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regulations or behaviours of individuals. The means of three weekly samples collected using 24 h composite auto-
samplers were determined. Viral loads were determined by RT-qPCR, and whole-genome sequencing was used to
charaterize variants of concern (VOC). The dominant VOCs in the three cities were the same but with different propor-
tions of sub-lineages. Sub-lineages of Delta were AY.12, AY.25, AY.27 and AY.93 in 2021, while the major sub-lineage
of Omicron was BA.1 in January 2022, and BA.2 subsequently became a trace-level sub-variant then the predominant

VOC. When each VOC was first detected varied among cities; However, Saskatoon, with the largest population, was
always the first to present new VOCs. Viral loads varied among cities, but there was no direct correlation with popu-
lation size, possibly because of differences in flow regimes. Population is one of the factors that affects trends in onset
and development of local outbreaks during the pandemic. This might be due to demography or the fact that larger pop-
ulations had greater potential for inter- and intra-country migration. Hence, wastewater surveillance data from larger
cities can typically be used to indicate what to expect in smaller communities.

1. Introduction

Wastewater surveillance has been a useful tool to inform public health
officials and the general public within a geographical region about the
state of the pandemic prevalence in their location (Peccia et al., 2020).
Over the past year, wastewater surveillance developed for SARS-CoV-2
has evolved to monitor for several variants of concern (VOCs), including
Alpha, Beta, Gamma, Delta and Omicron (Graber et al., 2021; Yaniv
et al., 2021; Mishra et al., 2021; Ahmed et al., 2021; Izquierdo-Lara et al.,
2021; Peterson et al., 2022; Johnson et al., 2022) and sub-lineages of the
Delta and Omicron VOCs.

Differences in transmissibility have resulted in increased rates of infec-
tion compared to the ancestral strain and other more recent VOCs
(Callaway, 2021; Li et al., 2022; Papanikolaou et al., 2022). The Delta
VOC is characterized by multiple mutations, which sparked concern
about the possibility of partial escape of immune defences from previous in-
fections or the effectiveness of vaccination (Mishra et al., 2021; Ahmed
et al., 2022a; Eyre et al., 2022). Nonetheless, frequencies of severe out-
comes and mortalities in fully vaccinated and boosted populations have
been less compared to unvaccinated or partially vaccinated populations
(Papanikolaou et al., 2022). However, these variants have still resulted in
increased numbers of symptomatic individuals, who in some cases have re-
quired hospitalization and therapeutic interventions. For instance, a study
of Corona Virus disease (COVID-19) case data for Ontario, Canada, from
February to June 2021, showed that the emergence of the Delta VOC re-
sulted in greater rates of hospitalization, admission to intensive care
(ICU), and death (Fisman and Tuite, 2021).

Clinical data from polymerase chain reaction (PCR) and whole-genome
sequencing of individual patients was previously the main metric for mon-
itoring case numbers and emerging variants. However, it is difficult to ob-
tain reliable information on community transmission due to policy
changes across Canada, including decreased availability of clinical testing
of individuals and a move away from PCR testing to rapid antigen tests. Re-
sults of rapid antigen tests are not centrally collected. Also, there has been
an increased number of asymptomatic COVID-positive patients due to in-
creased vaccination rates (Karim and Karim, 2021). Therefore, efficient
and accurate monitoring for emerging variants and overall viral loads in
wastewater are useful for understanding the prevalence of SARS-CoV-2 in
communities. This is particularly true because access to clinical testing
and analytical facilities are prioritized for certain populations at greater
risk for severe outcomes due to infection with COVID-19 (SHA, 2022;
Arts et al., 2022). Hence, accessibility to clinical testing is limited to certain
segments of the population (Covantes-Rosales et al., 2022). Therefore, to
accurately identify and quantify prevalence of SARS-CoV-2 in a population,
including variants of concern, wastewater surveillance appears to be the
most promising public health alternative to individual mass testing. It pro-
vides a rapid, efficient, cost-effective and non-invasive integrative measure
of the entire population, and there are no issues of privacy when samples
are collected from municipal wastewater plants. Previous work has
shown that clinical and wastewater data follow the same trends for Saska-
toon, the largest urban center in Saskatchewan (Xie et al., 2022). Similarly,
the major consensus SARS-CoV-2 genotypes detected in the wastewater
were earlier identical to clinical genomes from the same area (Crits-

Christoph et al., 2021). Therefore, sequencing of VOCs in wastewater is im-
portant where complete sequencing of all clinical cases is not possible.

Here we present the results of monitoring total SARS-CoV-2 RNA in
wastewaters of three cold-region Prairie cities in Saskatchewan of various
sizes, including Saskatoon, Prince Albert, and North Battleford, during a
time when clinical testing became increasingly unavailable to the general
population. A time lag between the arrival of the Omicron VOC among
the three cities provided reliable monitoring to describe progressions of
the fourth and fifth waves of SARS-COV-2 in Saskatchewan that were
driven by the Delta and Omicron VOCs, respectively.

2. Material and methods
2.1. Study area overviews

Three cities in Saskatchewan, Canada, were studied, including Saskatoon
(the most populated city with =300,000 people), Prince Albert (= 43,000
people), and North Battleford (=19,300 people). These are the first, third,
and seventh largest cities in the Province of Saskatchewan, with a population
of approximately 1,181,000. Municipal wastewaters are received and treated
by local municipal wastewater treatment plants (WWTPs) before being re-
leased to the South Saskatchewan (Saskatoon) or North Saskatchewan
(Prince Albert and North Battleford) Rivers. The Saskatoon, Prince Albert,
and North Battleford WWTPs received an average flow of 78, 12, and 4 mil-
lion litres per day, respectively, during the study period (Table S1). One-litre
composite wastewater samples were collected from the primary clarifier in-
fluent using an auto-sampler (60 mL every 15 min over 24 h) and maintained
at 4 °C. The collected samples were transported on ice to the Toxicology
Laboratory at the University of Saskatchewan to be heat-inactivated at
65 °C for 30 min and RNA extracted for qPCR analysis within 24 h. Overall,
samples were received three times a week from each WWTP between August
2021 and January 31, 2022.

2.2. Sample pre-processing, viral enrichment, and wastewater environmental
RNA (WeRNA) extraction

Samples were enriched, concentrated, and RNA extracted as described
previously (Xie et al., 2022) with slight modifications. Briefly, to assess re-
covery during the whole process, synthetic armoured viral particles
(AQHRP; Armoured RNA Quant RNase P, Asuragen, TX, USA) were used
as an internal spiking control for the whole process (Xie et al., 2022). A
freshly diluted 10-pL aliquot (1.0 x 10° gene copies, gc) of the synthetic
viral particles was mixed with 70 mL of raw influent sample. Virus particles
were enriched using the PEG-8000 precipitation method by adding 7 g
PEG-8000 and 1.6 g NaCl to the 70 mL influent sample (Ahmed et al.,
2020a and b). Enriched samples were agitated overnight (12-14 h) at
4 °C on an orbital shaker, with a speed of 10 rpm and angle of 360°) and
then centrifuged at 12,000 x g at 4 °C for 1 h to pellet the virus. After 1 h
centrifuge, the supernatants were removed as much as possible. After pre-
processing, weRNA was immediately extracted from pellets using RNeasy
Power microbiome Kkits following the manufacturer's protocol (Qiagen,
USA). The RNA was eluted with 100 puL AVE buffer (Xie et al., 2022). The
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recovery ratio (RR, Eq. (1)) was calculated to assess the practical perfor-
mance of each batch (Eq. (1)).

CaoHrp,ij

RR[J: x 100 (l)

CaoHRP.EPC

where i and j represent sample and batch IDs, respectively; Caqurp,; is the
concentration of synthethic viral particles of sample i for batch j; Caqrrp,erc,
is the concentration of external positive control (EPC) of batch j. The RR for
this study was approximately 9.60 + 8.04 %, consistent with RR reported
earlier (Xie et al., 2022).

2.3. RT-qPCR assays for detection of viruses and variants of concern (VOCs)

Concentrations of SARS-CoV-2 and AQHRP were quantified by TagMan
RT-qPCR assays. Quantitative VOC assays were adopted based on Twist®
Synthetic (Twist Bioscience, CA, USA) SARS-CoV-2 RNA standards for the
detection of Omicron via N200 assays (Fuzzen et al., 2022) and Delta line-
ages via P681R assay (Thermofisher, CA, USA) (Xie et al., 2022). Synthetic
quantitative RNA standards were confirmed by digital droplet PCR in eight
replicates following the manufacturer's protocol (ddPCR, Bio-Rad Laborato-
ries, CA, USA). Sequences of primers and probes are shown in Table S2; sim-
ilarly, the operation of the RT-qPCR is shown in Table S3 and S4, as
reported earlier (Xie et al., 2022; Fuzzen et al., 2022).

2.4. Next-generation sequencing

Whole-genome sequencing (WGS) of wastewater samples were done at
the Division of Enteric Diseases, National Microbiology Laboratory, Public
Health Agency of Canada (Winnipeg, MB, Canada). The method for se-
quencing was described in https://www.medrxiv.org/content/10.1101/
2021.03.11.21253409v1.full.pdf (Landgraff et al., 2021). cDNA was syn-
thesized using the SuperScript IV First-Strand Synthesis System (Invitrogen,
USA). Tiled amplicons were amplified according to the ArticV3 protocol.
Tiled amplicons were sequenced with MiSeq 300PE V3 chemistry
(Illunima, USA). Mutations were identified on mapping files generated by
SAMtools v 1.7 against a SARS-CoV-2 reference sequence (MN908947.3)
(Danecek et al., 2021; Landgraff et al., 2021). SARS-CoV-2 lineage was
assigned based on coverage of consensus mutations following the Pango
Nomenclature proposal (Xie et al., 2022; Landgraff et al., 2021).

2.5. Statistical analyses

Plots were generated using Origin Pro 2021C (OriginLab Corporation
USA). Viral loads were normalized to concentrations of the artificial sweet-
ener, acesulfame (6-methyl-2,2-dioxooxathiazin-4-one; CAS 33665-90-6)
by dividing numbers of copies of target genes by concentrations of
acesulfame. Daily influent flow rates were used to normalize viral load by
multiplying the gene copies by daily flow rates to obtain gene copies per
day. A normality test was done using Shapiro-Wilk at 5 % decision level.
Correlation coefficients were determined using Pearson correlation (r) or
Spearman correlation depending on if the normality test was accepted or
rejected.

3. Results and discussion

The load of SARS-CoV-2 viral RNA in wastewater can be used to follow
the trajectory of COVID-19 infections in the cities studied (Fig. S1) (Crits-
Christoph et al., 2021; Arts et al., 2022; Xie et al., 2022; Yu et al., 2022).
Delta became the only VOC in the cities studied after it had replaced the
Alpha VOC in June 2021 (Xie et al., 2022), which occurred before the cur-
rent study. The Delta VOC was the only observed variant, with its sub-
lineages detected throughout August until the first week of December
2021 (Fig. 1). Since several sub-lineages of Delta emerged, which were
monitored through whole-genome sequencing (Tables 1-3), it became
clear that the specific sub-lineages circulating in various communities
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Fig. 1. Pattern of viral load in three selected cities in Saskatchewan, including North
Battleford (A), Prince Albert (B), and Saskatoon (C) over the study duration. The
Delta variant (B.1.617 VOC (S_R681 gc/100 mL), S gene, is shown in red, while
the Omicron variant (N_R203K.G204R, gc/100 mL), N gene is shown in green,
and overall viral load, N gene, is shown in black.

might be related to how frequently new people visited the community,
which is a function of the total population and demography of the area. Mi-
gration has already been shown to play an important role in the spread of
SARS-CoV-2 (Chen et al., 2020). Some studies also showed how new
VOCs could enter communities through migration by detecting new VOCs
in wastewaters of airplanes (Ahmed et al., 2022a and b). The emerging
and the dominant, circulating VOCs in each community were monitored
cost-effectively, with limited biases by wastewater surveillance (Ai et al.,
2021). Wastewater surveillance has been a useful tool for monitoring over-
all SARS-CoV-2 RNA and understanding the specific VOCs dominating each
community (Yu et al., 2022).

VOC sub-lineages (Tables 1-3) demonstrated a pattern of occurrence of
the virus lineages and the timing when new sub-lineages became apparent.
Delta VOC and its AY lineages were the dominant VOC in wastewater, driv-
ing the fourth wave. The dominance could be because >75 % of the spike
proteins in the Delta VOC are capable of invading human cells (Wang and
Han, 2022). Delta has 15 mutations of the spike protein, while Omicron
has 32 (CDC, 2022). Hence, it took, Omicron 7 days to replace Delta in
Saskatoon, 15 days in Prince Albert, and it became the dominant VOC on
the first day it was detected in North Battleford. Similarly, it has been
shown that Omicron displaced Delta in Ontario province-wide analysis of
both clinical and wastewater surveillance in only 2 weeks following its
first detection in travellers through clinical genomic surveillance (Arts
et al., 2022). Overall, Delta was displaced by Omicron VOC in less than a
month because of the additional mutations and deletions. The additional
mutations and deletions allow Omicron to have increased transmissibility
(Tables 1-3) (Karim and Karim, 2021).

The total viral load detected by RT-qPCR for the Omicron VOC was 2-
fold greater than that observed for the Delta VOC. The maximum viral
loads for Delta VOC were approximately 125,000, 110,000, and 182,000
gene copies/100 mL for Saskatoon, Prince Albert, and North Battleford, re-
spectively, while the greatest viral loads for Omicron were 201,000,
340,000, and 190,000 gene copies/100 mL, for Saskatoon, Prince Albert,
and North Battleford, respectively. Another study has shown that the viral
load associated with Omicron was very high compared to the earlier viral
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Table 1
Data obtained from whole genome sequencing of wastewater environmental RNA from August 2021 to January 2022 for Saskatoon.
Date Nextclade Pangolin % Breadth ~ Average  Median VOC Number of ~ Frequencies of Number of mutations Additional Delta
Collected (consensus) of coverage depth of  Depth of Detected VvoC reads (> cov 30)  supporting presence of sublineages or VOCs,
(= 5% coverage Coverage (consensus) mutations  with VOC additional VOC VOISs detected in
depth) (consensus) mutation (subconsensus) subconsensus
(consensus) sequences
01/08/2021 21A (Delta) AY.12 93.91 2903.88 - B.1.617.2 (Delta) 13/13 0.9 <3 (only common 1IE
mutations were
detected)
04/08/2021 21A (Delta) B.1.617.2 93.42 2712.42 961 B.1.617.2 (Delta) 10/12 0.83cov<30 = P.1=4(0.1) Possible P.1
12/12 0.97 (Gamma)
(cov <30)
15/08/2021 21A (Delta) AY.4 99.6 6365.48 10,240 B.1.617.2 (Delta) 12/12 0.89 <4 IE
sublineage AY.12
22/08/2021 21A (Delta) AY.4 99.55 5543.97 7060 B.1.617.2 (Delta) 10/12 0.84 <4 IE
sublineage AY.6
02/09/2021 21A (Delta) B.1.617.2 99.6 6385.45 6504 B.1.617.2 (Delta) 13/13 0.97 AY.25 = 2 (~0.24) AY.25
AY.15 = 1(<0.1)
05/09/2021 21A (Delta) B.1.617.2 99.6 5396.24 4696 B.1.617.2 (Delta) 13/13 0.99 AY.25 = 2(0.18) AY.25 (weak signal)
12/09/2021 21A (Delta) B.1.617.2 99.6 6342.31 6567 B.1.617.2 (Delta) 13/13 0.99 AY.25 = 4 (0.37) AY.25
19/09/2021 21J (Delta) B.1.617.2 99.6 6157.97 6342 B.1.617.2 (Delta) 13/13 0.99 AY.25 = 4 (0.26) AY.25, AY.27
AY.27 = 3(0.23)
03/10/2021 21J (Delta) B.1.617.2 99.6 5876.3 5910 B.1.617.2 13/13 1 AY.25 = 2(0.32) AY.25, AY.27
AY.27 = 3(0.27)
13/10/2021 21J (Delta) B.1.617.2 99.57 474291 5408 B.1.617.2 13/13 1.0 AY.25 = 4 (0.26) AY.25, AY.27
AY.27 = 3(0.57)
24/10/2021 21J (Delta) AY.23 93.04 4125.28 4082 Delta sublineage 11/13 0.84 AY.25 = 2(0.55) AY.25, AY.27
AY.23 AY.27 = 3(0.78)
AY.33 = 2(<0.1)
31/10/2021 21J (Delta) AY.9.2 95.31 2391.4 441 AY.9.2 9/12 0.69 AY.25 =1 (0.61) AY.25, AY.27
AY.27 = 1(0.38)
14/11/2021 211 (Delta) AY.27 99.39 3879.32 3450 AY.27 11/13 0.84 AY.25 = 3(0.24) AY.25, AY.93,
AY.93 = 4 (0.11) AY.103
AY.103 =1 (0.31)
24/11/2021 211 (Delta) N_content:0.55 47.18 414094 0 211 (Delta) 9/13 0.69 AY.25 = 1(0.25) AY.25,
AY.27 = 1(0.12) AY.27
08/12/2021 21J (Delta) N_content:0.66 35.21 3692 0 21J (Delta) 5/12 0.38 AY.25 = 2(0.38)
17/12/2021 21J (Delta) N_content:0.85 16.81 548.38 0 21J (Delta) 3/13 0.23 <4 IE
26/12/2021 21K (Omicron) BA.1 96.94 11,4182 3739 BA.1 (Omicron) 36/51 0.58 Delta = 10/13 (0.27) AY.53
AY.53 = 1 (0.15)
02/01/2022 21K (Omicron) BA.1 99.57 13,755.92 5132 BA.1 (Omicron) 48/51 0.64 BA.2 = 3(37/60)-0.37 Moderate presence
Delta = 11 (0.23) of 3 BA.2 mutations
AY.25/AY.25.1 = Low presence of Delta
5(0.1) (AY.25/AY.25.1)
09/01/2022 21K (Omicron) BA.1 99.29 14,499.08 5575 BA.1 (Omicron) 51/51 0.96 Delta = 4 (< 0.1) Trace presence of 4
Delta mutations
23/01/2022 21K (Omicron) BA.1 98.65 98.65 98.65 BA.1 (Omicron) 51/51 0.94 BA.2 = 14/28 (0.12) Low presence of BA.2
Delta = 4 (0.16) Low presence of Delta
30/01/2022 21K (Omicron) BA.1.1 98.41 9983.54 4365 BA.1.1 (Omicron)  50/51 0.95 BA.2 = 10(<0.1) Trace presence of

BA.2

IE - Insufficient evidence; () - frequencies of reads for mutations supporting subconsensus sequences.

loads from Alpha, Delta, and Beta (Covantes-Rosales et al., 2022). This
large load of virus particles observed for Omicron could directly relate to
its increased rate of infection because of its ability to infect vaccinated peo-
ple. Interestingly, some studies have found that vaccination efficacy de-
creased with time (Levine-Tiefenbrun et al., 2021), hence increasing the
possibility of re-infection (Neto et al., 2022). However, it is not clear if
the rates of shedding viruses by people infected with Omicron are greater
or lesser than that of Delta. Nevertheless, it has been reported that the dou-
bling time for Omicron was 1 to 2 days, compared to 1 to 5 days for Delta
(Karim and Karim, 2021). Furthermore, the proportion that was Omicron
was also estimated to have an initial doubling time of 3.2 days (95 %
CI = 3.1-3.4 days), faster than those of Delta (7.2 days; 95 % CI =
7.0-7.4 days) (Lambrou et al., 2022). Similarly, it was documented that
Omicron can cause re-infection at the rate of 2.39 compared to Beta and
Delta; therefore, the majority of people previously infected with other var-
iants might be at risk of being infected again by the Omicron VOC (Ahmed
et al., 2022a).

Consensus and sub-consensus genome matches from results of sequenc-
ing aligned well with the publicly available Omicron genomes, and

therefore assignments could be made to either BA.1 or BA.2. In January
2021, the major subvariants of Omicron were BA.1 and BA.1.1, although
trace amounts of BA.2 were detected infrequently and identified by sub-
consensus sequence (Tables 1-3). The mutations with coverage >30 %
were considered consensus (Izquierdo-Lara et al., 2021). The consensus se-
quence represented the predominant lineages in the study areas but might
not give the complete picture of other lineages in trace amounts, which
might soon become the main lineages (Crits-Christoph et al., 2021). The
breadth of coverage was generally >97 %, except on a few occasions
(Table 1-3), but 100 % breadth of coverage was needed to have complete
consensus viral genomes (Crits-Christoph et al., 2021). The sub-consensus
sequence helped identify lineages present in trace amounts as they were
too rare to be seen in the consensus sequence. Thus, the BA.2 sub-lineage
and AY-lineages, which were not seen by consensus, were detected at
trace, low, and moderate prevalence.

Monitoring the sub-lineage circulating is important because it might
help understand the risk of hospitalization or mortality (Nyberg et al.,
2022). Several sub-lineages of the Delta VOC were evident in the three
cities (Tables 1-3). >250 AY lineages have been detected worldwide
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Table 2
Data obtained from whole genome sequencing of wastewater environmental RNA from August 2021 to January 2022 for Prince Albert.
Date Nextclade Pangolin % Breadth  Average  Median = VOC Number of  Frequencies of ~ Number of Additional Delta
Collected (consensus) of coverage depth of  Depth of Detected voC reads (> cov mutations sublineages or VOCs,
(= 5x coverage Coverage (consensus) mutations  30) supporting presence  VOIs detected in
depth) (consensus) with VOC of subconsensus sequences
mutation additional VOC
(consensus) (subconsensus)
04/08/2021 21A (Delta) AY.4 98 3444.43 1289 B.1.617.2 (Delta) 10/12 0.61 B.1.1.7 = 4 (<0.1) Confirmed P.1 (Gamma)-
sublineage AY.12 12/12 (cov cov<30 = P.1 =16 (0.17) weak
<30) 0.99 Possible B.1.1.7 (Alpha)
11/08/2021 21A (Delta) B.1.617.2 98.61 5949.44 8666 B.1.617.2 (Delta) 11/12 0.89 <4 IE
23/08/2021 21A (Delta) B.1.617.2 99.6 4270.86 3396 B.1.617.2 (Delta) 10/12 0.84 <4 IE
30/08/2021 21A (Delta) B.1.617.2 98.61 5306.34 4909 B.1.617.2 (Delta) 13/13 0.99 AY.25 = 2(<0.1)  AY.25 (weak signal)
06/09/2021 21A (Delta) B.1.617.2 99.41 5755.65 5254 B.1.617.2 (Delta) 12/13 0.91 AY.25 = 2AY.25.1 AY.25 (weak signal)
=1(<0.1)
13/09/2021 21A (Delta) N_content:0.64 38.17 1384.15 2 21A (Delta) 7/13 0.54 <3 IE
04/10/2021 21J (Delta) B.1.617.2 98.61 5705.11 5627 B.1.617.2 12/13 0.92 AY.25 = 4(0.16) IE
11/10/2021 21J (Delta) AY.39 99.39 3966.28 3495 AY.39 11/13 0.84 AY.4 =1(0.14) IE
22/10/2021 21J (Delta) AY.93 99.33 4396.12 4682 AY.93 11/13 0.84 AY.27 = 3(0.36) AY.25
AY.25 = 1(<0.1)
22/10/2021 21J (Delta) B.1.617.2 99.57 3807 3345 B.1.617.2 (Delta) 13/13 1.0 AY.15 = 1(<0.1) AY.25,AY.27
AY.25 = 4(0.33)
AY.27 = 2(0.31)
15/11/2021 21J (Delta) N_content:0.41 74.48 1662.91 140 21J (Delta) 9/12 0.69 AY.27 = 2(0.15)  AY.27,AY.93, AY.5.2.
AY.93 = 2(0.5)
AY.5.2 =1 (0.38)
29/11/2021 21I (Delta) N_content:0.55 45.85 2864.19 0 211 (Delta) 11/13 0.78 AY.103 = 1 (0.65) AY.103
10/12/2021 21I (Delta) AY.27 99.58 17,582.41 5403 AY.27 11/13 0.85 <4
04/01/2022 21K (Omicron) B.1.1.529 98.81 13,699.9 4514 BA.1 (Omicron) 46/51 0.58 BA2 =4 Moderate presence of 4
(34/60)-0.34 BA.2 mutations
Delta = 13 (0.3) Moderate presence of Delta
AY.27 = 6(<0.1) (trace presence of AY.27)
24/01/2022 21K (Omicron) BA.1.1 98.89 98.89 98.89 BA.1.1 (Omicron) 50/51 0.81 BA.2 = 3/28 Trace presence of BA.2
(<0.1)
31/01/2022 21K (Omicron) BA.1.1 98.78 17,763.47 9845 BA.1.1 (Omicron) 51/51 0.97 <4

(CDC, 2022); however, only 15 different types were sequenced in this
study, out of which 10 were detected in consensus and 5 in sub-consensus
sequences. The sub-lineages detected in the consensus sequence were
AY.4, AY.12, AY.6, AY.23, AY.9.2, AY.39, AY.93, AY.27, AY.70, AY.74,
and in sub-consensuses sequences were AY.25, AY.25.1, AY.103, AY.4.1,
and AY.53. The sub-lineages found in the three cities were AY.12, AY.25,
AY.27, and AY.93 (Fig. 2). These AY lineages are different from the charac-
teristics AY lineages found in Brazil (AY.99.2, AY.43, AY.101, AY.34.1,
AY.43.1, AY.43.2, AY.46.3, AY.100, AY.99.1, AY.36) (Gularte et al.,
2022). Similarly, they are different from the signature AY-lineages found
in Sir Lanka (AY.104 and AY.28) (Ranasinghe et al., 2022). In addition to
the AY-lineages found in all three cities, some different sub-lineages were
found in each city (Fig. 2). These included AY.4, AY.6, AY.23, AY.9.2,
AY.53, and AY.103 in Saskatoon; AY.4, AY.5.2, and AY.39 in Prince Albert;
and AY.103, AY.70, AY.4.1, and AY.74 in North Battleford. The mean depth
of coverage, the number of mutations, and the read frequencies were all
considered to confirm the assignment of consensus VOC or lineages.
When the coverage was <30, lineage was only assigned when the number
of mutations counted tallied the maximum number of mutations for the
VOC. Overall, VOCs or sub-lineages with low read frequencies were not
considered as possible VOCs or sub-lineages in either consensus or sub-
consensus. For example, AY.33, AY.21, and AY.15 had 2, 1, and 1 number
of mutations, respectively, but their number of reads was too low to be
assigned.

The week and duration of the dominance of each of the AY-lineages are
summarized in Tables 1-3. Each of these AY-lineages is typical to a partic-
ular area or country; for example, AY.5.2 is called the Portugal lineage even
though the percentage in most countries are as follows: Belgium 43.0 %,
Portugal 38.0 %, United Kingdom 6.0 %, France 3.0 %, Netherlands 2.0
% (CDC, 2022). It is not surprising that AY.25 and AY.27 are present in
the three cities and are the dominant AY-lineages given AY.25 is primarily
a United States lineage at 97.0 % (Argentina 1.0 %), while AY.27 is a Cana-
dian lineage with Canada 99.0 % (USA 1.0 %) (CDC, 2022). Sri Lanka was

reported to be the origin of AY.28 and AY.104 found worldwide
(Ranasinghe et al., 2022). Therefore analysis of lineages might be used to
determine how infected people from different countries moved the virus
into other countries (Nemudryi et al., 2020; Rambaut et al., 2021).

All the clades before the second week of December 2021 were charac-
teristic of the Delta variant, with the predominant clades observed in the
three cities being 21A, 21 J, and 211 (Tables 1-3), with each of these occur-
ring in different months (Tables 1-3). However, in early August, the North
Battleford WWTP still presented 20B associated with the Alpha variant.
21A was the major clade in August and the first three weeks in September
before transitioning to 21J. The clade 21J has been described to have all the
mutations of the 21A clade with an additional mutation in N gene (Gularte
et al., 2022). This justifies its ability to replace 21A clade.

Omicron was first detected in Saskatoon wastewater before it was de-
tected in wastewater of the other two smaller communities. It was detected
on December 12, 2021, in Saskatoon, December 15 in Prince Albert, and
December 29 in North Battleford. The discovery of Omicron in Saskatoon
first before other cities might be because the city has a major airport,
where most travellers arriving in the province first land before moving to
the other areas. The city of Saskatoon also has a University, a Polytechnic,
and many schools. Saskatoon is the commercial and industrial hub of the
province. Closure of Universities and schools has been implicated to re-
duced the level of SARS-CoV-2 RNA in wastewater (Stephens et al.,
2022). The presence of travellers and visitors in cities has been linked to
the large Omicron viral load in Alberta wastewater (Hubert et al., 2022).
Similarly, Omicron was reported in aircraft wastewater travelling between
two countries (Ahmed et al., 2022a; Ahmed et al., 2022b). Therefore, cities
with airports that receive travellers frequently have the potential to develop
new VOCs first, and other new diseases compared to more remote commu-
nities. North Battleford was the last city where Omicron was detected be-
cause the population in the city was the least, and the possibility of
community transmission in a smaller city is less than in more crowded cities
with greater population densities. This observation is similar to an earlier
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Table 3
Data obtained from whole genome sequencing of wastewater environmental RNA from August 2021 to January 2022 for North Battleford.
Date Nextclade Pangolin % Breadth of Average  Median VOC Number of Frequencies ~Number of mutations Additional Delta
Collected (consensus) coverage depth of  Depth of Detected VOC of reads supporting presence of sublineages or
(=5x% coverage Coverage (consensus) mutations (> cov 30) additional VOC VOCs,
depth) (consensus) with VOC (subconsensus) VOIs detected in
mutation subconsensus
(consensus) sequences
06/08/2021 20B None 49.54 1176.78 2 None detected n/a n/a B.1.1.7 = 4 (0.21) Possible B.1.1.7
B.1.617.2 = 2 (<0.1) (Alpha)
20/08/2021 21A (Delta) B.1.617.2 98.98 4986.72 5603 B.1.617.2 (Delta) 10/12 0.84 <4 1IE
sublineage AY.6
30/08/2021 21A (Delta) B.1.617.2 99.6 6319.17 6650 B.1.617.2 (Delta) 13/13 0.99 AY.25 = 2(0.14) AY.25 (weak signal)
AY.21 = 1(0.18)
03/09/2021  21A (Delta) B.1.617.2 99.6 4648.12 3777 B.1.617.2 (Delta) 11/13 0.84 AY.25 = 2(<0.1) AY.25 (weak signal)
09/09/2021 21A (Delta) AY.12 97.71 5627.37 5480 Delta sublineage 11/13 0.84 AY.25 = 4(0.13) AY.25 (weak signal)
AY.12
16/09/2021 21J (Delta) B.1.617.2 98.72 5194.09 4595 B.1.617.2 (Delta) 11/13 0.84 AY.25 = 2(0.11) AY.25
AY.27 =1<0.1)
03/10/2021 21J (Delta) B.1.617.2 99.6 6164.71 6232 B.1.617.2 13/13 1 AY.25 = 4(0.16) 1IE
AY.27 = 3(0.15)
09/10/2021  21J (Delta) AY.39 99.52 5031.35 5945 AY.39 11/13 0.85 <4 IE
22/10/2021 211 (Delta) B.1.617.2 99.57 4949.38 5961 B.1.617.2 11/13 0.84 AY.25 = 2(0.19) AY.25, AY.27
AY.27 = 3(0.68)
24/10/2021 21J (Delta) B.1.617.2 99.57 5234.73 6593 B.1.617.2 (Delta) 13/13 1.0 AY.25 = 3(0.18) AY.25, AY.27
AY.27 = 3(0.22)
12/11/2021 21A (Delta) AY.70 85.12 3017.02 1311 AY.70 7/13 0.54 AY.25 = 1(0.18) AY.25, AY.27,
AY.27 = 1(0.38) AY.93
AY.93 = 1(0.72)
26/11/2021 211 (Delta) AY.74 91.33 6001.55 2523 AY.74 11/13 0.85 AY.4.1 =1(0.5) AY.4.1
11/12/2021 211 (Delta) AY.27 89.34 7322.47 1723 AY.27 11/13 0.84 AY.103 = 1 (0.35) AY.103
AY.25 = 1(0.21) AY.25
03/01/2022 211 (Delta) AY.27 99.6 16,478.08 7917 AY.27 (Delta) 13/13 0.73 Moderate presence of BA.1
(Omicron)
21/01/2022 21K (Omicron) BA.1 98.69 98.69 98.69 BA.1 (Omicron) 50/51 0.9 BA.2 = 27/28 (0.41) Moderate presence
Delta = 3 (0.16); 2 mutations ~ of BA.2
overlap with Omicron Trace presence of
Delta
28/01/2022 21K (Omicron) BA.1 98.65 12,386.05 7772 BA.1 (Omicron) 50/51 0.77 BA.2 = 27 (0.42) Moderate presence
of BA.2

report where two large Alberta cities, Calgary and Edmonton, exhibited a
more rapid emergence of Omicron relative to the smaller and more remote
Alberta municipalities of Brooks and Taber (Hubert et al., 2022). Therefore,
larger cities with a greater influx of travellers and greater population
densities have a greater risk of observing new lineages or variants (Arts
et al., 2022).

When viral loads were normalized to concentrations of the artificial
sweetener “acesulfame”, no changes were observed in the trend of the
viral load (Fig. 3). The Spearman correlation coefficients (r) between

Saskatoon AVA41
AY.6 AY.103 AY.70
AY.9.2 AY.74  North
AY.23 AY.12 Battleford
AY.53 AY.25
AY.27
AYA P
AY.52
AY.39
Prince Albert

Fig. 2. Comparisons of AY lineages sequenced in the three study cities between
August 2021 and December 2022.

unnormalized data and the gene copies normalized by acesulfame were
r = 0.986 (p < 0.0001), 0.975 (p < 0.0001), and 0.978 (p < 0.0001) for
Saskatoon, Prince Albert, and North Battleford, respectively. This lack of
changes in trend might be because acesulfame was stable during the
study period (Fig. S2). Acesulfame was better than pepper mild mottle
virus or concentrations of creatinine or ammonia as indicators of popula-
tions contributing wastes to WWTPs and can be used to correct for effects
of dilution (Xie et al., 2022). Hence, the population served by the WWTPs
during the study period was relatively constant. Thus, normalization with
acesulfame helped to ascertain that there were no variations in the numbers
of persons contributing waste to the WWTPs. It also helps to correct the ef-
fects of dilution between sampling days, if any.

Like the gene copies per acesulfame, the gene copies per day correlated
well with gene copies per 100 mL (Fig. 4). The Spearman correlation coef-
ficients were 1.000 (p < 0.0001), 0.987 (p < 0.0001), and 0.999 (p <
0.0001) for Saskatoon, Prince Albert, and North Battleford, respectively,
for inflow normalized data compared with unnormalized data. The high
correlation between unnormalized data and the inflow normalized data
confirmed that the population serving the WWTPs, and the inflow did not
vary significantly between August 2021 and January 2022 (Table S1).
This stability in the inflow could be because no rain or snow melted during
the study period, especially during the Omicron wave (December 2021 and
January 2022). Also, Saskatoon and North Battleford sewer systems were
designed to ensure little or no contributions from runoff. Normalizing the
viral load with actual water usage has been reported to reduce uncertainty
in wastewater (Li et al., 2021). Thus, the huge difference between Omicron
viral load and Delta viral load was not due to variation in population or
snowmelt. Interestingly viral load normalized with acesulfame has positive
significant correlation with inflow normalized data, r = 0.986 (p <
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Fig. 3. SARS-COV-2 viral load normalized to concentrations of the artificial
sweetener, acesulfame (red) for three selected cities in Saskatchewan, including
North Battleford (A), Prince Albert (B), and Saskatoon (C).

0.0001),r = 0.970 (p < 0.0001), and r = 0.98 (p < 0.0001), for Saskatoon,
Prince Albert, and North Battleford, respectively. Hence, population varia-
tion, snow melting, or runoff did not affect the viral load presented by both
Delta and Omicron VOC during the study period.

4. Conclusions

The SARS-CoV-2 viral load of three cities with different population sizes
is reported. The city with the largest population, Saskatoon, was the first to
exhibit the Omicron VOC in wastewater and the first city to become Omi-
cron VOC dominated. The AY-lineages associated with the USA (AY.25)
and Canada (AY.27) were the major AY-lineages detected when Delta
was the dominant VOC. Omicron displaced Delta variants within a week
in Saskatoon as the major VOC because of its higher transmissibility due
to having over 50 mutations. BA.1 and BA.1.1 were the dominant Omicron
sub-lineages in January 2022, with only trace levels found for BA.2. The
viral load in the fifth wave driven by Omicron was greater than that ob-
served during the fourth wave, when Delta was the dominant VOC, likely
due to the possibility of re-infection with Omicron by those already recov-
ered from SARS-CoV-2 infections. There were strong correlations (>0.9) be-
tween normalized and unnormalized samples in the three cities because the
population indicator was relatively stable during the study period. Also, in-
flow normalized viral load significantly correlated with acesulfame normal-
ized viral load.
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Material and Methods

Materials

ACE, CRE (Sigma-Aldrich,0Oakville, ON), and their deuterated internal standards ACE-ds and
CRE-ds were obtained from Toronto Research Chemicals (Toronto, ON) and used for the
identification and quantification of the target tracers in wastewater samples. Stock solutions of
each standard were made in methanol, and calibration curve standards (10 points, 0.01- 500
ng/mL) were made in 90:10 water/ methanol.

Method for wastewater parameters

Wastewater parameters such as ammonia, pH, influent flow rate, total suspended solids
(TSS), volatile suspended solids (VSS), phosphorus, bochemical oxygen demand (BOD) and
temperature were measured by the operators of the respective wastewater treatment plant
following standardized methods outlined in the appropriate water permits, and provided for
this write up.

Method of Chemical Tracer Analyses.

Samples were processed using a direct-injection method. A 3 mL aliquot of a well-mixed PE
sample was syringe-filtered through a 0.22 um PTFE filter (Pall Life Sciences, Mississauga,
ON). Exactly 950 pL of filtered sample was transferred into an amber LC vial and spiked with
50 uL of a 1 mg/L internal standard mixture (ACE-d4 and CRE-d3).

The analysis was conducted using a Vanquish UHPLC and Q-ExactiveTM HF Quadrupole-
Orbitrap™ mass spectrometer (Thermo-Fisher, Mississauga, ON). LC separation was achieved
with a Kinetex 1.7 um XB-C18 LC column (100 x 2.1 mm) (Phenomenex, Torrance, CA) by
gradient elution with 95% water + 5% methanol (A) and 100% methanol (B), both containing
0.1% formic acid, at a flow rate of 0.2 mL min-1 and a column temperature of 40 °C. The
gradient method started and was held at 5% B for 1 min, followed by a linear ramp to 100% B
over 3 min, held at 100% B for 2 min to flush, and returned to starting conditions for column
re-equilibration for 2 min.

Samples were ionized by both positive and negative mode heated electrospray ionization
(HESI) using a polarity switching method. The Q-Exactive Orbitrap method used the following
positive/negative source parameters: sheath gas flow = 35/35 mL/min; aux gas flow = 10/10
mL/min; sweep gas flow = 1/1 mL/min; aux gas heater = 400/300 °C; spray voltage = 3.8/3.0
kV; S-lens RF = 60/60; capillary temperature = 350/350 °C. A full MS/parallel reaction
monitoring (PRM) method was used with the following scan settings: 120,000/15,000
resolution, AGC target = 1x10%/2x10°, max injection time = 100 ms/100 ms, full MS scan range
of 80-500 m/z and PRM isolation window of 2.0 m/z. The method was operated in positive
mode from 0 — 2.5 min for the detection of CRE (1.03 min, [M+H]+ = 114.0663) and CRE-d3
(2.03 min, [M+H]+ =117.0851), switching to negative mode to detect ACE (4.20 min, [M+H]+
=161.9859) and ACE-d4 (4.17 min, [M+H]+ = 166.0111).

No reliable daughter ions suitable for confirmation were formed during fragmentation so
identification and quantification was based upon full MS parent ions (<2 ppm) and retention
times. Batch analyses of samples were conducted by running calibration standards at the
beginning of each sample batch along with lab blanks run between replicate treatment sets and
single calibration standards (10, 25, or 50 ug/L) every 15-20 samples as a QA/QC protocol.
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The target tracer chemicals were not detected in the blank samples. Calibration curve linearity
was >0.998 for ACE and CRE across all runs. Limits of detection were 0.11 and 0.54 ng/mL
for ACE and CRE, respectively.
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Figure S1: Relationship between 7-days moving average of active cases and efficiency-
adjusted viral RNA load in Saskatoon.The spearman correlataion coefficient is r, and the p-
value is p
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Figure S2: Concentration of creatinine and acesulfame in the wastewater samples between

August 2021 and January 2022. (A) Saskatoon, (B) Prince Albert, (C) North Battleford.



Table S1: Raw wastewater characteristics measured at the studied WWTPs between August

2021 and January 2022.
Parameter Saskatoon Prince Albert North Battleford
Ammonia (mg/L) NA NA 25.20 £ 12.20
BOD (mg/L) 296.00 £ 73.00 339.60 £ 69.20 297.00 £ 42.40
pH 7.99 £0.43 7.54 +0.05 7.58 £ 0.01
Temperature (°C) 14.60 + 3.80 1433+ 3.24 13.05+ 8.56
TSS (mg/L) 256.00 = 55.00 262.62 £ 15.24 407.99 + 38
VSS (mg/L) 215+ 60 NA 385.93 £ 138
Total Influent 77.68 £3.74 11.57 £9.62 4.34 +2.07
(ML/day)*
Phosphorus (mg/L) 5.53+0.80 NA 1549+ 11.05
*ML/day — million liters per day
Table S2: Sequences of primers and probes.
Assay Targeted gene Primer sets Ref.
1 N gene of 2019-nCoV_NI1-F: 5’~-GACCCCAAAATCAGCGAAAT-3’ (Xie et al.,
SARS-CoV-2 2019-nCoV_NI-R: 5’-TCTGGTTACTGCCAGTTGAATCTG-3’ 2022), and
2019-nCoV_N1-P: 5’-ABY- the
ACCCCGCATTACGTTTGGTGGACC-MGBNFQ-3’ references
there in
2 N gene of SARS-CoV-2  2019-nCoV_N2-F: 5>-TTACAAACATTGGCCGCAAA-3’ (Xie et al.,
2019-nCoV_N2-R: 5’-GCGCGACATTCCGAAGAA-3’ 2022), and
2019-nCoV_N2-P: 5’-JUN-ACAATTTGCCCCCAGCGCTTCAG- the
MGBNFQ-3’ references
there in
HRP3 gene fragment of HRP3 F: 5~ AGATTTGGACCTGCGAGCG-3’ (Emery et
AQHRP? HRP3 R: 5’-GAGCGGCTGTCTCCACAAGT-3’ al., 2004)
HRP3 P: 5’-6FAM-TTCTGACCTGAAGGCTCTGCGCG-
MGBNFQ-3’
3 IPC® IPC_F: 5~ ACGCACATATACGGGTAGCA (Xie et al.,
IPC-R: 5’-TCCCGCCTATAGACCACCTT 2022)

IPC-Probe: 5’-VIC-ACTTTCGGATGCATCTAGTGACA-
MGBNFQ-3’

# Whole processing spike control, Armored RNA Quant RNase P standard (AQHRP)
® Inhibition assessment, internal RT-qPCR positive control (IPC)



Table S3: Recipe, quantitative RNA standard, range of standard curve, and settings for threshold and baseline of RT-gPCR assays.

Recipe of RT-gPCR assays

Settings for

Settings

Component Amount threshold |for
Assays P (volume) |Assay/Test Quantitative RNA standard Range of_standard curve baseline
(gc/reaction)
per 10-uL
reaction
N1, N2, 4X TaqPath™ 1-Step Master Mix Quantitative Synthetic
(Thermo Fisher Scientific, CA, USA) N SARSCoV2 RNA (ATCC, ggggg ggggg ggggg ?sggé 0.04 auto
Forward primer 2.5 pL N2 USA) ' T T T 0.04 auto
Reverse primer 180 nM .
Probe P 180 nM *PMMoV Synthetic RNA (IDT, USA) 28852 28852 28853 ggggi 0.04 auto
weRNA/Blank controls/Standards {150 nM Extracted RNA from Armored
_ 2.5~ 5L AQHRP RNA Quant RNase P 2.50E4, 2.50E3, 2.50E2, 2.50EL, |, Auto
P681R 4X TaqPath™ [-Step Master Mix  |2.5 pL (Asuragen, TX, USA) 6.25E0, 3.13E0, 1.56E0
N200ua 40 X Primer & Probe Mix 0.25 uL
weRNA/Blank controls/Standards  [2.5~5puL |P681R Control 15 6.25E4, 6.25E3, 6.25E2, 6.25E1,|0.04 auto
N200ua (Twist Bioscience, CA, USA) [6.25E0, 2.08E0, 1.04E0 0.04
TaqPath™ 1-Step Master Mix (4X) [2.5 puL * N.A. N.A. 0.02 auto
HRP3-F 180 nM FRNAPHII
*FRNAPH- |HRP3-R 180 nM
I, HRP3-P VTB4-FphGlIf 150 nM
AQHRP VTB4-FphGllir 60 nM
(Duplex) VTB4-FphGllprobe 60 nM
weRNA/Blank controls/Standards |50 nM
25~5puL

*Included for quality control and quality assurance



Table S4: Performance of TagMan RT-gPCR Assays

Test Assay VOC LOD Y-intercept (mean £SD)  Slope (mean+ SD)  R2 (mean+ SD) Efficiency (mean +SD)
(gc/reaction)

SARS-CoV2 N1 1.667 33.648+ 0.418 -3.284 £ 0.087 0.990 + 0.008 101.756+3.800

N

SARS-CoV-2 N2 1.210 33.362 + 0.660 -3.450 + 0.103 0.994 + 0.002 99.223 + 4.301

N

AQHRP HRP3 1.563 34.057 £ 0.927 —3.314 £ 0.167 0.990 + 0.007 100.802 £ 6.771

R681 P681R  Delta 2.175 36.986 + 0.549 —3.381 £ 0.153 0.993 + 0.003 97.954 + 6.222

N200u N200ua Overall 1.518 35.832 £ 0.078 —3.372 £ 0.044 0.992 £ 0.044 98.0+1.788

N200a N200ua  Omicron 1.834 36.085 + 0.088 —3.364 + 0.046 0.992 + 0.003 98.304 £ 1.870

Gene copies/ 100 mL =

RNA concentration X RNA dilution volume

Processed wastewater volume X 100 mL
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