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This study evaluates the efficacy of wastewater surveillance (WWS) for the early detection of the Omicron

variant of SARS-CoV-2 in a university setting in Halifax, Canada. Utilizing an allele-specific RT-qPCR assay,

that targets a distinctive Omicron–Lambda mutation (N: P13L; C28311T), we retrospectively analyzed

wastewater samples collected from four university residences between 01 September and 31 December

2021. We analyzed 276 passive wastewater samples from four university residences and 51 composite

wastewater samples from the wastewater treatment facility (WWTF) which is located downstream of the

university. Our findings reveal the presence of the C28311T mutation in wastewater collected before the

clinical identification of the Omicron variant in the province. Retrospective analysis of SARS-CoV-2-positive

samples using the C28311T RT-qPCR assay showed detections in wastewater collected at the university on

05 November 2021 and 06 November 2021 and in the WWTF samples on 26 November 2021. SARS-CoV-

2 N2 RNA was detected in 51 campus samples and 20 treatment facility samples (18 and 39% detection

rate, respectively). The study emphasizes the utility of passive sampling for its cost-effectiveness and

minimal maintenance, enabling rapid testing and prompt health interventions within an institutional setting.

The comparison between the localized approach at the university and the broader community surveillance

at the WWTF illustrates the nuanced understanding provided by targeted WWS. While the WWTF samples

reflect a community-wide perspective with less variability, the university's targeted surveillance captures

localized outbreaks, offering actionable insights for campus management. These findings underscore the

strategic value of integrating passive wastewater sampling into public health strategies for variant detection

and outbreak prevention, particularly in institutional settings with high-density populations.

1. Introduction

Response to COVID-19 has become increasingly complex due
to the emergence of multiple variants of SARS-COV-2, the
virus responsible for COVID-19. These variants emerge
through mutations in the virus's genetic material and while
many mutations have negligible effects, others significantly
increase public health risks.1 In the first two years of the
pandemic, the World Health Organization (WHO) identified

five key variants of concern (VOCs). Among these, Omicron
(B.1.1.529) was first identified in South Africa on 24
November 2021 and was quickly declared a VOC by the WHO
on 26 November 2021.2,3 Subsequent investigations revealed
Omicron's presence in Europe 10 days before the official
identification in South Africa,4 raising questions about its
origin and evolution.5 Retrospective analysis of wastewater in
France,6 and the Netherlands7 revealed the presence of the
Omicron variant in wastewater samples dated back to mid-
November of 2021. These findings predate the initial
identification of the variant in South Africa, suggesting an
earlier-than-anticipated spread of the variant globally. This
early circulation is further evidenced by wastewater
sequencing in Utah, USA which identified the Omicron

100 | Environ. Sci.: Water Res. Technol., 2025, 11, 100–113 This journal is © The Royal Society of Chemistry 2025

Centre for Water Resources Studies, Department of Civil & Resource Engineering,

Dalhousie University, 1360 Barrington Street, Halifax, Nova Scotia B3H 4R2,

Canada. E-mail: Graham.gagnon@dal.ca; Tel: +1 902 494 6070

† Electronic supplementary information (ESI) available. See DOI: https://doi.org/
10.1039/d4ew00350k

Water impact

Wastewater surveillance has emerged as a key tool for monitoring community health during the COVID-19 pandemic. Our study enhances this by
employing passive sampling and novel allele-specific RT-qPCR assays for early, localized detection of the SARS-CoV-2 Omicron variant. This approach paves
the way for scalable and non-invasive monitoring methods, crucial for timely public health responses and broader surveillance applications.
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variant in samples from 19 November 2021, nearly 10 days
before its detection through clinical sequencing. Following
the variant's emergence, prevalence escalated across different
sewersheds from December 2021 into January 2022,
mirroring the uptick in clinically diagnosed cases.8

Omicron is distinguished by its high number of
mutations, contributing to its enhanced transmissibility and
infectivity.9 At the time, these mutations facilitated a rapid
spread of the Omicron variant, leading to significant
increases in case numbers globally, despite the ongoing
vaccination efforts. The variant's emergence and subsequent
dominance highlighted the adaptability of the virus and the
persistent challenges in pandemic management,10 including
the impact of reduced clinical testing capacities, the
prevalence of asymptomatic or mild infections, and general
pandemic fatigue, which all complicated efforts to accurately
monitor and control the spread of the virus.11

Wastewater surveillance (WWS) emerged as a valuable tool
for monitoring SARS-CoV-2 at the population level during the
COVID-19 pandemic,12,13 including its use in the detection of
VOCs like Omicron in community wastewater.11,14,15 Among
the advancements in WWS, passive sampling has emerged as
a particularly promising technique.16 Numerous studies have
utilized passive samplers containing sorptive materials such
as tampons,17,18 cottons buds (q-tips), cotton gauze or
cheesecloth,19,20 electrostatically charged membranes,19–23

and, more recently, materials such as polyvinylidene fluoride
and granular activated carbon have been reported to detect
viruses in wastewater.24,25 Passive sampling offers a
simplified, cost-effective approach for monitoring viral RNA
in wastewater systems, enabling the capture of representative
samples over extended periods without the need for complex
infrastructure or frequent manual sampling.16 The
adaptability and efficiency of passive sampling make it
particularly effective for the timely and sensitive detection of
SARS-CoV-2 within localized community settings, serving as
an early warning tool that compares favourably with
traditional sampling methods.26 Corchis-Scott et al. (2021)
highlights the use of tampon-based samplers to monitor
COVID-19 cases in a university residence outperformed grab
samples.27 Similarly, gauze-based passive samplers targeting
wastewater from a hospital admitting COVID-19 patients
demonstrated more consistent SARS-CoV-2 detections then
grab samples.22 Additional studies have shown passive
samplers can provide comparable data to autosamplers26,28,29

and outperform grab sampling methods in detecting viral
RNA in wastewater.30,31

While the majority of WWS efforts have focused on
collecting samples from wastewater treatment facilities
(WWTFs),32,33 targeted surveillance in specific settings such as
universities, healthcare facilities, and residential communities
can offer valuable insights into the prevalence of current and
emerging VOCs.34–38 These settings enable more efficient
tracking of incident cases and allow interventions to be
implemented promptly upon the detection of the virus in
wastewater systems. University campuses present a unique

opportunity for monitoring COVID-19 infections due to their
geographically diverse student populations, which include
individuals who may travel internationally multiple times
during their academic programs.

A noteworthy implementation of a campus wastewater
monitoring program at Emory University (Atlanta, Georgia) led
to the detection of SARS-CoV-2 from campus facilities, which in
turn facilitated the identification of previously undetected
COVID-19 cases within those premises.39 Likewise, Gibas et al.
(2021) illustrated the efficacy of WWS in emergency response at
the University of North Carolina, where positive viral signals in
campus wastewater prompted a swift action plan.40

Consequently, an overnight lockdown was put into effect
within merely 36 hours of sample collection, with students
undergoing COVID-19 testing the next morning. The study
underscored the high sensitivity of wastewater testing in
detecting asymptomatic carriers, effectively identifying the
presence of an asymptomatic individual in residential
buildings accommodating 150 to 200 students, thus
demonstrating the method's effectiveness in uncovering
asymptomatic COVID-19 cases. Similarly, the University of
Windsor's WWS program effectively prevented an outbreak by
identifying the Alpha variant in wastewater samples, building
on the demonstrated success of similar initiatives.34 Wright
et al. (2022) demonstrated that combining WWS with clinical
testing effectively enhances campus health monitoring,
evidenced by a significant correlation between SARS-CoV-2
RNA in wastewater and clinical COVID-19 tests on a university
campus in the Fall of 2020.41

The objective of this research was to determine the
efficacy of passive sampling techniques in WWS for the early
detection of SARS-CoV-2 VOCs within a localized population.
By leveraging such methodologies, this research seeks to
highlight the potential of wastewater surveillance as a non-
invasive, comprehensive tool for pre-emptively identifying
circulating VOCs, thereby informing public health responses
and mitigating community transmission.

2. Methods
2.1. Description of university residence sampling sites

The university campus where sampling was carried out is
largely surrounded by residential neighbourhoods and is
adjacent to two large teaching hospitals and other health
profession departments. Four university residence buildings
were selected for wastewater monitoring in this study:
residence A, residence B, residence C, and residence D.
During the Fall 2021 semester, the capacity of each residence
was estimated to be 376, 573, 352, and 261 occupants, for
residence buildings A, B, C and D, respectively.42 However,
due to COVID-19 precautions, the university reduced its
residence capacity to 80% for the 2021/2022 academic year.43

These residences were chosen as part of the University's
Health and Safety plan to monitor and detect potential
infections within the residence community during the return
to campus activities for the Fall 2021 period.44 Passive
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wastewater samples were collected at the confluence of two
sewer lines outside of each residence building. Each
sampling point received flow from a sanitary sewer line
directly exiting the target building and flow from a
stormwater sewer line. Because the sanitary sewer line
intersected a stormwater sewer line at the collection point,
the viral target in the collected wastewater samples was
susceptible to dilution during rain or snow melt events.45

Descriptions of each residence sampling location are
provided in the ESI† (Fig. S1).

2.2. Wastewater sample collection

Passive sampling at university residence buildings.
Wastewater samples were collected using a 3D-printed
passive sampler containing 90 mm (0.2 μm pore size)
electronegative filters.30 Two 47 mm diameter filters (0.1 μm
pore size) were used when 90 mm filters were unavailable.
Samplers were deployed in each sewershed for durations
ranging from 24 and 72 h. Hayes et al. (2022) demonstrated
that electronegative filters would achieve close to maximum
adsorption capacity for SARS CoV-2 following 24 h of
exposure to wastewater.21 The variability in deployment
durations was primarily due to the availability of
management staff and operators, as well as logistical
considerations. However, wastewater systems are dynamic
and despite the difference in deployment durations, the data
obtained may be considered semi-quantitative, reflecting
overall changes in viral detections and concentrations
accumulated on the sampler.

Samples were collected at 9:30 AM on each sampling date
and processed the same afternoon. Results were available the
same evening by approximately 5:00 PM. Generally,
wastewater testing results were communicated to the
university within eight hours of sample collection. The first
positive detection of SARS-CoV-2 RNA in any of the residence
building passive wastewater samples resulted in triggering a
daily sampling strategy, and following the persistence of
SARS-CoV-2 RNA detection (≥3 consecutive days of positive
RNA signal) daily wastewater sampling was triggered at all
four residence buildings. Following 3 consecutive days of
positive wastewater signal the university issued
recommendations for more frequent COVID-19 rapid testing
for asymptomatic residents.

A passive sampler was deployed at residence A before the
study period, in January of 2021. At residence C and
residence D, passive samplers were deployed on 05
September 2021 and residence B on 15 September 2021.
Throughout the sampling period, the residence WWS strategy
involved sample collection three times a week on Mondays,
Wednesdays, and Fridays, except when the university was
closed. Samples were routinely collected and immediately
redeployed at 9:30 AM on the day of collection. For safety,
the university's facilities management staff were on-site
during sample collection to lift the manhole covers and to
ensure safe levels within the sewer catchments using

confined space gas monitors. Sampling continued until 23
December 2021, when the university closed for winter break.

Composite sampling at the wastewater treatment facility.
To benchmark campus WWS data, 24 h composite samples
were collected by utility personnel from a WWTF in Halifax,
Nova Scotia, Canada between 01 September and 31 December
2021. All composite wastewater samples were collected from
the influent wastewater stream, post-screening, and pre-grit
removal. Samples did not undergo any additional treatment
before collection. The 1 L wastewater samples were collected
three times per week on Mondays, Wednesdays, and Fridays.
Following collection, the 1 L composite wastewater samples
were transported to the university laboratory on ice and
processed within the same day as sample collection. The
processing method for these samples followed the protocol
described by Parra-Guardado et al. (2021).46 Specifically, a 50
mL aliquot of raw wastewater influent was centrifuged for 5
minutes to obtain a 500 μL pellet. This pellet was eluted with 2
mL of a Tween®20-based elution buffer, and 1 mL of the eluate
was then extracted for RNA using a direct magnetic bead-based
extraction method. The WWTF receives flow from a combined
sewer network that collects the wastewater from residential
and commercial locations, including the university campus
buildings. The facility services an area with an estimated
117000 inhabitants, with a mean influent flow rate of
approximately 108 000 m3 per day. A service map of the
wastewater treatment catchment area is shown in Fig. S2.†

2.3. Reagents and materials

Deionized (DI) water was produced by a Milli-Q system
(Reference A+, Millipore) with a total organic carbon (TOC)
concentration <5 μg L−1 and resistivity of 18.2 MΩ cm−1.
Electronegative filter membranes (4.7 cm, 0.1 μm or 9.0 cm, 0.2
μm cellulose nitrate membrane filters) and ethanol (EtOH)
were purchased from Fisher Scientific (Ottawa, ON, CA). The
viral elution buffer was made using Tween®20 and Tris-HCl
sourced from Sigma Aldrich (Ottawa, ON, CA). The mixture
consisted of 75 μL of Tween®20 and 250 μL of a 0.1 M Tris-HCl
intermediate solution added to DI water for a total volume of
100 mL. Magnetic binding beads (50 g L−1), RNA isolation kits,
and SARS-CoV-2 assay kits were obtained from LuminUltra
Technologies Ltd (Fredericton, NB, CA). Bovine serum albumin
(BSA) used to make a 1 mg mL−1 solution (10 mg lyophilized
BSA in 10 mL DI water) was obtained from Alfa Aesar by
ThermoFisher Scientific (Tewksbury, MA, US). All primers to
detect the C28311T mutation associated with the Omicron
variant were purchased through Integrated DNA Technologies
(IDT, Coralville, IA, USA), and the TaqMan MGB probe was
purchased from ThermoFisher Scientific (Burlington, ON, CA).

2.4. RNA extraction

All passive samples were eluted using 6 mL of 0.075%
Tween®20 + 25 mM Tris HCl-based buffer; 1 mL of this
eluate was used for subsequent RNA extraction. RNA
extraction of influent wastewater and passive sampler filter
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eluate was carried out using a magnetic bead-based RNA
extraction methodology described by Parra-Guardado et al.
(2021) and Hayes et al. (2021), respectively.30,46 Briefly, a 1
mL aliquot from either sample type (composite sample
solids pellet or filter tween-based eluate) was used to
perform the extraction protocol according to the
manufacturer's instructions (LuminUltra Technologies Ltd).
For particularly soiled passive samples, the sampler eluates
would be diluted 1 : 2 with nuclease-free water (NFW) to
mitigate potential inhibition of RNA extraction or RT-qPCR
analysis. Soiled eluates were identified based on visual
inspection for excessive particulate matter. The extracted
RNA (50 μL) was processed using RT-qPCR. Samples from
the WWTF were extracted in duplicates. As the volume of
passive sampler eluates was only 6 mL, samples were
extracted in single aliquots to conserve raw eluates for
subsequent analyses.

2.5. Molecular detection methods

SARS-CoV-2 N2-Gene RT-qPCR assay. All RNA samples for
the monitoring program, including those from passive
samplers and the WWTF, were processed by RT-qPCR on a
GeneCount® Q-96 instrument (LuminUltra Technologies Ltd,
Fredericton, CA). The probe and primer sequences for
targeting the SARS-CoV-2 N2 gene used in this study are
shown in Table 1. The 20 μL reactions were prepared using
the GeneCount SARS-CoV-2 Screening kit (LuminUltra
Technologies Ltd, Fredericton, CA), containing 15 μL of
Master Mix and 5 μL of template RNA. The RT-qPCR Master
Mix utilized for the N2 assay contains MS2 bacteriophage as
an internal amplification control (IAC). Thermocycling
conditions were performed as follows: 15 min at 50 °C, 2 min
at 95 °C, and 45 cycles of 10 s at 95 °C and 45 s at 55 °C; and
a final hold step for 45 s at 55 °C. All RT-qPCR analyses
performed in the GeneCount® Q-96 instrument included at
least two no-template control (NTC) containing NFW. Each
sample was analyzed at a single RNA dilution; if the first
aliquot resulted in a non-detect, a second dilution was

analyzed to minimize the likelihood of false negatives due to
inhibition during analysis.

A positive control, four-point standard curve (102–105

copies per μL) was carried out using a plasmid containing
the target N genes for SARS-CoV-2 (IDT, Coralville, IA, USA)
and a serial 10-fold with NFW (∼2 × 105 copies per μL).
Plasmid control was prepared and stored based on
manufacturer recommendations. All points on the curve were
run in duplicate and averaged to create one standard curve
used to calculate copies per mL through cycle quantification
(Cq) values. The efficiency of the N2 assay standard curve
was ∼96%, with an R2 value of 0.99 and y-intercept of ∼38.4.

SARS-CoV-2 C28311T mutation RT-qPCR assay.
Retrospective analysis of RNA samples was carried out for the
detection of the C28311T allele frequency, a single nucleotide
variant specific for both Lambda and Omicron VOCs using a
GeneCount® Q-96 instrument (LuminUltra Technologies Ltd,
Fredericton, CA).14 The C28311T RT-qPCR assay was
performed using an allele-specific forward primer and probe
combined with the CDC N1 reverse primer.47 The RT-qPCR
assay employed in this study is founded on a primer
extension approach, specifically designed for the detection of
the SARS-CoV-2 Omicron variant C28311T mutation in
wastewater samples. The C28311T RT-qPCR assay targets a
distinctive mutation (N: P13L; C28311T) of the Omicron
variant in the N1 amplicon region, observed in the B.1.1.529
genomes deposited in GISAID in December 2021.48 The
single nucleotide variant, C28311T, during the time of this
study, was present in >97% of B.1.1.529 (Omicron; BA.1 and
BA.2) and C.37 (Lambda) GISAID-deposited sequences and
found in <0.5% of other sequences. Importantly, Lambda
VOC prevalence in Canada throughout the pandemic was
<0.01% (32/239,025 GISAID-deposited sequences as of 12
January 2022).

The sequences of the primers and probes, as well as their
working concentrations, for the C28311T RT-qPCR assay are
shown in Table 1. All C28311T RT-qPCR reactions were
prepared using 3 μL of RNA template in a final volume of 20
μL. The thermocycling parameters were carried out as

Table 1 RT-qPCR oligonucleotides for SARS-CoV-2 detection, including Omicron–Lambda allele-specific primer extension RT-qPCR assay targeting the
N: P13L: C28311T mutation, the SARS-CoV-2 N2 gene, Alpha (B.1.1.7) and Delta (B.1.617) variant mutations. Each oligonucleotide is provided with its
specific sequence and designated working concentration in nanomolar (nM). All primers and probes were purchased through Integrated Technologies
(IDT, Coralville, IA, USA) and stored based on manufacturer's recommendations

Item Sequence type Conc. (nM) Sequence (5′–3′)

C28311T Probe 500 CCAAAATCAGCGAAATGAACT
RP 500 TCTGGTTACTGCCAGTTGAATCTG
FP 125 CCGCATTACGTTTGGTGGACCC

N2 Probe 667 TTACAAACATTGGCCGCAAA
RP 667 GCGCGACATTCCGAAGAA
FP 167 ACAATTTGCCCCCAGCGCTTCAG

Delta (B.1.617) Probe 200 TGGATGGAAAGTGGAGTTTATTCTAGT
RP 500 GGCTGAGAGACATATTCAAAAGTG
FP 500 GTTTATTACCACAAAAACAACAAAAG

Alpha (B.1.1.7) Probe 125 ACCCCGCATTACGTTTGGTGGACC
RP 500 TCTGGTTACTGCCAGTTGAATCTG
FP 500 CATCTAAACGAACAAACTAAATGTCTCT
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follows: 5 min at 50 °C, followed by 20 s at 95 °C, and 45
cycles of 3 s at 95 °C and 45 s at 55 °C. All samples were
assessed in technical duplicates, each run at two separate
RNA dilutions for a total of four reactions per sample. A
6-point standard curve (106–101 copies per μL) was generated
from Twist synthetic SARS-CoV-2 RNA control 48 (B.1.1.529/
BA.1) for C28311T analysis. The standards were prepared in
single-use aliquots through a 10-fold dilution series of the
stock solution (∼1 × 106 copies per μL). The standard curve
had an R2 value of 0.99, an efficiency of 96% and a
y-intercept of 39.1. A total of 70 N2-positive and 142
randomly selected N2-negative samples across all sampling
sites between 01 September and 31 December 2021 were
analyzed using the C28311T assay.

SARS-CoV-2 Alpha (B.1.1.7) and Delta (B.1.617) RT-qPCR
assays. Here, we describe the use of allele-specific RT-qPCR
strategies to target mutations in the N gene of SARS-CoV-2 to
allow for quantification of mutations associated with the Alpha
(B.1.1.7) and Delta (B.1.617) variants of concern. These assays
are capable of discriminating single nucleotide variants in
wastewater samples and, therefore, were employed to
determine the presence or absence of the these variants and
distinguish between the presence of these other strains in
samples that were positive using the Omicron (C28311T) assay.
The Delta variant was chosen as it was the predominant VOC
in Canada before the rapid spread of Omicron in November
2021.49 The Alpha and Omicron variants share a common
mutation: the deletion of the S gene del (69–70).50 However, the
Alpha variant has had a <1% presence in Canada as of 14
November 2021.49 Therefore, assessing the Alpha variant
through specific targeting of a mutation independent of the
Omicron variant (i.e., the D3L mutation, as used in this work)
allowed us to further rule out the potential presence of the
variant in our samples.

The Alpha RT-qPCR assay was carried out based on
previous work by Graber et al., (2021) who implemented
an allele-specific B.1.1.7 allele (D3L) RT-qPCR assay using
a recently designed forward primer combined with the N1
probe and reverse primer (Table 1).51 The D3L forward
primer used for this work incorporates a deletion mutant
(A28271Del) which has been previously described as the
dominant single nucleotide variant in the B.1.1.7 lineage.
The paired non-B.1.1.7 alleles (D3) assay was not
performed in this work, as the work was implemented to
confirm the absence of the B.1.1.7 lineage. RT-qPCR
reactions were prepared with TaqMan® Fast Virus 1-Step
Master Mix (ThermoFisher, Ottawa, Canada) in duplicate
reactions, each with 1.5 μL of RNA template in a final
reaction volume of 10 μL. Thermal cycling conditions were
as follows on the LuminUltra GeneCount® Q96, RT at 50
°C, 5 min, followed by polymerase activation and template
denaturation at 95 °C for 20 s, and 45 cycles of
denaturation (95 °C for 3 s), then annealing/extension (55
°C for 45 s). Each sample set analyzed on the RT-qPCR
was run with at least two positive and negative controls.
Only if the negative and positive controls passed (i.e., Cq

values >40 and 38, respectively) were the sample results
considered acceptable. The positive control (103 copies per
μL) and standard curve utilized a synthetic B.1.1.7 RNA
template (GISAID accession ID EPI_ISL_710528, Twist
Biosciences); an average positive control Ct value of 30.4
was observed. The standard curve assay was performed
with a six-point (101–106 copies per μL) serial dilution of
the B.1.1.7 RNA template using NFW. Efficiencies,
linearity, and y-intercepts were ∼91%, 0.99 and 38.6
respectively for the D3L standard curve.

RT-qPCR for the Delta variant (B.1.617) mutation was
carried out on all RNA positive for N2 from 01 September to
31 December 2021 at the university residence and the region
WWTF sites. The RT-qPCR assay was performed based on the
workflow described by Yaniv et al. (2021),52 each reaction
contained 5 μL of RNA sample with 5 μL TaqMan® Fast Virus
1-Step Master Mix (ThermoFisher, Ottawa, Canada), 7.6 μL of
nuclease-free water, and 0.5 μM of each forward and reverse
primer, and 0.2 μM of probe for a total of 20 μL solution mix
(Table 1). Reactions were performed on the LuminUltra
GeneCount® Q96 instrument under the following thermal
cycling parameter, 5 min at 50 °C followed by 20 s at 95 °C
for reverse transcription and 40 cycles were performed at 95
°C for 3 s followed by 30 s at 60 °C. 60 °C for annealing and
amplification (30 s). All samples, standards and controls were
performed in technical duplicates and the high concentration
between replicates was reported as not all replicates were
detected for each sample. Nuclease-free water served as a
negative control in each RT-qPCR reaction. A known-positive
DNA gene block template (103 copies per μL) functioned as a
positive control (Table S1†). Sample results were only
considered valid if negative and positive controls passed (i.e.,
Cq values >38 and <37, respectively). Using the DNA gene
block template positive control, a six-point (101–106 copies
per μL) standard curve was generated. Through linear
regression of RT-qPCR resulting cycle threshold values
plotted against log copy numbers the amplification efficiency
was determined to be ∼92%, with an R2 value of 0.99 and a
y-intercept of 40.88.

2.6. Quality control

Samples were analyzed for N2 gene detections via RT-qPCR
directly after sample RNA was extracted. Following RT-qPCR
analysis, RNA samples were stored at −80 °C for up to two
months before being retrospectively analyzed for C28311T.
Extraction blanks were included during RNA extraction to
assess contamination during sample processing. All
extraction blanks presented no detectable levels of SARS-
CoV-2 RNA. Furthermore, to minimize contamination during
sample processing, RNA extractions and RT-qPCR analyses
were performed in separate laboratories, each equipped with
a certified biosafety cabinet. NTCs were implemented into
each RT-qPCR assay, and a failed NTC (Cq value ≤38)
resulted in a re-analysis of all samples in the respective run.
To alleviate inhibition, each sample was diluted up to three
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times (1 : 1, 1 : 5 and 1 : 10) using a BSA solution (1 mg
mL−1). An additional criterion for the acceptance of SARS-
CoV-2 results was the passing of the internal amplification
control (MS2 bacteriophage, acquired from LuminUltra
Technologies Ltd). Amplification controls were used to
validate successful amplification in the RT-qPCR reaction,
thereby preventing false negative results that may be caused
by inhibitory compounds. However, under conditions where
the IAC failed, samples that were non-detect for SARS-CoV-2
were re-analyzed by RT-qPCR with RNA dilutions. No
contamination was observed during the study period at any
of the sampling locations.

Standards outlined in minimum information for
publication of quantitative real-time PCR experiments
(MIQE) guidelines53 and environmental microbiology
minimum information (EMMI) guidelines54 were referenced
for evaluating RT-qPCR-based tests (Table S2†). Parra-
Guardado et al. (2021) reported the experimentally
determined method limit of detection (MLOD) of the N2
RNA extraction protocol for heat-inactivated SARS-CoV-2
spiked in wastewater as 5 × 101 gene copies (GC) per mL
and observed N2 RNA concentrations from field samples as

low as 1.7 Gc mL−1.46 The SARS-CoV-2 RNA concentration
of 1.7 GC mL−1 observed by Parra-Guardado et al. (2021)
was selected as the MLOD for all WWTF composite
wastewater samples in this study.46 The recovery efficiency
of the wastewater processing and RNA extraction protocols
were determined to be ∼87% by Parra-Guardado et al.
(2021).46 For wastewater collected via passive samplers, a
SARS-CoV-2 RNA concentration of 89 GC mL−1, as
experimentally determined by Hayes et al. (2022),21 was
designated as the MLOD for this study. The RNA
concentrations below these MLODs were considered non-
detects. A process control to account for varying RNA
extraction efficiencies was not utilized in this study, as
there are no established process controls known which
exhibit similar adsorption characteristics to SARS-CoV-2 for
passive sampling experiments using electronegative filters.
As well, considering the small catchment areas of the
university residence sampling sites in this study, the use of
a fecal indicator was not implemented. Small catchment
areas experience significant daily fluctuations, making
normalization of SARS-CoV-2 signals using fecal indicators
(e.g., PMMoV) ineffective in mitigating viral signal
variability.55,56 These indicators exhibit location-specific
variability and exhibit fluctuations due to the influence of
individual dietary patterns. However, fecal indicators can
still be useful for checking sample integrity and extraction
performance, helping to identify potential outliers.

2.7. Statistical analysis and data reporting

All composite wastewater samples collected from the WWTF
were analyzed for SARS-CoV-2 N2 and C28311T RNA in two
biological replicates, while samples collected via passive
sampling were processed as single aliquots. Two technical
replicates were analyzed for each extracted RNA sample. The
mean target RNA concentration from the technical duplicates
was reported for all sample types analyzed. RNA concentrations
obtained from the WWTF samples are reported as GC mL−1 of
the 1 L composite wastewater sample collected and were
calculated using eqn (1) based on the methods outlined in
Parra-Guardado et al. (2021).46 For samples collected from
passive samplers, RNA concentrations are reported as GC mL−1

of the 6 mL sampler eluate and were calculated using eqn (2).30

Plots were generated using GraphPad Prism version 4.00 for
Windows (GraphPad Software, San Diego, California US) and
RStudio (version 4.2.3), utilizing packages such as tidyverse,
scale, and ggtext.57–59 A two-sample Welch's t-test assuming
unequal variances was performed to compare the slopes of the
linear trends in RNA concentrations between the N2 and
C28311T targets.

RNA Conc: GC mL−1� �
≈ Reaction concentration GC μL−1ð Þ × 50 μL Extraction vol:ð Þ

50 mL original sample vol:ð Þ (1)

RNA Conc: GC mL−1� �
≈ Reaction concentration GC μL−1ð Þ × 50 μL Extraction vol:ð Þ

6 mL original sample vol:ð Þ (2)

3. Results & discussion
3.1. University action plan for campus wastewater monitoring
program

During the Fall 2021 academic semester, the university
implemented a multifaceted public health strategy to ensure
campus safety, which included on-campus vaccination, a
comprehensive WWS program, and an extensive
asymptomatic rapid antigen testing initiative.60,61 Tailored to
university settings, this strategy aimed to mitigate the spread
of COVID-19 on campus.

As part of this strategy, between 01 September and 31
December 2021, 272 passive wastewater samples from four
campus residences, alongside 53 composite samples from
the downstream WWTF, were analyzed. Notably, SARS-CoV-2
RNA (N2 gene) was detected in 51 samples from the
university residences and 20 WWTF samples (Table 2).

Fig. 1 demonstrates the consecutive detections in passive
wastewater samples collected from sewershed locations
outside of the university residence A and residence B, marked
by red and blue dotted lines, respectively. The sudden
increase of detections at residence A and B during October
and November 2021 coincides with the return of students
post-summer break, while a following increase in December
points to an extended phase of transmission within the
university dormitory community, likely exacerbated by
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increased indoor social interactions due to colder weather.
The detection clusters of the N2 gene in November and
December of 2021 played a crucial role in activating the
university's rapid response protocols. The initial detections at
residence A and residence B prompted immediate, campus-
wide testing efforts, leading to the identification of six
COVID-19 cases.62 This underscores the effectiveness of WWS
in supporting public health actions by providing early
warnings of potential outbreaks.

In response to the increased viral load detected in the
residence wastewater samples, where three or more
consecutive viral detections were observed in November and
December 2021, the university launched a targeted
communication and testing strategy. The university reported
to the communities of each residence, targeting all student
residents and support staff, including those in residence life,
operations, custodial, security, and food services. Rapid

antigen test kits were made widely available in residence
lobbies and other strategic high-traffic areas on campus, with
support personnel providing guidance and clear instructions
for follow-up actions. These efforts were instrumental in
identifying an additional 23 COVID-19 cases by 17 December
2021,63 highlighting the importance of integrated surveillance
and response strategies in managing potential outbreaks.

Throughout the semester, the campus completed 2025 in-
person COVID-19 tests and distributed approximately 108 929
self-tests,64 alongside the collection of 273 passive wastewater
samples from sewersheds directly outside the four university
residence buildings. This integrated approach, featuring
WWS as a complementary strategy to other COVID-19
mitigation strategies, mirrors the strategies employed by
numerous institutions worldwide.34,40,65–67 Other studies,
such as those by Betancourt et al. (2021) and Gibas et al.
(2021), emphasize the critical role of sewer sampling within

Table 2 Summary of passive and composite wastewater samples collected from 01 September 2021 to 31 December 2021, at the university residences
(passive) and the WWTF (composite), along with the count of SARS-CoV-2 N2 RNA detections observed at each sampling site

Month

Residence A Residence B Residence C Residence D Total
passive

WWTF

Passive Passive Passive Passive Composite

Sept 0/12 0/6 0/10 0/10 0/38 0/13
Oct 1/16 6/15 0/16 1/16 8/63 7/13
Nov 11/24 1/25 0/25 0/25 12/99 5/13
Dec 11/20 15/19 5/18 0/15 31/72 8/14
Total 23/72 22/65 5/69 1/66 51/272 20/53

Fig. 1 Time series of SARS-CoV-2 (N2 Gene) RNA concentrations in wastewater from the four university residences and the local WWTF (01
September–22 December 2021). Red and blue dotted lines highlight consecutive detections at residence A and residence B, respectively. The
MLODs were ∼89 GC mL−1 for passive samples and ∼1.7 GC mL−1 for composite samples.
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university residences in identifying clusters for targeted
testing and facilitating early isolation to prevent
outbreaks.40,65 However, it is important to acknowledge that
the efficacy of WWS cannot be merely evaluated by the
number of detected cases or the speed of outbreak detection.
Various factors, including campus density, the proportion of
remote versus in-person participation, and adherence to
public health guidelines, may significantly influence the
overall effectiveness of any strategy. At the University of Notre
Dame, the introduction of tampon-based passive samplers
for building-level WWS underscored the complexity of such
interventions. The study highlighted limitations including
methodological performance variability across different
wastewater sources and the potential for non-resident RNA
shedding, complicating data interpretation.17 Likewise,
researchers at the University of Calgary, reported that the
younger demographic's higher asymptomatic rates and
voluntary case reporting further complicated the efficacy of
WWS, emphasizing the critical role of campus dynamics and
public health compliance in shaping the outcomes of these
surveillance efforts.68

3.2. Retrospective Omicron detection in wastewater by allele-
specific RT-qPCR

Following the initial detection of Omicron cases in Nova
Scotia on December 13, 2021,69 we conducted a focused
retrospective analysis on 71 wastewater samples that had

previously tested positive for the SARS-CoV-2 N2 gene in
attempts to detect the Omicron C28311T mutation using an
allele-specific RT-qPCR assay. The singleplex single
nucleotide variant RT-qPCR assay is sensitive to a single
nucleotide variation in the N gene, indicative of the N: P13L
non-synonymous amino acid change, a mutation
characteristic of the SARS-CoV-2 Omicron variant.70 This
retrospective analysis confirmed the presence of the C28311T
mutation in 46/71 wastewater samples collected from
university residences A and B and WWTF locations during
the study sampling period (Fig. 2). Mean RNA concentrations
measured were approximately 1.1 × 107 GC mL−1 for
residence A, ∼3.0 × 106 GC mL−1 for residence B, and 1.3 ×
106 GC mL−1 for the WWTF. The frequent detection of the
C28311T mutation in these wastewater samples indicates that
there was possibly a substantial presence of the Omicron
variant across the sampled locations. This is supported by
research that has demonstrated wastewater to effectively
capture the emergence and dominance of the Omicron
variant, aligning with epidemiological projections.71

Importantly, all 142 N2-gene negative samples, collected
from 01 September and 31 December 2021, lacked the
C28311T mutation, suggesting that the absence of the
mutation is consistent with the negative N2 gene results and
the absence of this mutation circulating during this period.
Additional RT-qPCR analysis for other VOCs using identified
no Alpha (D3L mutation) or Delta (Δ157-158 mutation)
variants in Omicron-positive samples from the university

Fig. 2 Time series of SARS-CoV-2 N2 (red) and Omicron C28311T (blue) gene copies in wastewater from September 2021 to January 2022.
Passive samples from four university residences and composite samples from a WWTF are displayed. Sampling dates are shown on the x-axis, while
the y-axis presents the average concentration in GC mL−1.
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residences. In contrast, 5/20 of the N2-positive samples from
the WWTF showed the Δ157-158 mutation, highlighting
variant diversity in the broader community.

Fig. 2 illustrates the temporal distribution of SARS-CoV-2 N2
RNA and C28311T RNA detections in passive wastewater
samples from four university residences and the influent
stream of a downstream WWTF, spanning from 01 September
2021 to 31 December 2021. The initial detections of the
C28311T mutation in wastewater predated the first clinically
confirmed Omicron cases in the region on 13 December
2021,72 with early C28311T detections emerging from residence
A on 5 November 2021 (average RNA concentration ∼3.6 × 101

GC mL−1), and then at residence B the following day, 6
November 2021 (average RNA concentration ∼4.9 × 102 GC
mL−1). The first C28311T detection at the WWTF was not
observed until 26 November 2021 (RNA concentration ∼7.0 ×
104 GC mL−1). Throughout the study, periods of non-detects
followed by clusters of SARS-CoV-2 RNA detections were
observed at the WWTF for both C28311T and N2 target genes.
As well, the variance between SARS-CoV-2 N2 and C28311T
RNA concentrations at the university residences compared to
the WWTF highlights the influence of different sampling scales
and methods. In this study, composite wastewater samples
from the WWTF generally showed more gradual fluctuations in
viral concentrations over time compared to the university
residences. However, the university residences exhibited
significantly higher RNA concentrations for more N2 and
C28311T. For instance, the WWTF samples displayed a
maximum C28311T RNA concentration of ∼9.1 × 104 GC mL−1

on 15 December 2021, with more consistent and gradual
changes observed throughout the sampling period. In contrast,
residence A showed a surge in C28311T RNA concentrations
with peaks reaching up to ∼2.1 × 107 GC mL−1 on 20 December
2021, while residence B displayed a peak RNA concentration of
∼3.0 × 107 GC mL−1 on 14 December 2021. This pattern can be
attributed to greater dilution effects and population
heterogeneity often noted at WWTF compared to smaller
catchment sampling.73 Whereas, the passive samplers deployed
at the university residences adeptly capture transient surges in
viral load, which may be indicative of acute localized outbreaks
that may be missed when sampling at WWTFs.74,75 However,
the variations in RNA concentrations across sampling sites
may also reflect differences in population density, infection
rates, or sampling methodologies. Nonetheless, the contrast in
detections between sampling locations underscores the
importance of sampling resolution in WWS, suggesting that
passive sampling at a granular level may be critical for early
outbreak detection and targeted public health responses.

The peak C28311T RNA concentration at residence A, on
21 December 2021, suggests the variants escalating presence
on campus since its initial detection in early November 2021.
This trend suggests not only the rapid spread of the variant
but also the possibility of its sustained presence on campus
since early November 2021. However, the marked increase in
RNA levels in December 2021 may reflect a more cumulative
effect of widespread exposure among residents, compounded

by the prolonged shedding of viral RNA in wastewater after
infection, resulting in persistently high viral loads in the
residence's wastewater.76 The Omicron variant has been
characterized to have a lower minimal infective dose
compared to the wild-type SARS-CoV-2 leading to potentially
more rapid transmission and widespread infection.77

Champredon et al. (2024) observed that the Omicron variant's
spread in Canada took less than a month to become
dominant, compared to the three to four months required
for the Delta variant to become the prevalent strain.78

The temporal distribution of SARS-CoV-2 detections offers
valuable insights into the potential epidemiological trends on
campus and the surrounding community during the
sampling period. The episodic fluctuations in viral RNA
concentrations at the university residences align with
potential individual cases or more widespread outbreaks on
campus. For example, residences A and B observed an
increase in N2 gene detections in October 2021, possibly
coinciding with the influx of the student population
returning to campus in September 2021. However, during
this period, detections of the C28311T allele were absent in
all wastewater samples, suggesting the predominance of
other SARS-CoV-2 strains at this time. Conversely, residence
C and D presented the fewest number of N2 detections and
no C28311T detections, possibly due to effective containment
measures or low residence occupancy protocols. The absence
of detections at residences C and D may be attributed to
differences in student population infection rates among the
residents, and varying levels of adherence to health protocols.
While the number of students was unknown in each
residence during the time of study, the university's COVID-19
protocols at the time limited guests in the residences.

While the C28311T RNA concentrations at the WWTF
began to rise sharply in late November 2021 into December
2021, the N2 RNA concentrations showed a more gradual
increase during this period. Statistical analysis comparing
the slopes of the linear trends for RNA concentrations (p =
0.00021) confirmed that the increase in C28311T RNA
concentrations was significantly faster than that of N2 RNA
concentrations during this sampling period. Discrepancies
between the C28311T detections and N2 detections may be a
reflection of the rapid emergence and spread of the C28311T
mutation, or the technical nuances between these RT-qPCR
assays impacting their sensitivity. For instance, the N2 assays
sensitivity may have been impacted by the multiplexing of
the assay with an additional target for internal amplification
control.79 We also noted that inhibitors inherent to
wastewater impacted the assays differently, where the N2
assay often required template RNA to be diluted to 1 : 10
during RT-qPCR reactions to alleviate inhibition, whereas the
C28311T assay required no dilution or only a 1 : 1 dilution.
Additionally, there is potential for the N2 assay to reflect an
N gene dropout effect, where additional mutations may lead
to decreased sensitivity or failure of the assay.80 While there
are no specific reports of the C28311T mutation causing an
N2 dropout, the high mutation rate in the N gene and the
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documented impact of other mutations suggest that it may
be a plausible concern. These factors highlight the
importance of using a multi-target RT-qPCR approach to
ensure comprehensive detection of evolving variants and to
mitigate the risk of false negatives. A limitation of this study
was that additional SARS-CoV-2 targets (e.g., N1 gene) were
not evaluated, which could provide additional insights into
the detections observed in this work. Furthermore, the
absence of public clinical data for the catchment area limited
a more granular analysis of the fluctuating viral signals
observed in this study. However, the utility of integrating
WWS data with broader epidemiological information is
evident. Such integration would be vital for crafting targeted
interventions in the future, specifically during the academic
year's beginning and end, when population densities and
social behaviours may change.

3.3. Significance of C28311T detection and other VOC-associated
mutations in wastewater

The findings from this WWS program indicate the presumptive
presence of the Omicron variant, based on the detection of the
C28311T mutation in Nova Scotia as early as 5 November 2021.
This detection notably precedes the initial identification of the
Omicron variant in South Africa on 24 November 2021.2,3

However, it is important to recognize that the C28311T mutation
targeted in this study is also associated with the SARS-CoV-2
Lambda variant. Although, the presence of the Lambda variant
was low in Canada (<0.01%, 32/239025 GISAID-deposited
sequences as of 12 January 2022) during the study period,81 the
possibility of residual circulation of Lambda or other non-
named variants that share this mutation cannot be entirely
excluded. Therefore, without confirmatory sequencing data the
C28311T mutations observed in this work should be considered
presumptive for the presence of the Omicron variant.

The absence of the Alpha and Delta variants in the
university residence wastewater aligns with observations by
Lee et al. (2021), who identified the predominance of a
singular SARS-CoV-2 strain within an institutional context
during their study period.35 Similarly, research conducted at
the University of Cambridge, UK, demonstrated that the vast
majority of SARS-CoV-2 genomes sequenced from student
samples were part of a single genetic lineage.82 This was
attributed to cases arising from a singular event, such as a
social gathering off-campus, indicating a constrained entry of
the virus into the campus community.

Retrospective wastewater sample analyses have been
instrumental in identifying the presence of VOCs before
confirmation by clinical epidemiological testing. For example,
Joshi et al. (2021) identified Delta variant mutations in untreated
wastewater samples more than a month before variant's clinical
emergence in the region.83 Similarly, early indications of the
Omicron variant were detected in community wastewater
samples across multiple U.S states, with the earliest detection
on November 21, 2021, predating the first clinically reported
Omicron case on December 1, 2021, by the CDC.84 As well, a

study by Novoa et al., (2022) revealed a significant correlation
between the predominant variants identified in wastewater
samples and the individuals testing positive clinically for those
variants within the same geographic region.85 These examples,
along with our observations, substantiate the utility of WWS for
retrospective identification of variants, offering a critical window
for timely public health interventions.

3.4. Limitations and interpretation

While RT-qPCR is recognized for its precision in detecting
SARS-CoV-2, serving as a cornerstone for clinical
diagnostics,86,87 this study extends its application to the
surveillance of SARS-CoV-2 in wastewater, specifically for
targeting the Omicron mutation N: P13L; C28311T. The
development of RT-qPCR assays for identifying mutations
indicative of VOCs in wastewater represents a significant
advancement in viral surveillance.15,51,88–92 Despite its
demonstrated effectiveness, it is important to acknowledge
the inherent limitations of RT-qPCR methods. For example,
RT-qPCR assays are limited to predefined genetic targets,
which may miss novel mutations not incorporated in the
assay. As well, RT-qPCR's sensitivity to primer and probe
designs can also result in missed detections due to minor
genetic variations.93 Although RT-qPCR is valuable for
estimating viral loads, it does not offer the complete
genomic context that sequencing does, limiting the depth
of insight into the viral genome's evolution and interaction
of mutations.

Importantly, the effectiveness of allele-specific RT-qPCR
for detecting SARS-CoV-2 VOCs in wastewater relies on the
validation before implementation to establish the assay's
sensitivity and specificity.94 Equally critical is the adoption of
robust quality assurance and quality control (QA/QC)
measures to uphold the RT-qPCR results reliability.53 Our
study ensured the reliability and accuracy of the allele-
specific RT-qPCR assay for SARS-CoV-2 detection in
wastewater by strictly adhering to QA/QC practices, including
the use of extraction blanks, conducting sample analyses in
dedicated laboratory spaces, internal amplification controls,
positive-template control validation, and routine no-template
controls in RT-qPCR runs.

The sensitivity and cross-reactivity of the C28311T allele
specific RT-qPCR primers used in this study have validated in
previous research, showing negligible cross-reactivity and
providing high confidence in estimating the frequency of the
C28311T mutation, which was shown to be the dominant
circulating Omicron lineage in 2021 and 2022.70 The
C28311T mutations was present in over 97% of the B.1.1.529
(Omicron; BA.1 and BA.2) and C.37 (Lambda) GISAID-
deposited sequences (as of 12 January 2022; http://outbreak.
info), while it is found in less than 0.5% of other sequences.
The cross-reactivity of the allele specific RT-qPCR primers
was further tested against RNA templates containing non-
Omicron/Lambda sequences (i.e., ancestral/wild type, Delta,
and Alpha variant sequences). The C28311T assay performed

Environmental Science: Water Research & Technology Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

8 
 2

02
4.

 D
ow

nl
oa

de
d 

on
 2

02
5/

12
/1

2 
 0

8:
30

:0
1.

 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://outbreak.info
http://outbreak.info
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ew00350k


110 | Environ. Sci.: Water Res. Technol., 2025, 11, 100–113 This journal is © The Royal Society of Chemistry 2025

well across a linear range using Omicron/Lambda RNA
templates, but was unable to amplify until over 1000 gene
copies when using non-Omicron/Lambda template RNA.

While genomic sequencing remains vital for confirming
the presence and identity of VOCs, its application in routine
WWS is hindered by several practical challenges. These
include high operational costs, the necessity for specialized
technical expertise, and extended processing times.88,89

Moreover, the complex nature of wastewater samples,
characterized by their propensity for RNA degradation and
dilution, poses additional complexities for adequate genomic
sequencing methods.95 Given these constraints, allele-
specific RT-qPCR analysis emerges as a viable alternative for
ongoing monitoring of VOC's in wastewater. Although RT-
qPCR may not provide the comprehensive genomic insights
provided by sequencing, when properly validated, its
sensitivity, speed, and cost-effectiveness compared to
sequencing make it a valuable tool for timely viral detection.

4. Conclusions

The utility of WWS in university residences, as demonstrated
in this study, highlights its practicality as an approach to
offer actionable insights for campus health management.
The success of the WWS strategy employed was notably
enhanced through passive sampling techniques, recognized
for their low maintenance, cost-effectiveness, and extended
monitoring capabilities, which played a pivotal role in the
success of this surveillance initiative. This approach enables
the rapid acquisition of test results, facilitating swift
interventions to mitigate the spread of COVID-19 infections
on campus. Additionally, this study revealed the emergence
of the C28311T mutation, associated with the Omicron
variant, through retrospective examination of samples. This
analysis revealed the temporal and spatial variability of the
C28311T mutation across both the university and broader
community's wastewater throughout the study period. The
findings of this study emphasize the value of allele-specific
RT-qPCR assays in deepening our understanding of the
evolutionary dynamics of variants as detected through WWS.
This illustrates the program's capability to provide a better
understanding of COVID-19 dynamics and assist in the
implementation of targeted remedial actions.

5. Research ethics statement for
wastewater surveillance studies

In consultation with the Research Ethics Board (REB) at
Dalhousie University, it was determined that REB review was
not required for research that involves analysis of anonymous
human biological materials (such as municipal waste)
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complies with article 2.4 described in the Tri-Council Policy
Statement: Ethical Conduct for Research Involving Humans
(TCPS 2, 2018).
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