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Wastewater surveillance has gained traction during the COVID-19 pandemic as
an effective and non-biased means to track community infection. While most
surveillance relies on samples collected at municipal wastewater treatment
plants, surveillance is more actionable when samples are collected “"upstream”
where mitigation of transmission is tractable. This report describes the results
of wastewater surveillance for SARS-CoV-2 at residence halls on a university
campus aimed at preventing outbreak escalation by mitigating community
spread. Another goal was to estimate fecal shedding rates of SARS-CoV-2 in a
non-clinical setting. Passive sampling devices were deployed in sewer laterals
originating from residence halls at a frequency of twice weekly during fall 2021
as the Delta variant of concern continued to circulate across North America. A
positive detection as part of routine sampling in late November 2021 triggered daily
monitoring and further isolated the signal to a single wing of one residence hall.
Detection of SARS-CoV-2 within the wastewater over a period of 3 consecutive
days led to a coordinated rapid antigen testing campaign targeting the residence
hall occupants and the identification and isolation of infected individuals. With
knowledge of the number of individuals testing positive for COVID-19, fecal
shedding rates were estimated to range from 3.70 logl0 gc - g feces™ to 5.94
log10 gc - g feces™. These results reinforce the efficacy of wastewater surveillance
as an early indicator of infection in congregate living settings. Detections can
trigger public health measures ranging from enhanced communications to
targeted coordinated testing and quarantine.
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1. Introduction

SARS-CoV-2 is the virus responsible for COVID-19 (Coronavirus
Disease 2019). SARS-CoV-2 infection produces less severe illness than
SARS-CoV and MERS-CoV with lower mortality (1, 2). However, the
basic reproduction number (R;) of SARS-CoV-2 is substantially
higher than previous coronavirus epidemics (1). Strong evidence of
airborne transmission largely explains higher transmissibility of
SARS-CoV-2 (3, 4). Additionally, asymptomatic cases of COVID-19
likely promote transmission as individuals can pass the infection
without knowing they are contagious (5, 6). Testing populations
widely is complicated by the fact that clinical testing is expensive and
can overwhelm healthcare resources. Alternate means of ascertaining
disease prevalence has emerged as an important public health goal for
pandemic management.

SARS-CoV-2 can be shed in the digestive tract of infected
individuals and excreted in feces (7, 8). Consequently, SARS-CoV-2
RNA can be detected in untreated wastewater (9) following collection
at wastewater treatment facilities (10, 11). Correlations have been
found between the amount of SARS-CoV-2 viral material in
wastewater and the prevalence of disease within the community
served, (12) with many instances demonstrating that wastewater
surveillance may provide early warning of increases in clinical cases
(12-17).

Testing the footprint of disease within an entire community can
help to inform public health decision making (18). However, testing
wastewater “upstream” of treatment facilities arguably produces more
immediately actionable data that may be used to mitigate disease
transmission (19-21). During the COVID-19 pandemic, wastewater
surveillance of congregate living settings has been adopted by many
universities to assess disease prevalence on campus (22-27). In this
setting, it has been shown to be a cost-effective means of detecting
cases among individuals in high density housing, especially in
comparison with clinical testing protocols (28). Wastewater
surveillance can also warn of outbreaks in other congregate living
settings. This type of “upstream” monitoring has been implemented
in homeless shelters (29) and in long-term care facilities (30) where
early detection and mitigation of transmission is especially important
as the monitored populations are more susceptible to mortality
associated with COVID-19 infection (31).

Upstream sampling modalities can rely on the same
methodologies employed to monitor wastewater at centralized
wastewater treatment facilities where composite samples are collected
by autosampler. This type of sampling does not always lend itself to
upstream locations where practical considerations such as autosampler
deployment and variable flows can preclude sampling. Passive
samplers offer an alternative, especially in logistically challenging
settings where they can detect a single case per 10,000 individuals
(32). Moore Swabs are a class of passive sampling device composed of
absorptive material placed in a flowing medium to continuously filter
particulate material for analysis (33). Moore Swabs have been used in
wastewater surveillance at broad and fine spatial resolutions (i.e.,
monitoring upstream and at the community level) and have been
shown to be equivalent to or outperform grab and composite sampling
(34-36).

In February 2021, the University of Windsor implemented a
program to monitor wastewater in a single residence hall on campus.
During spring 2021, wastewater surveillance likely averted a
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COVID-19 outbreak by detecting an infection using passive samplers
and analysis by RT-qPCR. The detection led to a public health
response which included a testing campaign at the residence and the
eventual quarantine of an infected individual and their close contacts
(20). The campus monitoring program was expanded at the beginning
of the 2021 fall semester to include three residence halls. This report
focuses on a second occurrence in which wastewater surveillance may
have prevented an outbreak. In addition to resulting in an actionable
public health response, data generated provided taxonomic resolution
of the variant of SARS-CoV-2 responsible and estimation of fecal
shedding rates for the variant.

2. Methods
2.1. Sample collection

Passive samplers were deployed once weekly at three campus
residence halls beginning in summer 2021 to establish a baseline prior
to students moving to campus. Beginning in fall 2021, sampling
frequency was increased to twice weekly. Swabs passively interacted
with wastewater for approximately 24 h before they were collected.
Once collected, swabs were placed in sealable plastic bags and
transported to the laboratory on ice for immediate processing.
Samplers consisted of a feminine hygiene product (Tampax Cardboard
Tampons, Regular Absorbency, Procter & Gamble, Cincinnati, OH,
United States) clipped to a carabiner which was attached to the interior
of the rim of a sewer cover via fishing line and a magnet. Duplicate
tampons were placed within each monitored sewer lateral to increase
the volume of liquid absorbed.

2.2. Sample processing

At the laboratory, liquids and solids were expelled manually by
massaging the tampons while still in the sealed plastic bag. A mean
volume of 35mL (SD + 10) was eluted from each swab. The liquid and
suspended solids were decanted into a sterile 50mL conical
polypropylene tube and centrifuged at 4820 x g for 40 min at 4°C. The
supernatant was collected and passed through a 0.22pum Sterivex
cartridge filter (MilliporeSigma, Burlington, MA, United States).
Filters were flash frozen in liquid nitrogen and were stored in liquid
nitrogen at —196°C until extraction. RNA was extracted from the
filters using the AllPrep PowerViral DNA/RNA kit (Qiagen,
Germantown, MD, United States) modified by addition of 5% (v/v)
2-mercaptoethanol to the lysis buffer. RNA was eluted in 50 uL of
RNAse-free water.

2.3. RT-qPCR

Template was analyzed undiluted and diluted 1:5 with RNAse-free
water to relieve PCR inhibition. RT-qPCR targeted the conserved N1
and N2 regions of the nucleocapsid (N) gene of SARS-CoV-2 (37).
RT-qPCR was also performed to evaluate the levels of Pepper Mild
Mottled Virus (PMMoV) within the wastewater as an indicator of
human fecal matter (38-40) using primers and probes described
previously (41). RT-qPCR reactions for SARS-CoV-2 contained 10 pL
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of 2x RT-qPCR master mix (Takyon Dry One-Step RT Probe
MasterMix No Rox; Eurogentec, Liege, Belgium), 5 pL of template and
the remaining 5 pL consisted of forward primer (final concentration
of 300nM), reverse primer (final concentration of 300 nM) and probe
(final concentration of 150nM). All samples were run in technical
triplicates for each target assayed. The thermocycling protocol for each
of the gene targets was consistent. Reverse transcription was
performed for 10 min at 48°C, followed by an enzyme activation step
at 95°C for 3min and 50cycles of denaturation and annealing/
extension at 95°C for 10s and 60°C for 45, respectively. This protocol
was carried out using a MA6000 thermocycler (Sansure Biotech,
Changsha, China). No template controls were included with each
RT-qPCR run and a 7-point standard curve for SARS-CoV-2 derived
from serial dilution of a synthetic RNA standard (Exact Diagnostics,
Fort Worth, TX, USA) was run with each set of samples. A standard
curve for the quantification of PMMoV was generated through serial
dilution of a custom Gblock. All standard curves were made in
RNAse- free water. No amplification was observed for process controls
(extraction blanks) or in no template controls. The LOD of the N1 and
N2 assays is 1 copy-pL™" of template, corresponding to a greater than
95% probability of detection. LOD was determined through analysis
of 20 replicate 7-point standard curves. Standards for each target met
the minimum requirements from Protocol for Evaluations of
RT-qPCR Performance Characteristics: Technical Guidance (slope
from —3.1 to —3.6 and an R? value of at least 0.98) (42).

Samples were also analyzed by RT-qPCR primer extension assay
targeting the mutation D63G on the N gene, which is unique to
sublineages of the Delta (B.1.617.2) variant of concern (43, 44). RNA
extract was diluted 1:5 with RNase-free water and 5 pL of sample was
mixed with 10 pL of 2 x RT-qPCR master mix (Eurogentec), 500 nM
primers and 125nM probe in a final reaction volume of 20 puL. Reverse
transcription was performed for 10 min at 48°C, this was followed by
an enzyme activation step at 95°C for 3 min, 45 cycles of denaturation
and annealing/extension at 95°C for 10s and 55°C for 45s,
respectively. Primer and probe sequences were previously described
(45). To quantify the SARS-CoV-2 viral load, a standard curve was
generated using a synthesized gblock DNA fragment serially diluted
in RNAse-free water (Supplementary Table S1).

2.4. Fecal shedding calculation

Estimation of fecal shedding rates followed an approach previously
described (46) adopting modifications made describing a previous
outbreak on the University of Windsor campus (20). The formula used
to estimate fecal shedding rate was:

_(vcxgxh)
=6

where VC is the estimated concentration of N1 gene found in the
wastewater in gene copies-L™". Q is the approximate flow rate of water
leaving the residence hall in L-min™" and / is a constant that allows the
conversion of units. In the denominator, G is the median per capita
wet weight mass of feces from high income countries (47) and I is the
number of infected individuals contributing to shedding SARS-CoV-2
viral material into the sewer. As in previous work regarding fecal
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shedding, the absolute gene copies-L™" of N1 was calculated using the
median PMMoV (2.32x 10° gene copies-L™") from 17 grab samples
collected in February and March, 2021 (20). This was necessary since
it is challenging to produce accurate estimates of SARS-CoV-2 gene
concentration in the sampled water itself using passive samplers.
However, an accurate back estimation may be made using the ratio
between SARS-CoV-2 and PMMoV gene concentrations found in the
material collected by the passive samplers. This assumes that the
passive sampling device captures PMMoV and SARS-CoV-2 with
equal efficiency. Sample calculations can be found in the
Supplementary Material.

Flow rates were determined by examination of the water usage
within the residence as recorded by a utilities meter within the
building. This method of determining the flow was necessitated by the
challenges associated with mounting a flow meter within the sewer
and the inconsistent flow, which was often too low to be detected by a
flow meter. Since monitoring was conducted at each of the laterals
associated with the building but SARS-CoV-2 was only detected in
one of the two laterals, flow per resident was calculated and adjusted
to reflect the number of residents housed in the north portion of the
building (corresponding to the lateral that tested positive for
SARS-CoV-2).

2.5. Ethics review

The information on the cases described are considered exempt
from ethics review under the Canadian Tri-Council Policy Statement:
Ethical Conduct for Research Involving Humans - TCPS 2 (2018)
Articles 2.4 and 2.5.

3. Results and discussion
3.1. Campus wastewater surveillance

During summer 2021, student residence halls at the University
were minimally occupied with ~30 students residing in one building.
The occupied building was monitored once weekly over the summer
semester with no detections of SARS-CoV-2. The University opened
3 residence halls (hereafter referred to as Residence A, Residence B
and Residence C) in late August 2021. In preparation for the
resumption of occupancy for these 3 buildings, frequency of
wastewater monitoring was increased to twice weekly the week before
students resumed occupancy. A total of 526 students inhabited the 3
residence halls at the beginning of the fall semester. As part of the
University’s Return to Campus initiative, students living in residence
halls were required to have at least 1 dose of a vaccine approved by
Health Canada.

Wastewater testing yielded no detections of SARS-CoV-2 at
residence halls through the beginning of the semester (Figure 1). This
trajectory mirrored the low incidence of COVID-19 in the Windsor-
Essex region at this time (Supplementary Figure S1). It was likewise
consistent with low concentration of SARS-CoV-2 detected in
municipal wastewater following an August-September 2021
resurgence due to the Delta variant of concern (VOC)
(Supplementary Figure S1). Also contributing to the apparent absence
of disease on campus was a relatively low student population housed
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FIGURE 1
SARS-CoV-2 in campus residence hall wastewater plotted as the ratio of gene copies (gc) of SARS-CoV-2:PMMoV against COVID-19 cases in the
Windsor-Essex region by reported date. Sampling the wastewater at 3 residence halls with Moore swabs twice weekly over a 12-week period showed
no detectable SARS-CoV-2 following which detection related to the outbreak described here commenced with a sample collected on November 25,
2021. SARS-CoV-2 remained detectable through December 2 albeit yielding a weak signal on that date (blue star) and RT-gPCR amplification of only
two technical replicates, both yielding Ct values outside the range of the standard curve. Thereafter, SARS-CoV-2 was not detected in campus
residence sewer laterals through the remainder of the fall semester.

in residence halls combined with suspension of most in person classes
during fall semester. Additionally, the University’s vaccination policy
for on-campus students likely helped to reduce the chance of an
outbreak prior to the November-December infections detailed in this
report. Given the regularity in which monitoring was conducted and
the duration of passive sampler deployment, it is unlikely that
surveillance efforts during the fall semester failed to capture cases of
COVID-19 within the residence halls monitored.

Following nearly 3 months of non-detects for SARS-CoV-2, on
November 26, 2021, a wastewater sample collected at Residence A
tested positive with triplicate technical replicates for the N1 gene
region yielding a mean pepper biomarker normalized ratio of
9.4%x107° (£1.4x107°SD; Figure 1). The detection triggered daily
sampling of each residence hall and prompted separate sampling of
sewer laterals serving distinct wings of Residence A allowing spatial
isolation of SARS-CoV-2 signal. Subsequent samples collected from
Residence B, Residence C and Residence A South sewer lateral showed
no SARS-CoV-2 signal (Figure 1). The initial detect of SARS-CoV-2
was followed by a weak signal from a sample collected the following
day where only a single technical replicate amplified for the SARS-
CoV-2NI1 gene target. The reasons for this weak signal are unknown
but the concentration of fecal biomarker from this sample was also
low suggesting that the sample was dilute or that inhibition was
present within the wastewater matrix. Alternatively, the initial infected
individual(s) may not have contributed to the wastewater sampled
either due to irregular defecation patterns (48) and the weak signal
caused by residual SARS-CoV-2 material within the sewer lateral.
Sample placement, timing and duration are important considerations
for accurate monitoring (49). Whatever the reason for the weak detect,
this signal invited the possibility that the initial detect was caused by
a transient visitor rather than an occupant. Therefore, public health
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action was paused while a third sample was collected. Passive samplers
placed on November 27 were collected the following day. Residence
B, Residence C and Residence A South showed no signs of COVID-19
infections. However, the sample collected from Residence A North
yielded a robust SARS-CoV-2 signal with a mean pepper-normalized
SARS-CoV-2 ratio of 9.2x10™* (+£3.6x10™> SD), one order of
magnitude higher than the initial detect (Figure 1). The lower Ct
values associated with this sample as well as the persistence of the
signal over 3 days led to the conclusion that an individual within the
building was likely infected with COVID-19. This information was
communicated to the University leadership and daily sampling was
continued to achieve high temporal resolution monitoring of the
sewage leaving the residence hall. A sample collected on November 30
showed a continued upward trend in SARS-CoV-2 signal intensity at
Residence A North (N1:PMMoV mean 1.8 x 107+ 5.9 x 10~*) with the
biomarker-normalized SARS-CoV-2 ratio having increased by two
orders of magnitude over the initial detection (Figure 1). Viral signal
was absent at all other monitored sites. Daily testing of the wastewater
at all residence halls on campus continued for the next 3 days. The
signal at Residence A North waned rapidly to levels that were
undetectable by December 3. SARS-CoV-2 was not detected in
campus wastewater for the remainder of the semester.

Wastewater monitoring at upstream sites may act as mirrors of
trends within the community (Supplementary Figure S2) (50, 51).
Additionally, variant-specific assays as well as sequencing of variants
within upstream sites can provide insight about variants of SARS-
CoV-2 within the larger population. It is easier to resolve variants in
upstream sewage than sewage from community level wastewater
treatment plants since fewer individuals contribute to the signal.
During the outbreak on campus, the Delta VOC was dominant within
the southwest region of Ontario as confirmed by variant-specific
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RT-qPCR (Supplementary Figure S1), as well as wastewater
sequencing and sequencing of a subset of clinically confirmed cases
(52). The Delta VOC was characterized by increased transmissibility,
higher replication efficiency and viral loads, shorter incubation times
and vaccine evasion (53-55). RT-qPCR analysis conducted on RNA
extracted from the wastewater sample collected at Residence A North
on November 30 showed evidence of the presence of the D63G
mutation in the N gene which is diagnostic of the Delta VOC (43, 44).
Next-Generation sequencing of this sample confirmed that the strain
responsible for the outbreak was likely the Delta sublineage AY.103
(Supplementary Data). Province-wide, this sublineage represented
~20% of reported cases based on sequencing of clinical samples
between epi weeks 45-48 (November 7 to December 4, 2021) only
trailing sublineage AY.25 as the dominant circulating strain in the
province (56). However, within the Windsor-Essex region, sublineage
AY.103 was dominant, accounting for 47.9% of the 885 cases reported
by the health unit over this same period (56).

Wastewater surveillance also facilitated estimates of fecal shedding
rates calculated based on the ratio between gene copies of N1 and
PMMoV for each day of the outbreak. Shedding rates were calculated
for each sample and with different assumed numbers of infected
individuals contributing to the SARS-CoV-2 signal (Table 1). Rates of
shedding increased over the first 5days of the outbreak, likely
corresponding to progression in infection and/or new infections. This
is consistent with literature indicating that viral shedding peaks
4-6 days following infection, coincident with symptom onset (57-60).
In this study we report fecal shedding rates ranging from 3.70 log10
gc - g feces™ to 5.94 logl0 gc - g feces™. This range is lower than
expected given reports of higher viral titres for the Delta VOC (53-55)
but it is similar to what was calculated in a previous outbreak on the
University campus that was attributed to the Alpha VOC (3.93 log10
gc - g feces™ t0 5.99 1og10 gc - g feces™) (20). The reported maximum
of 5.94 1og10 gcg feces™ likely represents a maximal or near maximal
viral load as it was estimated approximately 5days after the initial
SARS-CoV-2 detection (54, 55) and was the peak level measured in
the wastewater stream. Estimates of fecal shedding rates were
indirectly ascertained based on the ratio of SARS-CoV-2:PMMoV
(Supplementary Table S3) in wastewater concentrated from a passive
sampling device and must be cautiously interpreted. Further
uncertainty in the estimate may be attributed to the flow rates used in
the calculation being estimated based on facility water usage. However,
estimated fecal shedding rates largely fall within the range produced
by direct measurement of stool samples of COVID-19 patients

TABLE 1 Calculation of fecal shedding rates.

10.3389/fpubh.2023.1139423

reported in select recent studies, supporting the validity of
approximation methods (Supplementary Table S4). Finally, multiple
studies have shown that not all infected individuals shed SARS-CoV-2
RNA in stool (58, 61).

The vaccination status of the cases in the present outbreak is
unknown but should not influence the viral concentration as the viral
loads for vaccinated and unvaccinated individuals infected with the
Delta VOC are similar (60, 62, 63).Understanding fecal shedding rates
in a more controlled congregate living setting can allow for better
interpretation of community level wastewater surveillance data
especially in estimating the number of cases associated with the
catchment of a particular wastewater treatment plant. This application
is especially important as wide-scale clinical testing waned during the
emergence of the Omicron VOC, and public health has become more
reliant on wastewater data to track the progression of the pandemic
(52). Hence, using small scale studies to determine fecal shedding
rates may aid in more accurate estimation of SARS-CoV-2 caseloads
in the community (64, 65). Some studies have attempted to quantify
SARS-CoV-2 shedding rates with a top down approach by using the
number of reported cases within a population and back calculating
fecal shedding rates by considering the SARS-CoV-2 gene
concentrations within the wastewater collected at treatment facilities
(66). However, these attempts rely on the assumption that case counts
are accurate and do not properly account for loss in signal within the
sewershed from adsorption to solids, oxidation and microbial activity
(67). Thus, outbreaks in upstream monitoring locations offer better
opportunities to calculate fecal shedding rates.

3.2. Public health response

All campus residence hall occupants were messaged on the
evening of November 27 notifying them of the positive wastewater
results at Residence A and reinforcing University COVID-19
protocols including health self-assessments, physical distancing,
hand washing and mask wearing. They were also asked to refrain
from receiving visitors from other residence halls. With continued
positive wastewater results from Residence A North, residents of
this hall were again messaged the morning of November 29
encouraging residents to avail themselves of on-campus COVID-19
rapid testing and informing them of the temporary closure of
common areas in the building. The campus testing center received
35 students on November 30 of which one occupant of Residence

Fecal shedding rate (log10 gc - g feces™)

Persons infected

Date (2021) 1 2 3 4 6 7 8 9 10

11-28 5.62 5.32 5.14 5.02 4.92 4.84 4.78 4.72 4.67 4.62
11-29 5.55 5.25 5.07 4.95 4.85 4.77 4.70 4.64 4.59 4.55
11-30 5.94 5.64 5.46 5.34 5.24 5.16 5.09 5.03 4.98 4.94
12-01 4.93 4.63 4.45 4.33 4.23 4.15 4.09 4.03 3.98 3.93
12-02 4.30 4.00 3.83 3.70 3.60 3.52 3.46 3.40 3.35 3.30

A range of rates were calculated taking into consideration the possible number of infected individuals who contributed to the wastewater stream during this outbreak. Given the immediate
rapid decline of wastewater signal following the removal of the 4 infected individuals identified with rapid tests, it is likely that the number of infected individuals contributing to the signal was
no larger than 4. In addition, rates were calculated for each day of the outbreak based on the change in SARS-CoV-2 signal intensity.
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A North tested positive and was moved, along with a close contact,
to a quarantine floor in a separate building by late afternoon. Two
additional students reported positive tests on December 1 and were
relocated to quarantine by noon that day. Testing was moved
on-site at Residence A on December 1 to attract more students for
testing but resulted in only 2 additional students submitting to
rapid testing. Also on December 1, the Office of Health and Safety
issued an update to the University community alerting all students,
faculty and staff to the evolving situation. On December 2, an
additional positive case was reported who along with 3 close
contacts was relocated to quarantine. On December 4, the
University released a press statement indicating that a total of 4
cases had been detected and identified wastewater surveillance as
the main indicator that triggered the identification of the cases
(68). Several close contacts voluntarily isolated off campus and
their infection status is unknown. No additional cases of
COVID-19 were reported among student residents through to the
end of fall semester in contrast to the winter 2022 semester
(Supplementary Figure S2).

Rapid communication of monitoring data is critical in using
wastewater-based surveillance as a tool to mitigate spread of
COVID-19. A wastewater monitoring program implemented by
the University of California San Diego focused on high frequency
testing and rapid information dissemination to diagnose an
estimated 85% of COVID-19 cases on campus early in the course
of the disease (69). The authors stressed the importance of timely
reporting and coordination between wastewater surveillance
campaigns and clinical testing efforts, an opinion echoed across
upstream monitoring programs (20, 70). In the present case, once
it was confirmed that the SARS-CoV-2 detected within the sewer
lateral for Residence A was not an anomaly, action was taken by
the University in consultation with the local public health unit.
Messaging targeting building occupants encouraged voluntary
testing and reinforced COVID-19 protections and protocols in
effect at the University. Only ~10% of the Residence A occupants
submitted to rapid antigen tests administered on-site. In contrast,
a similar incident on the University campus the previous spring
resulted in a much higher uptake of testing (27). The lower uptake
reported here may be related to pandemic fatigue as adherence to
transmission mitigation policies is prone to decline over time (71,
72). Despite the lower test uptake, this study represents the
successful implementation of wastewater-based surveillance in
coordination with clinical testing to reduce the impact of an
outbreak. Without the application of wastewater surveillance, these
cases may have infected others on campus and within the larger
community (73). Here we demonstrate that wastewater-based
surveillance at fine spatial resolution can produce actionable data.

If the population under surveillance is informed about wastewater
monitoring and trusts the results, clinical testing may not always
be necessary to prevent spread. Instead, promoting awareness of the
likely presence of COVID-19 infections and advising the adoption of
transmission mitigating practices may be enough to curtail outbreaks.
In fact, because of monitoring efforts on campus, signs are now posted
within each of the monitored residence halls to inform students of
wastewater results. Signs are updated on a weekly basis, are color-
coded for easy interpretation, and are designed to encourage behaviors
that reduce the likelihood of the transmission of respiratory infections.
Continued challenges in the use of wastewater surveillance include
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variability in the wastewater matrix leading to quantification issues,
ensuring continued buy-in from administrators, residents, and public
health agencies as well as convalescent shedding that can obscure the
relevancy of signals (especially in larger congregate living settings
where recovering cases and new infections cohabitate) (74). Despite
these challenges, wastewater-based surveillance for monitoring
respiratory and other transmissible infections in congregate living
settings is a promising direction that can produce highly actionable
data for public health agencies and other administrations responsible
for the health of residents. Possible extensions of SARS-CoV-2
surveillance include use of these methodologies to monitor other
respiratory pathogens such as Respiratory Syncytial Virus (RSV) and
Influenza (75, 76).

Data availability statement

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and accession
number(s) can be found at: https://www.ncbi.nlm.nih.gov/genbank/,
0Q180905.

Author contributions

RC-S: conceptualization, methodology, validation, formal
analysis, investigation, and writing- original draft preparation. QG:
methodology, validation, formal analysis, investigation, data curation,
and writing- reviewing and editing. AA and AL: investigation. AP:
formal analysis, investigation, data curation, and writing- reviewing
and editing. KN: formal analysis, investigation, resources, writing-
reviewing and editing, supervision, and project administration. LP:
writing- reviewing and editing, supervision, and project
administration. YT, SM, and JD: resources, writing- reviewing and
editing, supervision, and project administration. RS: conceptualization,
methodology, writing- reviewing and editing, and supervision. RM:
conceptualization, resources, writing- reviewing and editing,
visualization, supervision, project administration, and funding
acquisition. All authors contributed to the article and approved the

submitted version.

Funding

Funding in support of the Ontario Wastewater Surveillance
Initiative was provided by the Ontario Ministry of Environment,
Conservation and Parks. AA and AL were supported by the University
of Windsor Outstanding Scholars Program.

Acknowledgments

The authors acknowledge the contributions of the University of
Windsor Return to Campus Action Group for their support of the
campus wastewater surveillance program. In particular, the authors
thank D. Rawlings and J. McGinlay who provided logistical support
to access residence hall occupancy data and infrastructure
for sampling.

frontiersin.org


https://doi.org/10.3389/fpubh.2023.1139423
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org
https://www.ncbi.nlm.nih.gov/genbank/

Corchis-Scott et al.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated

References

1. Abdelrahman Z, Li M, Wang X. Comparative review of SARS-CoV-2, SARS-CoV,
MERS-CoV, and influenza a respiratory viruses. Front Immunol. (2020) 11:11. doi:
10.3389/fimmu.2020.552909

2. Zeidler A, Karpinski TM. SARS-CoV, MERS-CoV, SARS-CoV-2 comparison of
three emerging coronaviruses. Jundishapur ] Microbiol. (2020) 13:103744. doi: 10.5812/
jim.103744

3. Jarvis MC. Aerosol transmission of SARS-CoV-2: physical principles and
implications. Front Public Health. (2020) 8:590041. doi: 10.3389/fpubh.2020.590041

4. Noorimotlagh Z, Jaafarzadeh N, Martinez SS, Mirzaee SA. A systematic review of
possible airborne transmission of the COVID-19 virus (SARS-CoV-2) in the indoor air
environment. Environ Res. (2021) 193:110612. doi: 10.1016/j.envres.2020.110612

5. He X, Lau EHY, Wu P, Deng X, Wang J, Hao X, et al. Temporal dynamics in viral
shedding and transmissibility of COVID-19. Nat Med. (2020) 26:672-5. doi: 10.1038/
541591-020-0869-5

6. Syangtan G, Bista S, Dawadi P, Rayamajhee B, Shrestha LB, Tuladhar R, et al.
Asymptomatic SARS-CoV-2 carriers: a systematic review and Meta-analysis. Front
Public Health. (2021) 8:8. doi: 10.3389/fpubh.2020.587374

7. Chen Y, Chen L, Deng Q, Zhang G, Wu K, Ni L, et al. The presence of SARS-CoV-2
RNA in the feces of COVID-19 patients. ] Med Virol. (2020) 92:833-40. doi: 10.1002/
jmv.25825

8. Park S, Lee CW, Park DI, Woo HY, Cheong HS, Shin HC, et al. Detection of SARS-
CoV-2 in fecal samples from patients with asymptomatic and mild COVID-19 in Korea.
Clin Gastroenterol Hepatol. (2021) 19:1387-1394.e2. doi: 10.1016/j.cgh.2020.06.005

9. Ahmed W, Angel N, Edson J, Bibby K, Bivins A, O’Brien JW, et al. First confirmed
detection of SARS-CoV-2 in untreated wastewater in Australia: a proof of concept for
the wastewater surveillance of COVID-19 in the community. Sci Total Environ. (2020)
728:138764. doi: 10.1016/j.scitotenv.2020.138764

10. Ahmed W, Bertsch PM, Bibby K, Haramoto E, Hewitt ], Huygens E et al. Decay of
SARS-CoV-2 and surrogate murine hepatitis virus RNA in untreated wastewater to
inform application in wastewater-based epidemiology. Environ Res. (2020) 191:110092.
doi: 10.1016/j.envres.2020.110092

11. Sala-Comorera L, Reynolds L], Martin NA, O’Sullivan JJ, Meijer WG, Fletcher NE.
Decay of infectious SARS-CoV-2 and surrogates in aquatic environments. Water Res.
(2021) 201:117090. doi: 10.1016/j.watres.2021.117090

12. Medema G, Heijnen L, Elsinga G, Italiaander R, Brouwer A. Presence of SARS-
Coronavirus-2 RNA in sewage and correlation with reported COVID-19 prevalence in
the early stage of the epidemic in the Netherlands. Environ Sci Technol Lett. (2020)
7:511-6. doi: 10.1021/acs.estlett.0c00357

13. D’Aoust PM, Graber TE, Mercier E, Montpetit D, Alexandrov I, Neault N, et al.
Catching a resurgence: increase in SARS-CoV-2 viral RNA identified in wastewater 48
h before COVID-19 clinical tests and 96 h before hospitalizations. Sci Total Environ.
(2021) 770:145319. doi: 10.1016/j.scitotenv.2021.145319

14. Peccia ], Zulli A, Brackney DE, Grubaugh ND, Kaplan EH, Casanovas-Massana A,
et al. Measurement of SARS-CoV-2 RNA in wastewater tracks community infection
dynamics. Nat Biotechnol. (2020) 38:1164-7. doi: 10.1038/s41587-020-0684-z

15. Randazzo W, Truchado P, Cuevas-Ferrando E, Simén P, Allende A, Sanchez G.
SARS-CoV-2 RNA in wastewater anticipated COVID-19 occurrence in a low prevalence
area. Water Res. (2020) 181:115942. doi: 10.1016/j.watres.2020.115942

16. Sangsanont ], Rattanakul S, Kongprajug A, Chyerochana N, Sresung M,
Sriporatana N, et al. SARS-CoV-2 RNA surveillance in large to small centralized
wastewater treatment plants preceding the third COVID-19 resurgence in Bangkok,
Thailand. Sci Total Environ. (2022) 809:151169. doi: 10.1016/j.scitotenv.2021.151169

17. Ahmed W, Tscharke B, Bertsch PM, Bibby K, Bivins A, Choi P, et al. SARS-CoV-2
RNA monitoring in wastewater as a potential early warning system for COVID-19
transmission in the community: a temporal case study. Sci Total Environ. (2021)
761:144216. doi: 10.1016/j.scitotenv.2020.144216

Frontiers in Public Health

10.3389/fpubh.2023.1139423

organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fpubh.2023.1139423/
full#supplementary-material

18. Hillary LS, Farkas K, Maher KH, Lucaci A, Thorpe J, Distaso MA, et al. Monitoring
SARS-CoV-2 in municipal wastewater to evaluate the success of lockdown measures for
controlling COVID-19 in the UK. Water Res. (2021) 200:117214. doi: 10.1016/j.
watres.2021.117214

19. Betancourt WQ, Schmitz BW, Innes GK, Prasek SM, Pogreba Brown KM, Stark
ER, et al. COVID-19 containment on a college campus via wastewater-based
epidemiology, targeted clinical testing and an intervention. Sci Total Environ. (2021)
779:146408. doi: 10.1016/j.scitotenv.2021.146408

20. Corchis-Scott R, Geng Q, Seth R, Ray R, Beg M, Biswas N, et al. Averting an
outbreak of SARS-CoV-2 in a university residence hall through wastewater surveillance.
Microbiol Spect. (2021) 9:¢00792-21. doi: 10.1128/Spectrum.00792-21

21. Kotay SM, Tanabe KO, Colosi LM, Poulter MD, Barry KE, Holstege CP, et al.
Building-level wastewater surveillance for SARS-CoV-2 in occupied university
dormitories as an outbreak forecasting tool: one year case study. ACS EST Water. (2022)
2:2094-104. doi: 10.1021/acsestwater.2c00057

22. de Llanos R, Cejudo-Marin R, Barneo M, Pérez-Cataluna A, Barberd-Riera M,
Rebagliato M, et al. Monitoring the evolution of SARS-CoV-2 on a Spanish university
campus through wastewater analysis: a pilot project for the reopening strategy. Sci Total
Environ. (2022) 845:157370. doi: 10.1016/j.scitotenv.2022.157370

23. Gibas C, Lambirth K, Mittal N, Juel MAI, Barua VB, Roppolo Brazell L, et al.
Implementing building-level SARS-CoV-2 wastewater surveillance on a university
campus. Sci Total Environ. (2021) 782:146749. doi: 10.1016/j.scitotenv.2021.146749

24.LuE, AiY, Davis A, Straathof ], Halloran K, Hull N, et al. Wastewater surveillance
of SARS-CoV-2 in dormitories as a part of comprehensive university campus COVID-19
monitoring. Environ Res. (2022) 212:113580. doi: 10.1016/j.envres.2022.113580

25. Mangwana N, Archer E, Muller CJF, Preiser W, Wolfaardt G, Kasprzyk-Hordern
B, et al. Sewage surveillance of SARS-CoV-2 at student campus residences in the
Western cape, South Africa. Sci Total Environ. (2022) 851:158028. doi: 10.1016/j.
scitotenv.2022.158028

26.Scott LC, Aubee A, Babahaji L, Vigil K, Tims S, Aw TG. Targeted wastewater
surveillance of SARS-CoV-2 on a university campus for COVID-19 outbreak
detection and mitigation. Environ Res. (2021) 200:111374. doi: 10.1016/j.
envres.2021.111374

27. Wang Y, Liu P, Zhang H, Ibaraki M, VanTassell ], Geith K, et al. Early warning of
a COVID-19 surge on a university campus based on wastewater surveillance for SARS-
CoV-2 at residence halls. Sci Total Environ. (2022) 821:153291. doi: 10.1016/j.
scitotenv.2022.153291

28. Wright J, Driver EM, Bowes DA, Johnston B, Halden RU. Comparison of high-
frequency in-pipe SARS-CoV-2 wastewater-based surveillance to concurrent COVID-19
random clinical testing on a public U.S. university campus. Sci Total Environ. (2022)
820:152877. doi: 10.1016/j.scitotenv.2021.152877

29. Akingbola S, Fernandes R, Borden S, Gilbride K, Oswald C, Straus S, et al. Early
identification of a COVID-19 outbreak detected by wastewater surveillance at a large
homeless shelter in Toronto, Ontario. Can ] Public Health. (2022) 114:72-9. doi:
10.17269/s41997-022-00696-8

30. Davd L, Segui R, Botija P, Beltran MJ, Albert E, Torres I, et al. Early detection of
SARS-CoV-2 infection cases or outbreaks at nursing homes by targeted wastewater
tracking. Clin Microbiol Infect. (2021) 27:1061-3. doi: 10.1016/j.cmi.2021.02.003

31. Hippisley-Cox J, Coupland CA, Mehta N, Keogh RH, Diaz-Ordaz K, Khunti K,
et al. Risk prediction of covid-19 related death and hospital admission in adults after
covid-19 vaccination: national prospective cohort study. BMJ. (2021) 374:n2244. doi:
10.1136/bmj.n2244

32.LiJ, Ahmed W, Metcalfe S, Smith WJM, Tscharke B, Lynch P, et al. Monitoring of
SARS-CoV-2 in sewersheds with low COVID-19 cases using a passive sampling
technique. Water Res. (2022) 218:118481. doi: 10.1016/j.watres.2022.118481

33. Sikorski MJ, Levine MM. Reviving the “Moore swab”: a classic environmental
surveillance tool involving filtration of flowing surface water and sewage water to

frontiersin.org


https://doi.org/10.3389/fpubh.2023.1139423
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fpubh.2023.1139423/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpubh.2023.1139423/full#supplementary-material
https://doi.org/10.3389/fimmu.2020.552909
https://doi.org/10.5812/jjm.103744
https://doi.org/10.5812/jjm.103744
https://doi.org/10.3389/fpubh.2020.590041
https://doi.org/10.1016/j.envres.2020.110612
https://doi.org/10.1038/s41591-020-0869-5
https://doi.org/10.1038/s41591-020-0869-5
https://doi.org/10.3389/fpubh.2020.587374
https://doi.org/10.1002/jmv.25825
https://doi.org/10.1002/jmv.25825
https://doi.org/10.1016/j.cgh.2020.06.005
https://doi.org/10.1016/j.scitotenv.2020.138764
https://doi.org/10.1016/j.envres.2020.110092
https://doi.org/10.1016/j.watres.2021.117090
https://doi.org/10.1021/acs.estlett.0c00357
https://doi.org/10.1016/j.scitotenv.2021.145319
https://doi.org/10.1038/s41587-020-0684-z
https://doi.org/10.1016/j.watres.2020.115942
https://doi.org/10.1016/j.scitotenv.2021.151169
https://doi.org/10.1016/j.scitotenv.2020.144216
https://doi.org/10.1016/j.watres.2021.117214
https://doi.org/10.1016/j.watres.2021.117214
https://doi.org/10.1016/j.scitotenv.2021.146408
https://doi.org/10.1128/Spectrum.00792-21
https://doi.org/10.1021/acsestwater.2c00057
https://doi.org/10.1016/j.scitotenv.2022.157370
https://doi.org/10.1016/j.scitotenv.2021.146749
https://doi.org/10.1016/j.envres.2022.113580
https://doi.org/10.1016/j.scitotenv.2022.158028
https://doi.org/10.1016/j.scitotenv.2022.158028
https://doi.org/10.1016/j.envres.2021.111374
https://doi.org/10.1016/j.envres.2021.111374
https://doi.org/10.1016/j.scitotenv.2022.153291
https://doi.org/10.1016/j.scitotenv.2022.153291
https://doi.org/10.1016/j.scitotenv.2021.152877
https://doi.org/10.17269/s41997-022-00696-8
https://doi.org/10.1016/j.cmi.2021.02.003
https://doi.org/10.1136/bmj.n2244
https://doi.org/10.1016/j.watres.2022.118481

Corchis-Scott et al.

recover Typhoidal Salmonella Bacteria. Appl Environ Microbiol. (2020) 86:e00060-20.
doi: 10.1128/AEM.00060-20

34. Rafiee M, Isazadeh S, Mohseni-Bandpei A, Mohebbi SR, Jahangiri-rad M, Eslami
A, et al. Moore swab performs equal to composite and outperforms grab sampling for
SARS-CoV-2 monitoring in wastewater. Sci Total Environ. (2021) 790:148205. doi:
10.1016/j.scitotenv.2021.148205

35. Schang C, Crosbie ND, Nolan M, Poon R, Wang M, Jex A, et al. Passive sampling
of SARS-CoV-2 for wastewater surveillance. Environ Sci Technol. (2021) 55:10432-41.
doi: 10.1021/acs.est.1c01530

36. Wilson M, Qiu Y, Yu J, Lee BE, McCarthy DT, Pang X. Comparison of auto
sampling and passive sampling methods for SARS-CoV-2 detection in wastewater.
Pathogens. (2022) 11:359. doi: 10.3390/pathogens11030359

37.Lu X, Wang L, Sakthivel SK, Whitaker B, Murray J, Kamili S, et al. US CDC
real-time reverse transcription PCR panel for detection of severe acute respiratory
syndrome coronavirus 2. Emerg Infect Dis. (2020) 26:1654-65. doi: 10.3201/
€id2608.201246

38. Rosario K, Symonds EM, Sinigalliano C, Stewart ], Breitbart M. Pepper mild
mottle virus as an Indicator of fecal pollution. Appl Environ Microbiol. (2009) 75:7261-7.
doi: 10.1128/AEM.00410-09

39. Zhang T, Breitbart M, Lee WH, Run JQ, Wei CL, Soh SWL, et al. RNA viral
community in human feces: prevalence of plant pathogenic viruses. PLoS Biol. (2006)
4:¢3. doi: 10.1371/journal.pbio.0040003

40. Kitajima M, Sassi HP, Torrey JR. Pepper mild mottle virus as a water quality
indicator. NPJ Clean Water. (2018) 1:1-9. doi: 10.1038/s41545-018-0019-5

41. Haramoto E, Kitajima M, Kishida N, Konno Y, Katayama H, Asami M, et al.
Occurrence of Pepper mild mottle virus in drinking water sources in Japan. Appl Environ
Microbiol. (2013) 79:7413-8. doi: 10.1128/ AEM.02354-13

42. Chik A, Abbey AM, Flemming C, Fletcher T, Ho J, Oke M, et al. Ontario MECP,
Ontario Clean Water Agency. MECP Wastewater Surveillance Initiative, Protocol for
Evaluations of RT-qPCR Performance Characteristics (ISBN 978-1-4868-5481-3 Internal
Laboratory Protocol). 2021

43. Shiehzadegan S, Alaghemand N, Fox M, Venketaraman V. Analysis of the Delta
variant B.1.617.2 COVID-19. Clin Pract. (2021) 11:778-84. doi: 10.3390/
clinpract11040093

44. Kannan SR, Spratt AN, Cohen AR, Naqvi SH, Chand HS, Quinn TP, et al.
Evolutionary analysis of the Delta and Delta plus variants of the SARS-CoV-2 viruses. J
Autoimmun. (2021) 124:102715. doi: 10.1016/j.jaut.2021.102715

45. D’Aoust PM, Tian X, Towhid ST, Xiao A, Mercier E, Hegazy N, et al. Wastewater
to clinical case (WC) ratio of COVID-19 identifies insufficient clinical testing, onset of
new variants of concern and population immunity in urban communities. Sci Total
Environ. (2022) 853:158547. doi: 10.1016/j.scitotenv.2022.158547

46. Schmitz BW, Innes GK, Prasek SM, Betancourt WQ, Stark ER, Foster AR, et al.
Enumerating asymptomatic COVID-19 cases and estimating SARS-CoV-2 fecal
shedding rates via wastewater-based epidemiology. Sci Total Environ. (2021) 801:149794.
doi: 10.1016/j.scitotenv.2021.149794

47. Rose C, Parker A, Jefferson B, Cartmell E. The characterization of feces and urine:
areview of the literature to inform advanced treatment technology. Crit Rev Environ Sci
Technol. (2015) 45:1827-79. doi: 10.1080/10643389.2014.1000761

48. Heaton KW, Radvan J, Cripps H, Mountford RA, Braddon FE, Hughes AO.
Defecation frequency and timing, and stool form in the general population: a prospective
study. Gut. (1992) 33:818-24. doi: 10.1136/gut.33.6.818

49. Anderson-Coughlin BL, Shearer AEH, Omar AN, Litt PK, Bernberg E, Murphy
M, et al. Coordination of SARS-CoV-2 wastewater and clinical testing of university
students demonstrates the importance of sampling duration and collection time. Sci
Total Environ. (2022) 830:154619. doi: 10.1016/j.scitotenv.2022.154619

50. Bitter LC, Kibbee R, Jiménez GC, Ormeci B. Wastewater surveillance of SARS-CoV-2
at a Canadian university campus and the impact of wastewater characteristics on viral RNA
detection. ACS EST Water. (2022) 2:2034-46. doi: 10.1021/acsestwater.2c00060

51. Jain N, Hamilton D, Mital S, Ilias A, Brinkmann M, McPhedran K. Long-term
passive wastewater surveillance of SARS-CoV-2 for seven university dormitories in
comparison to municipal surveillance. Sci Total Environ. (2022) 852:158421. doi:
10.1016/j.scitotenv.2022.158421

52. Arts E, Brown S, Bulir D, Charles T, DeGroot C, Delatolla R, et al. Community
surveillance of omicron in Ontario: wastewater-based epidemiology comes of age. (2022).
Available at: https://europepmc.org/article/PPR/PPR468647

53. Bian L, Gao Q, Gao F, Wang Q, He Q, Wu X, et al. Impact of the Delta variant on
vaccine efficacy and response strategies. Expert Rev Vaccines. (2021) 20:1201-9. doi:
10.1080/14760584.2021.1976153

54. Mlcochova P, Kemp SA, Dhar MS, Papa G, Meng B, Ferreira IATM, et al. SARS-
CoV-2 B.1.617.2 Delta variant replication and immune evasion. Nature. (2021)
599:114-9. doi: 10.1038/s41586-021-03944-y

Frontiers in Public Health

08

10.3389/fpubh.2023.1139423

55. Wang Y, Chen R, Hu E, Lan Y, Yang Z, Zhan C, et al. Transmission, viral kinetics
and clinical characteristics of the emergent SARS-CoV-2 Delta VOC in Guangzhou,
China. EClinicalMedicine. (2021) 40:101129. doi: 10.1016/j.eclinm.2021.101129

56. Ontario Agency for Health Protection and Promotion (Public Health Ontario).
Epidemiologic summary: SARS-CoV-2 whole genome sequencing in Ontario. Toronto, ON:
Science of The Total Environment. (2021).

57. Cavany S, Bivins A, Wu Z, North D, Bibby K, Perkins TA. Inferring SARS-CoV-2
RNA shedding into wastewater relative to the time of infection. Epidemiol Infect. (2022)
150:e21. doi: 10.1017/S0950268821002752

58. Jones TC, Biele G, Mithlemann B, Veith T, Schneider J, Beheim-Schwarzbach J,
et al. Estimating infectiousness throughout SARS-CoV-2 infection course. Science.
(2021) 373:eabi5273. doi: 10.1126/science.abi5273

59. Stankiewicz Karita HC, Dong TQ, Johnston C, Neuzil KM, Paasche-Orlow MK,
Kissinger PJ, et al. Trajectory of viral RNA load among persons with incident SARS-CoV-2
G614 infection (Wuhan strain) in association with COVID-19 symptom onset and severity.
JAMA Netw Open. (2022) 5:¢2142796. doi: 10.1001/jamanetworkopen.2021.42796

60. Garcia-Knight M, Anglin K, Tassetto M, Lu S, Zhang A, Goldberg SA, et al.
Infectious viral shedding of SARS-CoV-2 Delta following vaccination: a longitudinal
cohort study. PLoS Pathog. (2022) 18:e1010802. doi: 10.1371/journal.ppat.1010802

61.van Doorn AS, Meijer B, Frampton CMA, Barclay ML, de Boer NKH. Systematic
review with meta-analysis: SARS-CoV-2 stool testing and the potential for faecal-oral
transmission. Aliment Pharmacol Ther. (2020) 52:1276-88. doi: 10.1111/apt.16036

62. Kandel CE, Banete A, Taylor M, Llanes A, McCready J, Crowl G, et al. Similar
duration of viral shedding of the severe acute respiratory coronavirus virus 2 (SARS-
CoV-2) delta variant between vaccinated and incompletely vaccinated individuals. Infect
Control Hosp Epidemiol. (2022):1-3. doi: 10.1017/ice.2022.124

63. Jung J, Kim JY, Park H, Park S, Lim JS, Lim SY, et al. Transmission and infectious
SARS-CoV-2 shedding kinetics in vaccinated and unvaccinated individuals. JAMA Netw
Open. (2022) 5:€2213606. doi: 10.1001/jamanetworkopen.2022.13606

64. Pan Y, Zhang D, Yang P, Poon LLM, Wang Q. Viral load of SARS-CoV-2 in clinical
samples. Lancet Infect Dis. (2020) 20:411-2. doi: 10.1016/S1473-3099(20)30113-4

65. Lescure FX, Bouadma L, Nguyen D, Parisey M, Wicky PH, Behillil S, et al. Clinical
and virological data of the first cases of COVID-19 in Europe: a case series. Lancet Infect
Dis. (2020) 20:697-706. doi: 10.1016/S1473-3099(20)30200-0

66. Prasek SM, Pepper IL, Innes GK, Slinski S, Ruedas M, Sanchez A, et al. Population
level SARS-CoV-2 fecal shedding rates determined via wastewater-based epidemiology.
Sci Total Environ. (2022) 838:156535. doi: 10.1016/j.scitotenv.2022.156535

67. Petala M, Dafou D, Kostoglou M, Karapantsios T, Kanata E, Chatziefstathiou A,
et al. A physicochemical model for rationalizing SARS-CoV-2 concentration in sewage.
Case study: the city of Thessaloniki in Greece. Sci Total Environ. (2021) 755:142855. doi:
10.1016/j.scitotenv.2020.142855

68. News CBC. COVID-19 outbreak declared at UWindsor residence after four
positive cases CBC news [internet]. CBC. (2021) Available at: https://www.cbc.ca/news/
canada/windsor/university-windsor-residence-outbreak-1.6274778

69. Karthikeyan S, Nguyen A, McDonald D, Zong Y, Ronquillo N, Ren J, et al. Rapid,
large-scale wastewater surveillance and automated reporting system enable early
detection of nearly 85% of COVID-19 cases on a university campus. mSystems. (2021)
6:¢00793-21. doi: 10.1128/mSystems.00793-21

70. Welling CM, Singleton DR, Haase SB, Browning CH, Stoner BR, Gunsch CK, et al.
Predictive values of time-dense SARS-CoV-2 wastewater analysis in university campus
buildings. Sci Total Environ. (2022) 835:155401. doi: 10.1016/j.scitotenv.2022.155401

71. Delussu F, Tizzoni M, Gauvin L. Evidence of pandemic fatigue associated with
stricter tiered COVID-19 restrictions. PLOS Digit Health. (2022) 1:e0000035. doi:
10.1371/journal.pdig.0000035

72. Petherick A, Goldszmidt R, Andrade EB, Furst R, Hale T, Pott A, et al. A worldwide
assessment of changes in adherence to COVID-19 protective behaviours and hypothesized
pandemic fatigue. Nat Hum Behav. (2021) 5:1145-60. doi: 10.1038/s41562-021-01181-x

73.Liu Y, Rocklov J. The reproductive number of the Delta variant of SARS-CoV-2 is
far higher compared to the ancestral SARS-CoV-2 virus. ] Travel Med. (2021) 28:taab124.
doi: 10.1093/jtm/taab124

74. Colosi LM, Barry KE, Kotay SM, Porter MD, Poulter MD, Ratliff C, et al.
Development of wastewater pooled surveillance of severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) from congregate living settings. Appl Environ Microbiol.
(2021) 87:¢00433-21. doi: 10.1128/ AEM.00433-21

75. Mercier E, D’Aoust PM, Thakali O, Hegazy N, Jia JJ, Zhang Z, et al. Municipal and
neighbourhood level wastewater surveillance and subtyping of an influenza virus
outbreak. Sci Rep. (2022) 12:15777. doi: 10.1038/s41598-022-20076-z

76. Hughes B, Duong D, White BJ, Wigginton KR, Chan EMG, Wolfe MK, et al.
Respiratory syncytial virus (RSV) RNA in wastewater settled solids reflects RSV

clinical positivity rates. Environ Sci Technol Lett. (2022) 9:173-8. doi: 10.1021/acs.
estlett.1c00963

frontiersin.org


https://doi.org/10.3389/fpubh.2023.1139423
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org
https://doi.org/10.1128/AEM.00060-20
https://doi.org/10.1016/j.scitotenv.2021.148205
https://doi.org/10.1021/acs.est.1c01530
https://doi.org/10.3390/pathogens11030359
https://doi.org/10.3201/eid2608.201246
https://doi.org/10.3201/eid2608.201246
https://doi.org/10.1128/AEM.00410-09
https://doi.org/10.1371/journal.pbio.0040003
https://doi.org/10.1038/s41545-018-0019-5
https://doi.org/10.1128/AEM.02354-13
https://doi.org/10.3390/clinpract11040093
https://doi.org/10.3390/clinpract11040093
https://doi.org/10.1016/j.jaut.2021.102715
https://doi.org/10.1016/j.scitotenv.2022.158547
https://doi.org/10.1016/j.scitotenv.2021.149794
https://doi.org/10.1080/10643389.2014.1000761
https://doi.org/10.1136/gut.33.6.818
https://doi.org/10.1016/j.scitotenv.2022.154619
https://doi.org/10.1021/acsestwater.2c00060
https://doi.org/10.1016/j.scitotenv.2022.158421
https://europepmc.org/article/PPR/PPR468647
https://doi.org/10.1080/14760584.2021.1976153
https://doi.org/10.1038/s41586-021-03944-y
https://doi.org/10.1016/j.eclinm.2021.101129
https://doi.org/10.1017/S0950268821002752
https://doi.org/10.1126/science.abi5273
https://doi.org/10.1001/jamanetworkopen.2021.42796
https://doi.org/10.1371/journal.ppat.1010802
https://doi.org/10.1111/apt.16036
https://doi.org/10.1017/ice.2022.124
https://doi.org/10.1001/jamanetworkopen.2022.13606
https://doi.org/10.1016/S1473-3099(20)30113-4
https://doi.org/10.1016/S1473-3099(20)30200-0
https://doi.org/10.1016/j.scitotenv.2022.156535
https://doi.org/10.1016/j.scitotenv.2020.142855
https://www.cbc.ca/news/canada/windsor/university-windsor-residence-outbreak-1.6274778
https://www.cbc.ca/news/canada/windsor/university-windsor-residence-outbreak-1.6274778
https://doi.org/10.1128/mSystems.00793-21
https://doi.org/10.1016/j.scitotenv.2022.155401
https://doi.org/10.1371/journal.pdig.0000035
https://doi.org/10.1038/s41562-021-01181-x
https://doi.org/10.1093/jtm/taab124
https://doi.org/10.1128/AEM.00433-21
https://doi.org/10.1038/s41598-022-20076-z
https://doi.org/10.1021/acs.estlett.1c00963
https://doi.org/10.1021/acs.estlett.1c00963

	Actionable wastewater surveillance: application to a university residence hall during the transition between Delta and Omicron resurgences of COVID-19
	1. Introduction
	2. Methods
	2.1. Sample collection
	2.2. Sample processing
	2.3. RT-qPCR
	2.4. Fecal shedding calculation
	2.5. Ethics review

	3. Results and discussion
	3.1. Campus wastewater surveillance
	3.2. Public health response

	Data availability statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note

	References

