pling at a higher frequency (daily as opposed toweekly)would facilitate
one-to-one matching of COVID-19 positivity rates with measurements
of SARS-CoV-2 levels in wastewater. It is possible that with daily sam-
pling, the early warning period could be longer than 4 days allowing
more time to identify positive subjects and thereby possibly reducing
disease transmission.

This ongoing study required the integration of field sampling infor-
mation, concentration information, and detection results frommultiple
laboratories that use different technologies and processing protocols.

Image of Fig. 7
Image of Fig. 8
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Although detailed metadata were recorded at each step of sample pro-
cessing, virus quantification, anddata analysis, the specificmetadata pa-
rameters anddescriptionswere not standardized prior to the start of the
project. A considerable effort was therefore spent to manually combine
and harmonize the various sources of information to report the results
of this study. To continue and expand SARS-CoV-2 wastewater surveil-
lance studies and to integrate these resultswith those of other studies to
detect SARS-CoV-2 or other wastewater datasets requires a systematic
approach to metadata standardization and data harmonization
(Stathias et al., 2018; Vempati et al., 2014). We anticipate that sample
processing and analysis methods which integrate metadata standardi-
zation and data harmonization such as those utilized in high throughput
clinical labs can be tailored for use as part of intense wastewater sam-
pling programs used to gauge the health of a community.

Overall, this study showed that the challenges associatedwith track-
ing disease outbreaks associated with the COVID-19 pandemic can be
met through a multi-pronged approach that integrates comprehensive
human surveillance of the disease with environmental surveillance of
the virus. In the case of COVID-19, the RNA of the etiologic agent of dis-
ease, SARS-CoV-2, was found to unexpectedly be excreted in urine and
feces of both symptomatic and asymptomatic people. Although
COVID-19 is a respiratory disease, and it would be expected in respira-
tory fluids, it also has been found inwastewater, allowing for an alterna-
tive approach to detecting early onset of outbreaks by measuring
markers of the pathogen in wastewater. Future work should focus on
expanding techniques and protocols for environmental monitoring of
infectious agents for the purpose of tracking disease outbreaks.
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