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Abstract 

Background  The spread of SARS-CoV-2 has been studied at unprecedented levels worldwide. In jurisdictions 
where molecular analysis was performed on large scales, the emergence and competition of numerous SARS-CoV-
2lineages have been observed in near real-time. Lineage identification, traditionally performed from clinical samples, 
can also be determined by sampling wastewater from sewersheds serving populations of interest. Variants of concern 
(VOCs) and SARS-CoV-2 lineages associated with increased transmissibility and/or severity are of particular interest.

Method  Here, we consider clinical and wastewater data sources to assess the emergence and spread of VOCs 
in Canada retrospectively.

Results  We show that, overall, wastewater-based VOC identification provides similar insights to the surveillance 
based on clinical samples. Based on clinical data, we observed synchrony in VOC introduction as well as similar emer-
gence speeds across most Canadian provinces despite the large geographical size of the country and differences 
in provincial public health measures.

Conclusion  In particular, it took approximately four months for VOC Alpha and Delta to contribute to half of the inci-
dence. In contrast, VOC Omicron achieved the same contribution in less than one month. This study provides signifi-
cant benchmarks to enhance planning for future VOCs, and to some extent for future pandemics caused by other 
pathogens, by quantifying the rate of SARS-CoV-2 VOCs invasion in Canada.
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Introduction
Unprecedented clinical, genomic, and environmental 
surveillance applied to manage the on-going corona-
virus disease 2019 (COVID-19) pandemic has allowed 
the scientific community to observe the emergence 
and spread of multiple lineages of severe acute respira-
tory syndrome coronavirus 2 (SARS-CoV-2). A conse-
quence of the global prevalence of COVID-19 has been 
the emergence of SARS-CoV-2 variants, which have been 
closely monitored due to the acquisition of mutations 
that confer increased transmissibility or greater evasion 
of immune response functions [1–4]. Variants associated 
with particularly high transmission and/or severity are 
designated “Variants of Concern” (VOC) by the World 
Health Organization and some VOCs have managed to 
propagate rapidly on a global scale. The first prominent 
and global VOC emerging in early 2021 was Alpha (lin-
eage B.1.1.7), followed in June 2021 by Delta (lineage 
B.1.617.2), and since December 2021 Omicron (lineage 
B.1.1.529) has rapidly become the predominant strain. 
Some VOCs have not become dominant on a global scale, 
but have nevertheless reached a significant frequency at 
least regionally including Gamma in Brazil [5] and Beta 
in South Africa [2].

In addition to the traditional surveillance from clini-
cal samples, wastewater-based epidemiology (WBE) can 
determine the proportion of VOC RNA in a given sewer-
shed by use of sequencing or polymerase chain reaction 
(PCR) techniques [6–8]. Despite the inherent uncertain-
ties in measuring viral concentration or estimating vari-
ants diversity in wastewater, WBE has been useful for 
informing public health officials and the general public 
on the status and trends of outbreaks [9, 10]. Hence, it 
is possible to use both data sources, clinical and waste-
water, to potentially improve confidence in estimates of 
abundances of VOCs circulating in a given population. 
Indeed, multiple international studies have shown that 
the relative abundance of a given VOC in wastewater 
correlates with the proportion of cases infected with this 
VOC identified by clinical surveillance [11–20].

In light of the multiple SARS-CoV-2 lineages, a ret-
rospective analysis of the dynamics of emergence and 
spread by VOCs, using both wastewater and clinical 
data, can help inform preparedness planning for emer-
gence of other VOCs in the future. Regional and national 
retrospective studies have been conducted to compare 
WBE and clinical data during the COVID pandemic 
[21]. As jurisdictions world-wide are transitioning to 
management of SARS-CoV-2 as an endemic virus, with 
accompanying reductions in health surveillance, a clear 
understanding on how an emerging VOC spreads at a 
regional and national scale will be useful for informing 
effective public health policy. However, currently there 

is a lack of retrospective analysis on a national scale in 
Canada. Therefore, this study was conducted to retro-
spectively review the invasion dynamics of the prevalent 
SARS-CoV-2VOCs that have circulated in Canada, with 
the timing of emergence and speed of spread observed 
for those VOCs in several Canadian jurisdictions being 
quantified and described. Our analysis of VOCs circula-
tion in Canada considers both clinical and wastewater 
data from VOC Alpha (the first to appear in Canada) 
up to the emergence of VOC Omicron (early 2022). The 
objectives of this study were to: (1) evaluate the cor-
relation of VOC dynamic trends between clinical and 
WBE-based data; (2) assess the ability of clinical and 
WBE-based data to infer the speed of VOC proportion 
replacing in different provinces in Canada; (3) explore/
discuss the suitability of integrating clinical and WBE 
approaches to support comparative estimates of infection 
disease in the future.

Methods
Clinical data
The Public Health Agency of Canada (PHAC) com-
piles a national list of COVID cases that are reported by 
Canadian Provinces and Territories. For some records 
in this list, the variant or lineage associated with each 
infection is identified. The lineage is either confirmed 
from whole genome sequencing or from “screening” 
via a discriminatory PCR assay that assesses the pres-
ence of variants by targeting specific mutations that are 
likely variant-defining, given the prior knowledge of cir-
culating lineages nationally. In the event of both results 
being present, sequencing was prioritized over screening. 
These sequencing and screening efforts varied during 
the pandemic and across jurisdictions. In this study, this 
retrospective assessment focused on the four VOCs that 
reached non-negligible status in Canada: Alpha (lineage 
B.1.1.7), Gamma (lineage P.1), Delta (lineage B.1.617.2) 
and Omicron (lineage B.1.1.529). Thus, all other VOCs 
(e.g., Beta, Epsilon, Kappa) were ignored here. Because 
there could be some overlap with the mutations defin-
ing variants (e.g., Omicron and Alpha), we applied cut-
off dates such that variants were assumed to exist only 
after those dates: 2020–11-01 for Alpha; 2021–02-01 for 
Gamma; 2021–03-01 for Delta; 2021–11-15 for Omicron.

Wastewater data
In October 2020, PHAC, the National Microbiology 
Laboratory (NML) and Statistics Canada started a pilot 
program that tested for the presence of SARS-CoV-2in 
wastewater collected between two to three times per 
week from 15 wastewater treatment plants in various cit-
ies in Canada including Vancouver, Edmonton, Toronto, 
Montreal, and Halifax. In addition, wastewater was 
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sampled from the three treatment plants in Winnipeg five 
times a week through a provincial/municipal collabora-
tion. All wastewater samples from Winnipeg, Vancouver, 
Edmonton, Toronto, Montreal and Halifax were shipped 
to NML in Winnipeg for qPCR analysis. To expand the 
population coverage of the NML/Statistic Canada pro-
gram, qPCR analysis of the wastewater sampled from 
Saskatoon performed by the University of Saskatchewan 
(not NML).

Thus, the wastewater data sampled the population of 
one large municipality in each province, whereas our clin-
ical data sampled the whole province. The comparison of 
the proportion of VOCs between clinical and wastewater 
data is still relevant because the catchment areas of the 
municipal wastewater treatment plants represent a sub-
stantial proportion of its provincial population. The pop-
ulation present in the catchment area of the wastewater 
treatment plants in Vancouver represents 48% of the total 
population of British Columbia; 24% of the province of 
Alberta for Edmonton; 23% of the province of Saskatch-
ewan for Saskatoon; 54% of the province of Manitoba for 
Winnipeg; 20% of the province of Ontario for Toronto; 
20% of the province of Quebec for Montreal; and 46% of 
the province of Nova Scotia for Halifax. In all sites, the 
proportion of the circulating VOCs present in a waste-
water sample was quantified (i.e., not just a presence/
absence test) by two laboratories only, the NML and the 
University of Saskatchewan.

Briefly, raw-post grit primary influent was shipped on 
cold-packs for testing to the NML (Winnipeg, Manitoba). 
Samples were stored at 4  °C and tested within 1–3 days 
of receipt. In NML, wastewater samples were mixed vig-
orously and a 30  mL aliquot was centrifuged (4000  g, 
4 °C, 20 min) in a swinging bucket centrifuge. The pellet 
was then resuspended in Buffer RLT (Qiagen) contain-
ing 1% 2-mercaptoethanol and subjected to bead beating 
using a Bead Mill Homogenizer. The samples were then 
centrifuged (4000 g, 4  °C, 3 min) and total nucleic acids 
were extracted from the supernatant by use of the Roche 
MP96 instrument using the Magna Pure 96 DNA and 
Viral NA Large Volume Kit (Roche Diagnostics, Laval, 
QC) according to the Plasma External Lysis 4.0 proto-
col. See [22] for full methodological details. Base viral 
loads were determined by use of US-CDC N1/N2 assays 
[23]. The Alpha and Delta lineage assays were performed 
as previously described in [22]. The Omicron assay is 
described in Supplementary Material.

Raw influent samples from Saskatoon were processed 
as previously described in [10, 17] with modifications. 
Virus in 70  mL whole raw influent was enriched by 
PEG-8000 precipitation. Total RNA was extracted by 
use of RNeasy PowerMicrobiome Kit (Qiagen, Ontario, 
Canada). Percentage of Alpha VOC was determined by 

N D3L assay [24], while percentages of Delta and Omi-
cron were determined by N200 assay [25]. There were 
no structured comparisons of laboratory performance 
between the NML (that analyzed all samples, except the 
ones from Saskatoon) and the laboratory at the Univer-
sity of Saskatchewan (that analyzed samples from Saska-
toon only). However, the latter performed a comparison 
of concentration measurements between raw influent 
(the sample type used for Saskatoon in our study) and 
post grit primary influent samples (the sample type used 
by NML in our study), all collected in Saskatoon, and 
found a significant correlation (R2 = 0.57, p < 0.001, per-
sonal communication by Oloye et  al.). Moreover, the 
respective methods of each laboratory remained the 
same during the study period which allows us to perform 
the longitudinal analysis presented here, despite potential 
differences between the two laboratory assays.

Statistical analysis
Using the PHAC line list, clinical cases that had been 
identified as one of the four VOCs of interest (through 
screening or sequencing) were retained. Frequencies of 
circulation of variant v at time t is therefore defined as 
p(v, t) = nv(t)/n(t) where nv(t) is the number of clinical 
cases identified with variant v on day t, n(t) is the number 
of clinical cases where any variant was identified on day 
t. A multinomial distribution for nv was assumed. Confi-
dence intervals for proportions of each VOC were simul-
taneously estimated by use of the function MultinomCI 
from the R [26] package DescTools version 0.99.44 [27]. 
To evaluate growth rates (i.e., speed of initial spread) 
of clinical data during each wave of a given VOC in a 
given jurisdiction, it was assumed the time-dependent 
proportions of VOCs followed a logistic growth model. 
The three parameters defining the logistic function loca-
tion, steepness and asymptotic value – were estimated 
from clinical data only. The model was fit independently 
for each province (using only clinical data) with Markov 
chain Monte-Carlo implemented in the R library rjags 
version 4–12 [28]. To calculate the time since introduc-
tion in the logistic growth model, a single date of intro-
duction nationwide for each VOC: 2020–11-01 for 
Alpha, 2021–02-01 for Gamma, 2021–03-01 for Delta 
and 2021–11-15 for Omicron was assumed. Moreover, to 
aggregate provincial clinical data into national estimates, 
a similar logistical growth model was applied, but with a 
hierarchical structure. A full description of the statistical 
models is given in the Supplementary Materials.

The VOC proportions estimated from wastewater are 
simply the variant allele percentages detected by the cor-
responding assay. No confidence intervals were derived. 
Moreover, wastewater data was not used to fit the logistic 
models due to insufficient data at the beginnings of most 
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waves of SARS-CoV-2associated with various VOCs. 
Hence, growth rate of each VOC were assessed using 
clinical data only. However, the wastewater-based VOC 
proportions are compared to the clinical-based ones to 
assess their similarity.

Results
Findings are reported for seven Canadian provinces that 
had a sufficiently large sample size of VOC identified to 
provide interpretable results: British Columbia (B.C.), 
Alberta (Alta.), Saskatchewan (Sask.), Manitoba (Man.), 
Ontario (Ont.), Quebec (Que.) and, Newfoundland and 
Labrador (N.L.).

Comparison of VOC dynamic trends between clinical 
and wastewater‑based data
The trends of VOC proportions observed from the clini-
cal data (shaded areas, Fig.  1) and from the wastewater 
data (thick lines, Fig.  1) appear similar in all provinces. 
However, some regional differences were observed. VOC 
Gamma occurred at a significant frequency only in Brit-
ish Columbia and Saskatchewan, but did not displace the 
emergence of VOC Delta (Fig. 1). During summer 2021, 
three VOCs, Alpha, Delta and Gamma, probably co-cir-
culated at substantial levels in Alberta, British Colum-
bia and Saskatchewan, whereas transitions between 
these VOCs appeared to be faster in Ontario and Que-
bec. Differences in sizes of clinical samples (Figure S1) 

Fig. 1  Proportions of VOCs circulating in each province, estimated from the sequencing of clinical samples (shaded area representing the upper 
and lower 95% confidence interval) and RT-qPCR applied to VOC-defining mutation targets from wastewater samples (thick solid line, representing 
the mean estimate). Data sources: PHAC (clinical surveillance); PHAC/NML (wastewater surveillance for B.C., Alta., Man., Ont., Que. and N.L); 
University of Saskatchewan (wastewater surveillance for Sask.). Delta assay was only available after 18-Aug-2021. Abbreviations: British Columbia 
(B.C.), Alberta (Alta.), Saskatchewan (Sask.), Manitoba (Man.), Ontario (Ont.), Quebec (Que.) and, Newfoundland and Labrador (N.L.)
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affected the size of uncertainties in proportion estimates 
and result in confidence intervals of different sizes (i.e., 
confidence intervals broadening when the sample size 
is small. Figure  1, shaded areas). The proportions of all 
clinical samples reported that could not be assigned to 
any VOC, due to screening results being unable to dis-
tinguish between circulating VOCs or sequencing results 
not being classified as a VOC, was variable in time and 
across provinces (Figure S2). The proportion of uniden-
tified VOCs in the clinical samples was generally below 
approximately 80% in each province, except during the 
early phase of the VOC Alpha and after July 2021 in Que-
bec and Manitoba (Figure S2). Hence, generally there was 
sufficient sample size to estimate VOC proportions from 
clinical samples (the uncertainty being reflected in mag-
nitudes of confidence intervals in Fig. 1).

In most provinces, proportions of VOCs meas-
ured from wastewater samples (Fig.  1, thick lines) 
show similar trends as the proportions estimated 
from clinical surveillance, especially for the Omicron 
VOC. The assay used for Delta in wastewater by NML 
became available after August 18, 2021, hence there 

is no wastewater-based estimates of Delta propor-
tions before this date (except for Saskatoon). Propor-
tions of VOCs observed in municipal wastewater only 
are shown in Figure S3. The fit of the logistic growth 
model on clinical data of VOCs observed during their 
initial introduction phase is shown in Fig. 2. Credible 
predictive intervals for VOC Alpha are broad because 
clinical data were collected too late to capture the early 
invasion stage (Fig. 2). According to the logistic fit for 
VOC Gamma we infer that this VOC circulated at sig-
nificant levels only British Columbia. It is important to 
note that Gamma VOC was not detected in wastewa-
ter in any provinces and not even in British Columbia 
(Figure S3) where Gamma reached 50% proportion 
(Fig. 2).

Speed of replacement of VOC proportions
Alpha, Delta and Omicron were the only VOCs that 
successfully invaded all jurisdictions. The uncertainty 
for VOC Alpha is very large because there is enough 
data on the initial introduction phase for Delta and 
Omicron only (Figure S2). The rate of spread for these 

Fig. 2  Logistic growth model fit to initial invasion. The circles represent the observed proportion of the VOC; circle size is proportional 
to the number of clinical samples identified as that VOC. The shaded area and solid lines represent the upper and lower bounds of the 95% credible 
intervals for prediction of the logistic growth model. Abbreviations: British Columbia (B.C), Alberta (Alta.), Saskatchewan (Sask.), Manitoba (Man.), 
Ontario (Ont.), Quebec (Que.) and, Newfoundland and Labrador (N.L)
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two VOCs were similar among provinces based on 
the estimated time it took after the first observation 
in Canada to reach a proportion of 50% (Fig.  3). The 
estimate for VOC Delta in Newfoundland is an outlier 
and probably affected by the small sample size. The 
maximum number of samples sequenced in newfound-
land was less than 1000 (Figure S1). VOC Delta took 
between three and four months to become the major 
circulating variant in Canada, but VOC Omicron 
required less than one month to become dominant. 
The same results displayed with respect to calendar 
dates are presented in Figure S4.

The fit of the hierarchical model to clinical data 
provides a national perspective of the initial invasion 
dynamics for each VOC. Posterior estimates presented 
in Fig.  4 suggest that Alpha had nearly fully invaded 
Canada by early January 2021, Delta by early July 2021, 
and Omicron by early January 2022. Despite its inabil-
ity to invade fully, Gamma VOC probably reached a 
maximum proportion of about 25% nationally by early 
June 2021.

Discussion
In recent time, COVID-19 pandemic has provided the 
first opportunity to observe, in detail and near real time, 
an emerging pathogen spreading in human populations 
globally. Moreover, due to unprecedented sequencing 
efforts with over 8 million clinical sequences collected 
worldwide and uploaded to the sharing platform GISAID 
(www.​gisaid.​org) in less than two years (2021 -2022), it 
has been possible to track the evolution of SARS-CoV-2. 
This entails keeping an eye out for the appearance of dif-
ferent lineages and outlining their rate of dissemination 
and level of disease in different populations.

Geographic Difference of VOC Dynamic Trends 
across Canada
This study reports the spread of four SARS-CoV-2 vari-
ants of concern (VOCs) across seven Canadian prov-
inces by use of clinical and wastewater surveillance data, 
covering approximately 95% and 25% of the population 
of Canada, respectively. Despite being a geographically 
large country, in which public health measures related 

Fig. 3  Time taken for each VOC to reach a proportion of 50% after its first observation in the respective province. Point represents the mean 
estimate, and the width of the horizontal blue segment is the predictive 95% credible interval

http://www.gisaid.org
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to COVID-19 were decided and implemented at the pro-
vincial level, synchrony in the VOC introduction was 
observed in all jurisdictions with similar speeds of inva-
sion for each VOC. This is remarkable because there 
were notable differences in management of COVID-19 
by implementation of various public health measures 
among provinces [29]. Despite having a small sample 
size (due to its population size) Newfoundland and Lab-
rador appeared to be an outlier. This province had very 
different public health measures, at least as it pertained 
to the movement of people, and it managed to keep the 
number of COVID-19 cases relatively low, at least until 
the Omicron wave. At the time when Delta started to 
invade, there were virtually no local transmission in this 
province. Overall, whereas variations in public health 
measures among jurisdictions did not appear to have 
significant effects on the onset or the rate of the trans-
mission of VOCs, they undoubtedly contributed to con-
trolling the time it takes to reach 100% proportion.

The similarity in the emergence of each VOC across 
Canada might have been caused by simultaneous impor-
tation events (e.g., international travel linked to essen-
tial businesses and essential services never stopped in 

Canada) and the intrinsic high contagiousness of SARS-
CoV-2 even among asymptomatic cases. Large uncertain-
ties in estimates of proportions of VOCs, which result in 
broad confidence intervals, underscore the importance 
of having sufficiently large and robust programs to sur-
veil lineages to accurately monitor VOC emergence and 
spread. The proportion of clinical samples without VOC 
identification was variable in our dataset (Figure S2) and 
not explicitly modelled, hence periods with a low propor-
tion should broaden even more our confidence intervals. 
Moreover, such a surveillance should rely, partially, on 
random sampling to avoid biased estimates.

Application of modeling data to provide policy‑making 
metrics
Effective reproduction numbers (also known as “Rt”), 
which are critical metrics to inform public health actions 
but lack the time dimension, have been estimated for 
VOCs in various Canadian locations [30]. It is possible to 
estimate Rt using both clinical and wastewater data [31, 
32]. Here, estimates based on a logistic growth model 
were provided as a complementary model for Rt metrics 
and provide practical, easy-to-understand, quantitative 

Fig. 4  Estimates of circulating VOC proportions in Canada. Thick line represents the mean, dark (resp. light) shaded area the 80% (resp. 95%) 
credible interval
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information about the speed of initial spread. Rates of 
spread reported here provide benchmarks for what to 
expect from future SARS-CoV-2 VOCs that might occur. 
VOCs Delta and Gamma, both having few novel muta-
tions, took about four months to become predominant. 
However, Omicron with multiple novel mutations on the 
spike protein reached a proportion of 50% in less than a 
month. Our findings are similar to those of other stud-
ies have found in Canada [33–35] and in other countries 
[11–13, 16, 18, 20].

The results presented here (synchrony and rate of 
spread of VOCs, similarity of circulating VOCs propor-
tions from wastewater and clinical data) are important 
metrics that can assist in anticipating the necessary 
public health decision time should other VOCs emerge 
in the future. This study uses two data streams: clinical 
reports of COVID-19 cases (used to fit statistical mod-
els) and SARS-CoV-2 concentration in wastewater (for 
comparison). Since they each have different sources of 
bias, the approximate agreement between both sources 
strengthens inferences of dynamics of relative propor-
tions of VOCs in Canada. Clinical sampling is usually 
not random, including in Canada. Some socio-demo-
graphic groups, such as healthcare professionals, might 
be over-represented. Outbreaks may also be over-repre-
sented. Other groups might have limited access to test-
ing and sequencing capacity might be limited during 
large infection waves, which might exacerbate these and 
other biases. Clinical testing strategies (including capac-
ity, and targeted populations) also varied by jurisdiction. 
Wastewater sampling might be affected by environmen-
tal events, such as large rainfalls or snowmelts, indus-
trial wastes, and events causing a large influx of people 
into a sewershed, such as sporting events or conferences. 
Finally, areas studied were limited to major urban cent-
ers and did not reflect the burden of disease in remote 
regions of Canada.

WBE and clinical data can be complementary to support 
comparative estimates of infection disease
The agreement between clinical and wastewater data, 
especially that observed during the Omicron wave, 
validates the ability to monitor proportions of VOCs 
circulating in communities from data collected in waste-
water [10, 36, 37]. The WBE estimates can also provide 
an opportunity to better triangulate VOC proportions in 
locations where fewer clinical samples have been avail-
able, such as Newfoundland and Labrador (Fig. 1), where 
larger uncertainty from clinical data is indicated by the 
widths of confidence intervals). It is important to note 
that the difference in the proportion of clinical VOC and 
wastewater VOC might be related to the geographical 
locations covered for wastewater and clinical samples. 

The clinical surveillance in most cases represent the 
entire province, while the wastewater is just a representa-
tive of the major cities. High positive correlation (r > 0.7) 
has been established between clinical VOC and waste-
water VOC when they both covered the same area [24]. 
Even if it does not reach the level of precision of clini-
cal surveillance, WBE based on PCR assays targeted on 
VOC-defining mutations has the potential to be a cost-
effective surveillance method that may be more consist-
ent both in time and across jurisdictions (especially when 
the wastewater analysis is performed using a stable assay 
in each laboratory in order to perform a longitudinal 
analysis – as it is the case here in this study). Although 
currently not timely enough to provide a near real-time 
surveillance, full sequencing of SARS-CoV-2 genetic 
materials found in wastewater can complement PCR-
based assays because it provides a more complete and 
detailed picture of circulating VOCs, and can potentially 
identify new dominant variants (but the development 
and validation time for new wastewater-based assays may 
hamper timeliness) [17, 38] There is a clear advantage 
to perform full sequencing (vs. PCR-based assay) when 
there are multiple overlapping mutations defining differ-
ent lineages, as this is the case in the post-Omicron era.

Interpretation of differences between proportions of 
various VOCs estimated from clinical and wastewa-
ter data is not evident. Indeed, a clinical surveillance 
that indicates a larger proportion of a particular VOC 
than that determined in WBE estimation, for example 
Alpha during spring 2021 in Ontario and Quebec, could 
be caused by a bias where clinical samples were prefer-
entially selected among patients infected with Alpha 
because they were more symptomatic compared to wild 
types. Other factors that could bias VOC proportions 
can be periods of enhanced testing for contacts by some 
jurisdictions and preferential sequencing for travelers 
from certain regions. Alternatively, the lesser proportion 
estimated from WBE might be caused by lesser sensitivity 
of the laboratory assay. There is also an intrinsic demo-
graphic mismatch between clinical surveillance, which is 
performed province wide, and wastewater samples that 
may only be collected in only a few large cities in each 
province (in this study, the single largest city). Hence, dif-
ferences between proportions of VOCs estimated from 
clinical and wastewater data can also be caused by a VOC 
emergence that might not occur at the same time and 
speed in the largest cities of a province as it does in the 
whole province. In addition, sequencing of wastewater 
could be challenging when the concentration is very low. 
Finally, the small sample size of clinical samples experi-
enced at times in some provinces (Figures S1 and S2) may 
have impacted the accuracy of our analyses. A mismatch 
between clinical and wastewater VOC or trend has been 
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associated with reduced clinical testing [39]. Thus, multi-
ple factors might account for mismatched between clini-
cal VOC and wastewater VOC, hence, both should be 
used to complement each other.

It is important to note that this study has certain 
limitations. The analysis of wastewater samples was 
conducted in a different lab from the one where VOC 
analyses were performed. This means that factors 
such as dilution, extraction efficiency, nature of assay, 
and RNA standards could have had an impact on the 
results. However, it should be noted that the compari-
son of wastewater results was not conducted between 
labs, which helps to reduce the effect of this limitation 
on the study.

Conclusion
This study presents an analysis of the spread of four 
SARS-CoV-2 variants of concern (VOCs) (alpha, 
gamma, delta and Omicron) across seven Canadian 
provinces using clinical and wastewater surveillance 
data. Based on clinical surveillance data the SARS-
CoV-2 VOCs have synchronously invaded different 
parts of Canada despite the wide geographic distance 
and with various intensities of independently imple-
mented COVID-19 public health measures. Wastewa-
ter-based surveillance can be a good indicator of VOCs 
circulation in communities and can complement clini-
cal surveillance. Comparative estimates of the rapid-
ity of spread and synchrony for past waves driven by 
VOCs can support preparedness for next VOCs and, 
to some extent, next pandemics from other patho-
gens. Experience from COVID-19 where there was an 
enormous amount of information shows that waste-
water can be an additional tool that can and should 
be applied to future emerging pathogens or VOCs of 
SASR-CoV-2. Application of modelling enhance the 
interpretations of wastewater results and make it more 
meaningful.

Abbreviations
SARS-CoV-2	� Severe acute respiratory syndrome coronavirus 2
VOC	� Variants of Concern
WBE	� Wastewater-based epidemiology
PHAC	� Public Health Agency of Canada
NML	� National Microbiology Laboratory
US-CDC	� United State Centers for Disease Control and Prevention
V	� Variant
t	� Time
B.C.	� British Columbia
Alta.	� Alberta
Sask.	� Saskatchewan
Man.	� Manitoba
Ont.	� Ontario
Que.	� Quebec
N.L.	� Newfoundland and Labrador

Supplementary Information
The online version contains supplementary material available at https://​doi.​
org/​10.​1186/​s12879-​024-​08997-8.

Additional file 1.  

Acknowledgements
We thank the provincial public health agencies that collected and shared the 
clinical data. We thank Statistics Canada’s Canadian Wastewater Survey team 
and municipal partners for i) providing wastewater samples, and ii) process-
ing and compiling wastewater metadata. The data from Saskatchewan was 
collected as part of the project titled “Next generation solutions to ensure 
healthy water resources for future generations” funded by the Global Water 
Futures program, Canada First Research Excellence Fund (#419205; Additional 
information is available at www.​globa​lwate​rfutu​res.​ca) and the Public Health 
Agency of Canada. Dr. Brinkmann is currently a faculty member of the Global 
Water Futures program. The authors acknowledge support of the City of Sas-
katoon Wastewater Treatment Plant. The research was supported by Discovery 
Grants from the Natural Science and Engineering Research Council of Canada 
awarded to Prof. Giesy and Dr. Brinkmann. The authors wish to acknowledge 
the support of an instrumentation grant from the Canada Foundation for 
Infrastructure. Prof. Giesy was supported by the Canada Research Chairs 
Program of the Natural Sciences and Engineering Research Council of Canada 
(NSERC) and a distinguished visiting professorship of Environmental Sciences 
from Baylor University in Waco, Texas, USA.
We acknowledge Dr. Anil Nichani and Aamir Fazil for facilitating the wastewa-
ter surveillance and wastewater-based modelling activities at PHAC/NML.

Authors’ contributions
D.C. wrote initial manuscript, design study, performed part of statistical 
analysis. D.B. performed Bayesian statistical analysis. S.W. P., E.M. N.H. A.S and 
M.D. data collection, methodology, validation, data analysis CM: project 
management, method development, data collection, provided funding, 
scientific oversight. J.P.G., M.B., K.N.M. and M.R.S. provided funding, project 
management, method development; data collection and curation; editing of 
final manuscript. Y.X., F.F.O. and M.A. method development, data collection and 
curation, editing of final manuscript. J.C. Data collection and curation. X.P. and 
C.A.O. review of the final manuscript.

Funding
This project was funded by Government of Canada, through Public Health 
Agency of Canada.

Availability of data and materials
All datasets analysed during the current study are available in supplemental 
material. If additional information is needed on datasets used and/or analyzed 
during the current study they are available from the first author (David 
Chapremdon) on reasonable request.

Declarations

Ethics approval and consent to participate
No ethics approval was needed for wastewater monitoring, nevertheless, con-
sent to participate were signed with municipalities which participated in the 
program. Informed consent was obtained from all participants involved in this 
study. No administrative permissions were needed to access raw data used in 
this study. This study was carried out in accordance with relevant guidelines 
and regulations in the declaration of Helsinki.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Author details
1 Public Health Agency of Canada, National Microbiology Laboratory, Public 
Health Risk Sciences Division, Guelph, ON, Canada. 2 Public Health Agency 

https://doi.org/10.1186/s12879-024-08997-8
https://doi.org/10.1186/s12879-024-08997-8
http://www.globalwaterfutures.ca


Page 10 of 11Champredon et al. BMC Infectious Diseases          (2024) 24:139 

of Canada, National Microbiology Laboratory, One Health Division, Winnipeg, 
MB, Canada. 3 Public Health Agency of Canada, Centre for Immunization 
and Respiratory Infectious Diseases, Ottawa, ON, Canada. 4 Toxicology Program, 
University of Saskatchewan, Saskatoon, SK, Canada. 5 Department of Chemis-
try, Division of Physical and Computational Sciences, University of Pittsburgh 
at Bradford, Bradford, United States. 6 Department of Civil, Geological and Envi-
ronmental Engineering, College of Engineering, University of Saskatchewan, 
Saskatoon, SK, Canada. 7 School of Environment and Sustainability, University 
of Saskatchewan, Saskatoon, SK, Canada. 8 Global Institute for Water Security, 
University of Saskatchewan, Saskatoon, SK, Canada. 9 Department of Biology, 
University of Waterloo, Waterloo, ON, Canada. 10 Department of Veterinary 
Biomedical Sciences, University of Saskatchewan, Saskatoon, SK, Canada. 
11 Department of Environmental Sciences, Baylor University, Waco, TX, USA. 
12 Department of Zoology and Center for Integrative Toxicology, Michigan 
State University, East Lansing, MI, USA. 

Received: 14 June 2023   Accepted: 9 January 2024

References
	1.	 Korber B, Fischer WM, Gnanakaran S, Yoon H, Theiler J, Abfalterer W, 

Hengartner N, Giorgi EE, Bhattacharya T, Foley B, et al. Tracking changes in 
SARS-CoV-2spike: evidence that d614g increases infectivity of the covid-
19 virus. Cell. 2020;182(4):812–27.

	2.	 Tegally H, Wilkinson E, Giovanetti M, Iranzadeh A, Fonseca V, Giandhari 
J, Doolabh D, Pillay S, San EJ, Msomi N, et al. Detection of a SARS-CoV-2 
variant of concern in South Africa. Nature. 2021;592(7854):438–43.

	3.	 Cherian S, Potdar V, Jadhav S, Yadav P, Gupta N, Das M, Rakshit P, Singh 
S, Abraham P, Panda S, et al. SARS-CoV-2 spike mutations, L452R, T478K, 
E484Q and P681R, in the second wave of COVID-19 in Maharashtra. India 
Microorg. 2021;9(7):1542.

	4.	 Viana R, Moyo S, Amoako DG, Tegally H, Scheepers C, Althaus CL, Anyaneji 
UJ, Bester PA, Boni MF, Chand M, Choga WT, Colquhoun R, Davids M, 
Deforche K, Doolabh D, Plessis LD, Engelbrecht S, Everatt J, Giandhari 
J, Giovanetti M, Hardie D, Hill V, Hsiao NY, Iranzadeh A, Ismail A, Joseph 
C, Joseph R, Koopile L, Sergei L. Pond K, Kraemer MUG, Kuate-Lere L, 
Laguda-Akingba O, Lesetedi-Mafoko O, Lessells RJ, Lockman S, Lucaci 
AG, Maharaj A, Mahlangu B, Maponga T, Mahlakwane K, Makatini Z, 
Marais G, Maruapula D, Masupu K, Matshaba M, Mayaphi S, Mbhele N, 
Mbulawa MB, Mendes A, Mlisana K, Mnguni A, Mohale T, Moir M, Moruisi 
K, Mosepele M, Motsatsi G, Motswaledi MS, Mphoyakgosi T, Msomi 
N, Mwangi PN, Naidoo Y, Ntuli N, Nyaga M, Olubayo L, Pillay S, Radibe 
B, Ramphal Y, Ramphal U, San JE, Scott L, Shapiro R, Singh L, Smith-
Lawrence P, Stevens W, Strydom A, Subramoney K, Tebeila N, Tshiabuila 
D, Tsui J, Wyk SV, Weaver S, Wibmer CK, Wilkinson E, Wolter N, Zarebski AE, 
Zuze B, Goedhals D, Preiser W, Treurnicht F, Venter M, Williamson C, Pybus 
OG, Bhiman J, Glass A, Martin DP, Rambaut A, Gaseitsiwe S, Gottberg AV, 
Oliveira TD. Rapid epidemic expansion of the SARS-CoV-2 omicron vari-
ant in Southern Africa. Nature. 2022;603(7902):679–86.

	5.	 Faria NR, Mellan TA, Whittaker C, Claro IM, Candido D da S, Mishra S, 
Crispim MAE, Sales FCS, Hawryluk I, McCrone JT, Hulswit RJG, Franco 
LAM, Ramundo MS, de Jesus JG, Andrade PS, Coletti TM, Ferreira GM, 
Silva CAM, Manuli ER, Pereira RHM, Peixoto PS, Kraemer MUG, Gaburo 
N, Camilo C da C, Hoeltgebaum H, Souza WM, Rocha EC, de Souza LM, 
de Pinho MC, Araujo LJT, Malta FSV, de Lima AB, Silva J do P, Zauli DAG, 
de S Ferreira AC, Schnekenberg RP, Laydon DJ, Walker PGT, Schlüter HM, 
dos Santos ALP, Vidal MS, Del Caro VS, Filho RMF, dos Santos HM, Aguiar 
RS, Proença-Modena JL, Nelson B, Hay JA, Monod M, Miscouridou X, 
Coupland H, Sonabend R, Vollmer M, Gandy A, Prete CA, Nascimento 
VH, Suchard MA, Bowden TA, Pond SLK, Wu C-H, Ratmann O, Fergu-
son NM, Dye C, Loman NJ, Lemey P, Rambaut A, Fraiji NA, Carvalho 
MdoPSS, Pybus OG, Flaxman S, Bhatt S, Sabino EC. Genomics and 
epidemiology of the p.1 SARS-CoV-2lineage in Manaus Brazil. Science. 
2021;372(6544):815–21.

	6.	 Izquierdo-Lara R, Elsinga G, Heijnen L, Oude Munnink BB, Schapen-
donk CME, Nieuwenhuijse D, Kon M, Lu L, Aarestrup FM, Lycett S, et al. 
Monitoring SARS-CoV-2 circulation and diversity through community 
wastewater sequencing, the Netherlands and Belgium. Emerg Infect Dis. 
2021;27(5):1405.

	7.	 Bar-Or I, Weil M, Indenbaum V, Bucris E, Bar-Ilan D, Elul M, Levi N, 
Aguvaev I, Cohen Z, Shirazi R, et al. Detection of SARS-CoV-2variants 
by genomic analysis of wastewater samples in Israel. Sci Total Environ. 
2021;789:148002.

	8.	 Crits-Christoph A, Kantor RS, Olm MR, Whitney ON, Al-Shayeb B, Lou YC, 
Flamholz A, Kennedy LC, Greenwald H, Hinkle A, et al. Genome sequenc-
ing of sewage detects regionally prevalent SARS-CoV-2 variants. MBio. 
2021;12(1):e02703-20.

	9.	 Peccia J, Zulli A, Brackney DE, Grubaugh ND, Kaplan EH, Casanovas-
Massana A, Ko AI, Malik AA, Wang D, Wang M, et al. Measurement of 
SARS-CoV-2 RNA in wastewater tracks community infection dynamics. 
Nat Biotechnol. 2020;38(10):1164–7.

	10.	 Xie Y, Challis JK, Oloye FF, Asadi M, Cantin J, Brinkmann M, McPhedran 
KN, Hogan N, Sadowski M, Jones PD. et al. RNA in municipal wastewater 
reveals magnitudes of covid-19 outbreaks across four waves driven by 
SARS-CoV-2variants of concern. ACS ES T Water. 2022;2(11):1852–62. 
https://​doi.​org/​10.​1021/​acses​twater.​1c003​49.

	11.	 Heijnen L, Elsinga G, de Graaf M, Molenkamp R, Koopmans MPG, 
Medema G. Droplet digital RT-PCR to detect SARS-CoV-2signature 
mutations of variants of concern in wastewater. Sci Total Environ. 
2021;799:149456.

	12.	 Herold M, Héroüel AF, May P, Delogu F, Wienecke-Baldacchino A, Tapp 
J, Walczak C, Wilmes P, Cauchie H-M, Fournier G, Ogorzaly L. Genome 
sequencing of SARS-CoV-2allows monitoring of variants of concern 
through wastewater. Water. 2021;13(21):1–14.

	13.	 Mishra S, Mindermann S, Sharma M, Whittaker C, Mellan TA, Wilton T, 
Klapsa D, Mate R, Fritzsche M, Zambon M, Ahuja J, Howes A, Miscouridou 
X, Nason GP, Ratmann O, Semenova E, Leech G, Sandkühler JF, Rogers-
Smith C, Vollmer M, Unwin HJT, Gal Y, Chand M, Gandy A, Martin J, Volz E, 
Ferguson NM, Bhatt S, Brauner JM, Flaxman S. Changing composition of 
SARS-CoV-2lineages and rise of delta variant in England. EClinicalMedi-
cine. 2021;39:101064.

	14.	 Rios G, Lacoux C, Leclercq V, Diamant A, Lebrigand K, Lazuka A, Soyeux 
E, Lacroix S, Fassy J, Couesnon A, Thiery R, Mari B, Pradier C, Waldmann R, 
Barbry P. Monitoring SARS-CoV-2 variants alterations in Nice neighbor-
hoods by wastewater nanopore sequencing. Lancet Region Health 
Europe. 2021;10:100202.

	15.	 Baaijens JA, Zulli A, Ott IM, Nika I, van der Lugt MJ, Petrone ME, Alpert T, 
Fauver JR, Kalinich CC, Chantal BF, Vogels, et al. Lineage abundance esti-
mation for SARS-CoV-2 in wastewater using transcriptome quantification 
techniques. Genome Biol. 2022;23(1):1–20.

	16.	 Han AX, Kozanli E, Koopsen J, Vennema H, RIVM COVID-19 molecular 
epidemiology group, Hajji K, Kroneman A, van Walle I, Klinkenberg D, 
Wallinga J, Russell CA, Eggink D, Reusken C. Regional importation and 
asymmetric within-country spread of SARS-CoV-2variants of concern in 
the Netherlands. eLife. 2022;11:e78770.

	17.	 Oloye FF, Xie Y, Asadi M, Cantin J, Challis JK, Brinkmann M, McPhedran KN, 
Kristian K, Keller M, Sadowski M, et al. Rapid transition between SARS-CoV-
2variants of concern delta and omicron detected by monitoring municipal 
wastewater from three Canadian cities. Sci Total Environ. 2022;841:156741.

	18.	 Pechlivanis N, Tsagiopoulou M, Maniou MC, Togkousidis A, Mouchta-
ropoulou E, Chassalevris T, Chaintoutis SC, Petala M, Kostoglou M, 
Karapantsios T, et al. Detecting SARS-CoV-2lineages and mutational load 
in municipal wastewater and a use-case in the metropolitan area of Thes-
saloniki, Greece. Sci Rep. 2022;12(1):1–12.

	19.	 Radu E, Masseron A, Amman F, Schedl A, Agerer B, Endler L, Penz T, 
Bock C, Bergthaler A, Vierheilig J, Hufnagl P, Korschineck I, Krampe J, 
Kreuzinger N. Emergence of SARS-CoV-2alpha lineage and its correla-
tion with quantitative wastewater- based epidemiology data. Water Res. 
2022;215:118257.

	20.	 Róka E, Déri D, Khayer B, Kis Z, Schuler E, Magyar N, Pályi B, Pándics T, 
Vargha M. SARS-CoV-2variant detection from wastewater: rapid spread of 
B.1.1.7 lineage in Hungary. J Water Health. 2022;20(2):277–86.

	21.	 Cariti F, Tuñas Corzon A, Fernandez-Cassi X, Ganesanandamoorthy P, Ort 
C, Julian RT, Kohn T. Wastewater reveals the spatiotemporal spread of 
SARS-CoV-2in the Canton of Ticino (Switzerland) during the onset of the 
COVID-19 pandemic. ACS ES&T Water. 2022;2(11):2194–200.

	22.	 Peterson SW, Lidder R, Daigle J, Wonitowy Q, Dueck C, Nagasawa A, Mul-
vey MR, Mangat CS. Rt-qpcr detection of SARS-CoV-2mutations s 69–70 
del, S N501Y and n D3L associated with variants of concern in canadian 
wastewater samples. Sci Total Environ. 2022;810:151283.

https://doi.org/10.1021/acsestwater.1c00349


Page 11 of 11Champredon et al. BMC Infectious Diseases          (2024) 24:139 	

	23.	 US CDC. Research use only 2019-novel coronavirus (2019-ncov) real-time 
rt-PCR primers and probes. https://​stacks.​cdc.​gov/​view/​cdc/​88834. 2020. 
Accessed: 2022–04–20.

	24.	 Graber TE, Mercier E, Bhatnagar K, Fuzzen M, D’Aoust PM, Hoang H-D, 
Tian X, Towhid ST, Plaza-Diaz J, Eid W, et al. Near real-time determina-
tion of b. 1.1.7 in proportion to total SARS-CoV-2viral load in wastewater 
using an allele-specific primer extension PCR strategy. Water research. 
2021;205:117681.

	25.	 Fuzzen M, Harper NB, Dhiyebi HA, Srikanthan N, Hayat S, Bragg LM, … & 
Servos MR. An improved method for determining frequency of multiple 
variants of SARS-CoV-2in wastewater using qPCR assays. Sci Total Environ. 
2023;881:163292.

	26.	 R Core Team. R: A Language and Environment for Statistical Computing. 
Vienna: R Foundation for Statistical Computing, 2021.

	27.	 Signorell A, Aho K, Alfons A, Anderregg N, Aragon T, Arachchige C, et al. 
DescTools: tools for descriptive statistics, 2021. R package version 0.99.44.

	28.	 Plummer M. Rjags: Bayesian graphical models using MCMC, 2021. R pack-
age version 4–12.

	29.	 Cameron-Blake E, Breton C, Sim P, Tatlow H, Hale T, Wood A, Smith J, 
Sawatsky J, Parsons Z, Tyson K. Variation in the Canadian provincial and 
territorial responses to covid19. Blavatnik school of government working 
paper. https://​www.​bsg.​ox.​ac.​uk/​sites/​defau​lt/​files/​2021-​03/​BSG-​WP-​
2021-​039.​pdf. 2021.

	30.	 Chun-Hai Fung I, Wai Hung Y, Ofori SK, Muniz-Rodriguez K, Lai P-Y, Chow-
ell G. SARS-CoV-2transmission in Alberta, British Columbia, and Ontario, 
Canada, December 25, 2019, to December 1, 2020. Disas Med Publ Health 
Preparedness. 2021;2428–37.

	31.	 Huisman JS, Scire J, Caduff L, Fernandez-Cassi X, Ganesanandamoorthy P, 
Kull A, Scheidegger A, Stachler E, Boehm AB, Hughes B, Knudson A, Topol 
A, Wigginton KR, Wolfe MK, Kohn T, Ort C, Stadler T, Julian TR. Wastewater-
based estimation of the effective reproductive number of SARS-COV-2. 
Environ Health Perspect. 2022;130(5):057011.

	32.	 Nourbakhsh S, Fazil A, Li M, Mangat CS, Peterson SW, Daigle J, Langner 
S, Shurgold J, D’Aoust P, Delatolla R, Mercier E, Pang X, Lee BE, Stuart 
R, Wijayasri S, Champredon D. A wastewater-based epidemic model 
for SARS-CoV-2with application to three Canadian cities. Epidemics. 
2022;39:100560.

	33.	 Hogan CA, Jassem AN, Sbihi H, Joffres Y, Tyson JR, Noftall K, Taylor M, Lee 
T, Fjell C, Wilmer A, et al. Rapid increase in SARS-CoV-2p. 1 lineage leading 
to codominance with B. 1.1. 7 lineage, British Columbia, Canada, January–
April 2021. Emerg Infect Dis. 2021;27(11):2802.

	34.	 Brown KA, Joh E, Buchan SA, Daneman N, Mishra S, Patel S, Day T. Inflec-
tion in prevalence of SARS-CoV-2infections missing the n501y mutation 
as a marker of rapid delta (B. 1.617. 2) lineage expansion in Ontario, 
Canada. medRxiv, 2021.

	35.	 N’Guessan A, Tsitouras A, Sanchez-Quete F, Goitom E, Reiling SJ, Galvez 
JH, Nguyen TL, Nguyen HTL, Visentin F, Hachad M, et al. Detection 
of prevalent SARS-CoV-2variant lineages in wastewater and clinical 
sequences from cities in Quebec, Canada. medRxiv, 2022.

	36.	 Wu F, Xiao A, Zhang J, Moniz K, Endo N, Armas F, Bushman M, Chai 
PR, Duvallet C, Erickson TB, et al. Wastewater surveillance of SARS-
CoV-2across 40 us states from February to June 2020. Water Res. 
2021;202:117400.

	37.	 Hopkins L, Persse D, Caton K, Ensor K, Schneider R, McCall C, Stadler LB. 
Citywide wastewater SARS-CoV-2levels strongly correlated with multiple 
disease surveillance indicators and outcomes over three covid-19 waves. 
Sci Total Environ. 2023;855:158967.

	38.	 D’Aoust PM, Tian X, Towhid ST, Xiao A, Mercier E, Hegazy N, … Delatolla R. 
Wastewater to clinical case (WC) ratio of COVID-19 identifies insufficient 
clinical testing, onset of new variants of concern and population immu-
nity in urban communities. Sci Total Environ 2022;853:158547.

	39.	 Hegazy N, Cowan A, D’Aoust PM, Mercier É, Towhid ST, Jia JJ, … Delatolla 
R. Understanding the dynamic relation between wastewater SARS-CoV-
2signal and clinical metrics throughout the pandemic. Sci The Total 
Environ. 2022;853:158458.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

https://stacks.cdc.gov/view/cdc/88834
https://www.bsg.ox.ac.uk/sites/default/files/2021-03/BSG-WP-2021-039.pdf
https://www.bsg.ox.ac.uk/sites/default/files/2021-03/BSG-WP-2021-039.pdf

	Emergence and spread of SARS-CoV-2 variants of concern in Canada: a retrospective analysis from clinical and wastewater data
	Abstract 
	Background 
	Method 
	Results 
	Conclusion 

	Introduction
	Methods
	Clinical data
	Wastewater data
	Statistical analysis

	Results
	Comparison of VOC dynamic trends between clinical and wastewater-based data
	Speed of replacement of VOC proportions

	Discussion
	Geographic Difference of VOC Dynamic Trends across Canada
	Application of modeling data to provide policy-making metrics
	WBE and clinical data can be complementary to support comparative estimates of infection disease

	Conclusion
	Acknowledgements
	References


