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The severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) pandemic has shown wastewater 
(WW) surveillance to be an effective means of tracking the emergence of viral lineages which arrive 
by many routes of transmission including via transportation hubs. In the Canadian province of 
Ontario, numerous municipal wastewater treatment plants (WWTPs) participate in WW surveillance 
of infectious disease targets such as SARS-CoV-2 by qPCR and whole genome sequencing (WGS). The 
Greater Toronto Airports Authority (GTAA), operator of Toronto Pearson International Airport (Toronto 
Pearson), has been participating in WW surveillance since January 2022. As a major international 
airport in Canada and the largest national hub, this airport is an ideal location for tracking globally 
emerging SARS-CoV-2 variants of concern (VOCs). In this study, WW collected from Toronto Pearson’s 
two terminals and pooled aircraft sewage was processed for WGS using a tiled-amplicon approach 
targeting the SARS-CoV-2 virus genome. Data generated was analyzed to monitor trends of SARS-
CoV-2 lineage frequencies. Initial detections of emerging lineages were compared between Toronto 
Pearson WW samples, municipal WW samples collected from the surrounding regions, and Ontario 
clinical data as published by Public Health Ontario. Results enabled the early detection of VOCs and 
individual mutations emerging in Ontario. On average, the emergence of novel lineages at the airport 
preceded clinical detections by 1–4 weeks, and up to 16 weeks in one case. This project illustrates the 
efficacy of WW surveillance at transitory transportation hubs and sets an example that could be applied 
to other viruses as part of a pandemic preparedness strategy and to provide monitoring on a mass 
scale.

The severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) pandemic has had a global impact on 
individuals and economies. Cross-border international travelers, especially commercial airline travelers, 
facilitated the spread of SARS-CoV-2 to locations far from initial infection points, contributing to the rapid 
spread of SARS-CoV-2  worldwide1–4. While air-travel contributed to viral transmission across international 
borders, some evidence suggests that border closures enforced early in the pandemic did not reduce viral spread5.

Early in the SARS-CoV-2 pandemic, airport operations were critical to pandemic response for import/export 
of emergency personnel and medical supplies6–8. Toronto Pearson International Airport (Toronto Pearson) 
processed 40% of Canada’s air cargo prior to the pandemic and the average daily cargo activity more than 
doubled between 2019 and 20219. The volume of cargo processed shows the importance of air cargo at Toronto 
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Pearson locally, provincially, and nationally during the pandemic9. In addition to these more obvious functions 
during a pandemic, airports can also be an efficient and cost-effective point of wastewater (WW) surveillance 
for emerging or re-emerging pathogens arriving in a city, country, and region, while maintaining the anonymity 
of the travelers2.

Though WW surveillance is not a new technology for testing of infectious disease targets, the SARS-CoV-2 
pandemic has provided an opportunity to modernize testing methods and target new pathogens, further 
illustrating the utility of WW as a means of community-wide epidemiological surveillance10,11. Sewershed 
sampling, including the influent of wastewater treatment plants (WWTPs), is a cost-effective and non-invasive 
strategy for capturing information on the presence and abundance of SARS-CoV-2 and the relative abundance 
of variants of concern (VOC) in defined communities serviced by different WWTPs10,12–14. WW samples 
can capture asymptomatic, pre-symptomatic, or mild cases that may not be captured in clinical surveillance 
data12,15,16. As clinical testing has been reduced, WW signals have provided a reliable and stable measure of 
community transmission12.

Detection of total SARS-CoV-2 in the waste of individual arriving aircraft or terminals using real-
time quantitative PCR (RT-qPCR) has been used in many countries to track quantity of the virus in these 
transportation hubs17–21. Aircraft SARS-CoV-2 detection by RT-qPCR has been shown to be more sensitive 
than testing individual passengers prior to departure especially on long haul flights18. RT-qPCR detections from 
airport terminal WW can be predictive of local clinical case load22,23. When selecting WW sites for pathogen 
detection by sequencing to mitigate and/or track emerging outbreaks in a region or country, WW from airports 
should be considered for pandemic preparedness and outbreak management24.

SARS-CoV-2 evolution has resulted in a multitude of lineages and sub-lineages, some of which have 
increased transmissibility, immune evasion, or other advantages that make them of public health interest 
for surveillance25,26. Public Health Ontario (PHO) compiles and reports clinical whole genome sequencing 
(WGS) results to Public Health Units (PHUs) and GISAID which contributes to lineage definitions27,28. The 
data returned from sequencing of WW samples is comprised of sequence fragments of many individual viral 
genomes that must be disentangled from one another using bioinformatic tools, which use mutation frequencies 
to determine which lineages are present in each sample29–31. Individual mutation frequencies can be surveyed 
on their own, which is useful when the mutations in question contribute to immune evasion or are indicative of 
emerging VOCs. The spike protein mutation R346T is an example of such a mutation, which is present in many 
BQ* and XBB* lineages32,33.

WGS results from airport WW have been used to determine the introduction of variants into the surrounding 
communities34–36. WGS detections of Omicron sub-variants in airport WW samples from airports in Singapore 
and Amsterdam showed early detection compared to clinical as reported by the local public health agencies, and 
early detection compared to WWTPs as reported by a local environmental agency in the case of the Singapore 
study23,36.

As of March 2024, Toronto Pearson had direct flights to and from 61 countries which span North and South 
America, Africa, Asia and Europe37. Toronto Pearson has two terminals (Terminal 1 and Terminal 3) which both 
served domestic and international flights during the study period. Roughly a quarter of the number of weekly 
flights arrived from international destinations, while the other three quarters were split relatively evenly between 
destinations in the USA and elsewhere in Canada. Generally, airlines serving countries on the continents of 
Africa and South America were few and were being routed through Terminal 1 at the time of the study, while 
airlines serving countries on the continents of North America, Asia and Europe were more numerous, and were 
routed through both Terminals 1 and 337.

Ontario WW surveillance was coordinated through the Ontario Wastewater Surveillance Initiative (WSI) 
at the time of this study. Site locations and program organization are explained in more detail in the methods 
section. The collaboration between academic labs, GTAA, and WSI PHUs has allowed research into the use of 
transportation hubs to monitor VOC arrival and emergence into Canada.

It was hypothesized that WW surveillance using WGS at a major international travel hub would provide 
early detections of variants of concern of SARS-CoV-2. In this study WGS results from WW surveillance at 
Toronto Pearson and the surrounding municipalities over a period of 14 months were generated and compared 
to illustrate the ability of WW surveillance at an international transport hub to provide early data on VOC 
introduction into the surrounding community. The observed early detections of SARS-CoV-2 lineages in airport 
WW compared to municipal WW and clinical WGS reporting provides an example of how sequence-based WW 
surveillance can be used to monitor viral threat emergence in communities via transportation hubs.

Methods
Site selection
The immediate area surrounding Toronto Pearson consists of three municipal regions, York, Peel, and Toronto, 
which include urban centers (Fig. 1). WW samples from these three regions were examined weekly, because these 
municipal regions were likely first contact points after the airport between passengers and the local population 
and would provide the best information about variant presence locally. Samples were received from two WWTPs 
in Peel Region (1 & 2), four WWTPs in Toronto (3, 4, 5, & 6), two sewage pumping stations in York Region (8 & 
9) and one maintenance access facility (7). It should be noted that WW from Humber AMF (Site 9) flowed into 
Peel Region and was treated at the G.E. Booth (Lakeview) WWTP (Site 2). Site 7 included WW flow from Site 8 
and flows collected from the north and northwest portions of York region.

Terminal sewers served departing and arriving passengers on flights routed through that terminal, as well 
as terminal staff, in the 24-h period preceding sample collection. Terminal samples were collected on-site from 
the sewers leading away from the building and did not contain WW from any other sources. Airplane lavatory 
sewage is emptied into trucks and carried to a triturator building at the airport, for disposal. Samples collected 
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from this disposal point are referred to here as pooled aircraft sewage and contained sewage from most arriving 
aircraft in the 24-hour period preceding sample collection. Three samples per weekday were received from 
Toronto Pearson (pooled aircraft sewage, Terminal 1, and Terminal 3). WW from Toronto Pearson was then 
treated at WWTPs in both Peel and Toronto after joining the municipal WW sewer systems.

City of Toronto, Regional Municipality of York, and Regional Municipality of Peel, were all participants 
in the Ontario WSI coordinated and funded by the Ontario Ministry of the Environment, Conservation and 
Parks (MECP). In this program, each participating region collected municipal WW samples from WWTPs and 
pumping stations for analysis at academic labs and/or the PHAC National Microbiology Laboratory Branch 
(Winnipeg, MB). Toronto Pearson samples were collected by a third-party company and sent by courier to the 
academic labs for analysis, supported by Public Health Agency of Canada and coordinated by Ontario WSI.

Fig. 1.  Map of sewersheds and sampling sites in the regions surrounding Pearson Airport.
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Sample collection
This study includes data from samples collected over the period of January 1st 2022 to March 31st 2023. WW 
samples from two airport terminals at Toronto Pearson (Terminal 1 and Terminal 3) were collected using passive 
torpedo samplers (soaked for 24 h each), until March 21st 2022 after which Terminal samples were collected 
using autosamplers that took one grab sample each half hour over a 24 h period to create a composite sample. 
Pooled aircraft sewage was also first collected from January 1st 2022 until October 21st 2022, using passive 
torpedo samplers. After October 21st 2022, pooled aircraft sewage was collected using an autosampler in the 
same way as the Terminal samples yielding 24 h composite samples. The switch to autosamplers was reliant on 
the installation of autosamplers at each location and the terminals were prioritized due to the WW flow at these 
sites damaging the passive samplers. Samples from municipal WWTPs were collected similarly by autosampler 
in the case of sites 1–6 and 9 or by grab sampling (single timepoint collection) in the case of sites 7 and 8, at 
pumping stations or pipes. Sample metadata including sample type, coverage statistics and sample preparation 
method is available in Supplementary Table S1.

Library preparation and WGS
As part of the Ontario WSI, for each site included in this study, WGS was conducted by one of three partners at 
University of Guelph, University of Waterloo, and University of Western Ontario. The following section details 
which samples were processed by each lab, and how the procedures and reagents used differed.

WW samples were subjected to RT-qPCR to measure the quantity of SARS-CoV-2 present in the samples 
prior to sending them to one of the sequencing labs, or for the Terminal and Aircraft Sewage samples, the RT-
qPCR was performed directly in the sequencing lab. All sequenced samples are summarized in Table 1. The 
SARS-CoV-2 concentrations in airport samples were stable throughout the sampling period (Ct scores between 
29 and 31, Supplementary Table S1). During this study, municipal samples that were part of the WSI program 
with Ct scores above 35 were not sequenced, thus all municipal samples included here have Ct scores ≤ 35. Gene 
copy measurements for the entire Ontario WW qPCR dataset were published as copies/L values for all municipal 
samples included in this study38.

One sample per weekday (Monday - Friday excluding statutory holidays) was collected from Toronto Pearson 
Terminal 1 and Terminal 3 for sequencing at University of Waterloo. One sample per week was collected for 
sequencing at University of Waterloo from each of the following municipal WWTPs, pumping stations, or pipes: 
Leslie Street Pumping Station - York Sewershed (Site 7), Warden and 407 - York Sewershed (Site 8), Humber 
AMF Pumping Station - York Sewershed (Site 9), Clarkson South-Peel Water Pollution Control Plant (Site 1), 
and G. E. Booth (Lakeview) WWTP (Site 2).

In preparation for sequencing, the viral content of 20 mL of a WW sample was concentrated using Nanotrap 
Microbiome A Particles (Ceres Nanosciences) following the manufacturer’s protocol “Manual Nanotrap® 
Wastewater Protocol using QIAGEN QIAamp® Viral RNA Mini Kit”, section A. “Viral Capture” with the following 
modifications: whenever a magnetic stand was called for, the sample with beads was instead centrifuged at 8,000 
× g at 4 °C for 4 min, and the pellet was resuspended in a small volume of remaining supernatant instead of 
water to transfer the sample to a smaller tube. In the case of Terminal 1 and 3 samples prior to March 21st 2022 
one of 3 gauzes from the torpedo passive sampler was first shaken in 40 mL sterile PBS with 0.05% Tween 80 
and antifoam reagent, wrung out, and the PBS with resuspended biosolids was used as the input material for the 
Nanotrap Microbiome A Particles (Ceres Nanosciences) concentration. The beads were resuspended in 700 µL of 

Site Name Region # samples passing QC (Ct < 35, BOC10 > 20%) # samples collected/week Sample type

Pooled Aircraft

Airport

130
5

Passive Torpedo Sampler 24 h

91 Autosampler 24 h

Terminal 1
44

5
Passive Torpedo Sampler 24 h

233 Autosampler 24 h

Terminal 3
46

5
Passive Torpedo Sampler 24 h

246 Autosampler 24 h

Leslie Street PS

York

55 1 Grab

Warden 407 53 1 Grab

Peel OCF/Humber AMF 62 1 Autosampler 24 h

Clarkson
Peel

60 1 Autosampler 24 h

G.E. Booth 61 1 Autosampler 24 h

Humber (Etobicoke)

Toronto

76 1 Autosampler 24 h

Ashbridges Bay 56 1 Autosampler 24 h

North Toronto TP 54 1 Autosampler 24 h

Highland Creek 79 1 Autosampler 24 h

Table 1.  Summary of samples. Table summarizing all samples analyzed for this study. Site names and regions 
have been shortened. Region names will be used to define groups of samples as shown throughout results. 
Number of samples sequenced minus samples that were discarded because the breadth of coverage (BOC) at 10 
reads deep or greater was less than 20% is counted in column “# samples passing QC (Ct < 35, BOC10 > 20%)”. 
Sample type refers to how the sewage was collected.
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prepared Lysis Buffer (RLT + 2ME) for RNA extraction automated on a QIAcube Connect using a RNeasy mini 
kit (Qiagen ID: 74116). RNA was then reverse transcribed using LunaScript RT SuperMix Kit (NEB #E3010) 
and amplified using Q5® High-Fidelity 2× Master Mix (NEB cat# M0492L) and the ARTIC V4.1 NCOV-2019 
Panel of primers (IDT; 10008554, designed by the ARTIC network) resulting in ~ 400 bp amplicons. Amplicon 
libraries were prepared using the Illumina DNA Library Prep kit (20060059) with an additional 0.8× AMPure 
XP (Beckman Coulter) single sided bead cleanup prior to tagmentation. Paired-end (2 × 250 bp) sequencing of 
the libraries was performed using a MiSeq (Illumina).

One sample per day Monday-Friday (excluding statutory holidays) was collected from the triturator for 
sequencing at University of Guelph. Pooled aircraft sewage samples were prepared and sequenced as described 
previously39. Briefly, samples from passive samplers were preprocessed by submerging one of the embedded 
gauzes in 50 mL sterile PBS with 0.05% Tween 80 and antifoam reagent and stomached for 2 min. Viral particles 
in the filtrate from passive sampler and in the liquid samples from autosamplers were concentrated using 
Nanotrap Microbiome A particles (Ceres Nanosciences). RNA extraction was performed using the QIAamp 
Viral RNA extraction Mini kit (QIAGEN) carried out on the QIAcube (QIAGEN) instrument according to the 
manufacturer’s extraction method. Complementary DNA was generated using the SuperScript™ IV First-Strand 
Synthesis System (Thermo Fisher) and amplified using the same ARTIC V4.1 primers and protocols as above 
for the University of Waterloo. The amplicon libraries were prepared using the Nextera XT DNA library prep kit 
(Illumina). Paired end (2 × 150 bp) sequencing of the libraries was performed on the Illumina MiniSeq system. 
A maximum of 24 samples were loaded per run.

One sample per week was sequenced at the University of Western Ontario from each of the four Toronto 
WWTPs: Humber (Etobicoke) Water Pollution Control Plant (Site 3), Main (Toronto-Ashbridges Bay) Water 
Pollution Control Plant (Site 4), North Toronto Treatment Plant (Site 5), and Highland Creek (Scarborough) 
Water Pollution Control Plant (Site 6). Ceres beads were not used to concentrate the virus, instead a 30 mL 
aliquot of the composite influent WW sample was centrifuged at 4200 × g at 4 °C for 20 min. The supernatant 
was discarded, except for approximately 500 µl used to re-suspend the solids pellet. The re-suspended solids 
pellet was used for RNA extraction as described above for University of Waterloo. CDNA, PCR amplification 
and Library preparation was performed as described above for University of Guelph. Paired-end (2 × 300 bp) 
sequencing was performed using an Illumina MiSeq.

Data processing and frequency prediction
Fastq files for all samples were pre-processed using cutadapt to remove adapter sequences, minimap2 to map 
reads to a SARS-CoV-2 reference genome (NC_045512.2 – Wuhan-Hu-1), and samtools to generate coverage 
and mutation frequency data at all sites along the genome40–42. Mapped genomes with breadth of coverage 
(BOC) > 20% at a minimum read depth of 10 were then processed using Alcov, a tool which uses unique and 
shared mutations to predict frequencies of SARS-CoV-2 lineages31. Shared mutations were used to predict 
presence of sets of lineages while unique mutations were used to differentiate between individual sub-lineages. 
Mutations were only considered if the read depth at that location was greater than 10. Constellations defining 
each lineage in Alcov were built to include all mutations differing from the reference genome which occur in 
≥ 90% of the specific lineage sequences on covSPECTRUM33. Alcov was used to generate heatmaps and csv 
tables of predicted frequencies of lineages as well as mutation frequencies, from which the values presented in 
this article were extracted and plotted.

A benchmarking study has been published comparing Alcov to eight other lineage prediction tools designed 
for use with WW sequencing43. This study concluded that Alcov performed well compared to these tools 
including well-known tools such as Freyja43.

Data Transformation
Predicted lineage frequencies output by Alcov are complex and affected by genome coverage. Greater coverage 
of unique mutations for lineages in the mixed samples improves the ability of Alcov to make calls with more 
detail in sublineage separation. When fewer unique mutations are available, Alcov uses shared mutations to 
predict a lineage or will output an A-or-B statement in which more than one lineage is assigned to a frequency 
of occurrence. When an A-or-B statement is given, any of these listed lineages could account for the mutations 
detected.

To give the frequency of each lineage analyzed in this study (BQ*, BA.2.75*, BF*, XBB*, XBB.1.5*, XBB.1.16*, 
and XBB.1.9*), A-or-B statements were summed together and assigned to the parent lineage if all their 
components were descendants of the lineage in question. For example, for the BQ* lineage calls, an Alcov call 
of “BQ.1 or BQ.1.1 or BQ.1.2” would have been added to the total BQ* frequency for that sample, but an Alcov 
call of “BA.5 or BA.5.3 or BE.1 or BQ.1” would not have been summed into the BQ* frequency lineage. The 
asterisk denotes the inclusion of descendant lineages, which do not overlap, apart from XBB* which includes all 
the lineages which make up XBB.1.5*, XBB.1.9* and XBB.1.16* as well as other XBB* lineages. This summation 
of lineages was done using Python with the code in the supplemental methods with information found in the 
alias_key.json file published on the pango-designation github44,45. Summed frequencies per sample for each of 
the lineages analyzed in this study are listed in supplementary Table S2. Plots were created using ggplot2 in R 
with the code included in the supplementary methods.

In the figures tables presented, Terminals 1 and 3 at Toronto Pearson were grouped together as Airport 
Terminal 1 and 3. Pooled Aircraft Sewage includes data from the passive torpedo samplers from January 1, 
2022 to October 21, 2022, and the triturator building autosampler after this point. Clarkson South-Peel Water 
Pollution Control Plant and G. E. Booth (Lakeview) WWTP were grouped together as “Peel”. York Sewershed 
– Leslie Street PS, York Sewershed – Warden 407 and York- Peel OCF/Humber AMF were grouped together as 
“York”. Humber (Etobicoke) Water Pollution Control Plant, Main (Toronto – Ashbridges Bay) Water Pollution 
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Control Plant, North Toronto Treatment Plant, and Highland Creek (Scarborough) Water Pollution Control 
Plant were grouped together as “Toronto”. Clinical data from Ontario was pulled from Public Health Ontario’s 
Weekly Epidemiological Summaries for SARS-CoV-2 genomic surveillance in Ontario27. Epi-weeks in this study 
began at epi-week 1 being the first week of the year with at least 4 days in January, which matches the reports that 
the clinical data was collected from.

Results
Coverage comparison by sample types
The dataset presented in this study includes sequencing data generated by different laboratories with slightly 
differing methods. The sampling methods at all sites were not kept consistent due to limitations of the sites 
themselves and the nature of some WW samples was inherently different, for example municipal WW and 
pooled aircraft sewage differed in concentration of solids compared to other sewage components, and the 
makeup of the other sewage components differed. The breadth of coverage for all samples in the dataset has 
been analyzed (Supplementary Table S3) to elucidate the difference in data quality as influenced by sequencing 
laboratory (with associated sequencing method), sample collection method, region, and sample type.

All groups of sequencing data analyzed had an average BOC greater than 65% and a median BOC greater 
than 75% of the reference genome. All regions had an average BOC between 65% and 81%. Pooled aircraft 
sewage had a median BOC of 96% and average BOC of 80.87%, which was higher than any other sample region 
including the terminals. Pooled aircraft sewage also had the highest standard deviation, likely due to the two 
different sampling methods producing different coverage results and the passive sampler data as a set having a 
high standard deviation. Terminals 1 and 3 together were most comparable to Peel region sites together (Median 
BOC 82% and 83.5% respectively), and York and Toronto regions had similar median BOC of 76%. Similarly, 
Guelph University’s samples had the highest median BOC (96%) followed by University of Waterloo (81%) and 
Western University (76%).

Airport WW can provide an early warning of emerging VOCs
The raw sequencing data has been deposited to the Sequence Read Archive (SRA) under BioProject 
PRJNA1088471. Supplementary Table S2 shows processed lineage frequency results that were used to generate 
plots.

Emerging lineages and mutations of interest were tracked to compare first instances in airport WW, 
surrounding municipal WW, and clinical data where available. The lineages included in this study were BQ*, 
BA.2.75*, BF*, XBB*, XBB.1.5*, XBB.1.16* and XBB.1.9*. Only the sequencing results passing QC metrics as 
defined in the methods section were included in the following plots. A frequency of zero in these plots does not 
mean there was no SARS-CoV-2 detected in these samples, but rather that the specific lineage being queried was 
not found in the sample. Summed detection data for each of these lineages was plotted in Supplemental Figures 
S1 through S7 against epidemiological week (epi week), and the first detections were compiled and compared 
(Tables 2 and 3). Summed detection data was plotted in Fig. 2 against an X-axis normalizing all timelines of 
lineage emergence in terms of the first clinical detection as reported by PHO so that the WW detections could 
be visualized by lead time27,46–51.

When all BQ* lineage predictions were compiled for all the sites (Fig. 2C, Figure S1) results showed that the 
first detections occurred in the airport terminals in epi weeks 22 and 33, 15 and 4 weeks prior to PHO reported 
clinical detection, though the first detection was at a frequency less than 5%. Then at epi week 34 the pooled 
aircraft sewage had a small signal which continued to be the main detection until the Ontario clinical data first 
reported BQ* in epi week 3747. The surrounding municipal sites did not have a detection of BQ* until a small 

SARS-CoV-2 
Lineage

Epi week of first detection in WW at Toronto Pearson and surrounding 
municipalities Epi week of first 

clinical case 
(PHO) Airport WW lead time

Municipal 
WW lead 
timePooled Aircraft Airport Terminals

Toronto 
municipal Peel Region York Region

BQ* 2022–34 2022–22 (33) 2022–44 2022–42 2022–41 2022–37 15 weeks (4 weeks) -

BA.2.75* 2022–31 2022–17 (28) 2022–42 2022–30 2022–23 2022–29 12 weeks (1 week) 6 weeks

BF* 2022–21 2022–7 (10) 2022–21 2022–12 2022–21 2022–23 16 weeks (13 weeks) 11 weeks

XBB* 2022–39 2022–39 2022–45 2022–48 2022–50 2022–41 2 weeks -

XBB.1.5* 2023–1 2022–39 (49) 2022–47 2023–1 2023–1 2022–49 10 weeks (0 weeks) 2 weeks

XBB.1.16* 2023–9 2023–10 2023–11 2023–12 ND 2023–10 1 week -

XBB.1.9* 2023–2 2023–6 2023–10 2023–9 2023–9 2023–5 3 weeks -

Table 2.  Summary of first detections in WW and PHO report clinical data. Table summarizing first detection 
for each lineage in all 5 WW sample groups and PHO report clinical data. Detections were recorded as “year 
– epi week number”. Lead time was calculated from the first WW detection (bolded in each row) to the first 
clinical detection. If the lineage was not detected before March 31st, 2023, the corresponding cell reads “ND” 
instead of a date. In cases where the initial detection was more than two weeks ahead of any other detection in 
this study, the second detection was also considered in this table and the values were placed in brackets. A dash 
in the lead time column means that the WW detection occurred after the first clinical detection so there was 
no lead time.
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detection in epi week 40 (Toronto) and a slightly higher detection in epi week 41 (York region), both after the 
first PHO clinical sequence was collected.

BA.2.75* emerged in the Ontario clinical data in epi week 29 (Fig.  2A, Figure S2)46. Airport terminal 
BA.2.75* detections in WW occurred in epi weeks 17 and 28, 12 weeks and 1 week prior to PHO reported 
clinical detection, and the first detection in surrounding municipal samples was in York in epi week 23. All of 
these detections prior to the clinical first detections were at frequencies less than 5%. During post-processing of 
the data with Alcov there were some low frequency detections of BA.2.75 as early as February 14th 2022 in York 
region municipal WW and Terminal WW samples but these were not likely to be true detections. The coverage 
of samples with low frequency BA.2.75 detections in February and March 2022 were all below 60%, and these 
samples were predicted to contain parent lineage BA.2 when they were initially reported to PHUs and Toronto 
Pearson. BA.2.75 was not designated as a Pango lineage until June 2022, with detections earlier than June 2nd 
2022 only reported from India52. WGS from India early in the pandemic was infrequently submitted and often 
had ambiguous sequence calls, causing scientists to recommend excluding early sequences from India when 
analyzing GISAID WGS data53,54. It is more likely that the low frequency detections that occurred in our dataset 
were another closely related BA.2* lineage so we have analyzed only detections which occur within 16 weeks of 
the first clinical detection by PHO through the end of the study period.

BF* lineages were detected in the airport terminals in epi weeks 7 and 10, 16 and 13 weeks ahead of PHO 
clinical detection respectively, and then in Peel (epi week 12), York (epi-week 21), in Toronto in epi week 21 
and multiple times in the airport terminals between epi weeks 21 and 24 before Ontario’s first clinical case was 
reported in epi week 23 (Fig. 2B, Figure S3)27.

When XBB* lineages were analyzed as a group, detection occurred in Terminal and pooled aircraft WW 
during epi week 39, two weeks prior to the PHO initial clinical detection, and then in municipal WW first in 
Toronto in epi week 45, though consistent detection did not begin in municipal WW until epi week 47. The first 
clinical detection in Ontario took place during epi week 41 (Fig. 2G, Figure S4)47.

In addition to analysis of the XBB* lineages as a group, three specific sub-lineages of XBB were investigated: 
XBB.1.5*, XBB.1.16*, and XBB.1.9* as these seemed to be the most persistent. The first detection of an XBB.1.5* 
sub-lineage was in an airport terminal sample in epi week 39, 10 weeks prior to PHO initial clinical detection, 
and 8 weeks before the first municipal detection in a Toronto sample in epi week 47. There was another detection 
of XBB.1.5* in epi week 49, and the first clinical detection, also in epi week 49 49. Consistent detection of XBB.1.5* 
in municipal and airport WW samples was not observed until epi week 1 of 2023 (Fig. 2E, Figure S5).

The first detections of XBB.1.16* were in pooled aircraft sewage during epi week 9, followed by detection 
in the airport terminals and the first clinical detection in epi week 1050, . The first detection in municipal WW 
occurred in epi week 11 in Toronto (Fig. 2D, Figure S6).

For XBB.1.9*, the first detections were all in the pooled aircraft sewage samples from epi weeks 2–6. The first 
clinical detection in Ontario did not take place until epi week 5, 3 weeks after the first airport WW detection, 
whereas the first detection in municipal WW was not until epi week 9 in Peel Region (Fig. 2F, Figure S7)51.

Cumulative detections above 1% and 5% over time per WW site were plotted in Fig. 3 to visualize the signal 
consistency after detection of each lineage (Fig. 3A-G). A stepwise increase in the cumulative detections each 
time a sample was taken is expected if a lineage was introduced into a community and remained present, either 
by spreading to other individuals or continuing to be shed by the original individuals, as each sample would 
have a detection of that lineage. More than one sample was collected each week for all sample groups represented 
in Fig. 3 so consistent detection appears as a line which increases on the y-axis (detections) faster than on the 
x-axis (weeks). Examples of consistent detection after initial detection were seen in the case of Toronto (purple) 
BF* (Fig. 3B) and York (pink) BF*, BQ* and XBB.1.5* (Fig. 3B, C and E). In most cases airport terminals 1 and 
3 (teal) and pooled aircraft sewage (orange) detections plateaued after initial detection which means the initial 
detections were isolated instances and were not followed by consistent detection of the same lineage in the 
following weeks. After the clinical detection the airport WW sites showed consistent detection of the lineages.

GISAID EpiCoV™ is a searchable database for SARS-CoV-2 sequences that is accessible only to registered 
users. It was possible in June 2024 to filter the Ontario clinical sequences in this database by a sub-set of the 
lineages of interest focused on in this study, and the found first detections are summarized in Table 3 28. PHO-
submitted clinical data on GISAID included detections prior to those published in the risk assessment reports. 
When compared to the GISAID data that was available, Airport WW did not provide as much lead time.

Clinical first detections from PHO risk assessment reports were used as the primary dataset for comparison 
but clinical first detections from GISAID were also considered if available28. Sequence submissions which were 

SARS-CoV-2 
Lineage

Sample date of 1st 
detect -GISAID

Reported date - 
GISAID

Epi week of 
sample -GISAID

Epi week 
reported 
-GISAID Accession #

Epi week of first 
detection in WW 
(Airport)

WW lead 
time

XBB.1.5* 2022-11-28 2022-12-12 48 50 EPI_ISL_16086975 39 (49) 9 weeks (– 
1 week)

XBB.1.16* 2023-02-28 2023-04-24 9 17 EPI_ISL_17537606 9 0 weeks

BA.2.75* 2022-06-09 2022-06-21 23 25 EPI_ISL_13392500 17 (28) 6 weeks (– 
5 weeks)

XBB* 2022-09-22 2022-10-03 38 40 EPI_ISL_15225593 39 – 1 week

Table 3.  Summary of first detections in GISAID clinical submissions. Table showing first detection in WW 
only for comparison against first GISAID clinical sequence submission28.
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available at the time of publication as representatives of a lineage on GISAID may not have been classified as that 
lineage during the study period when these lineages were emerging.

The country in which a lineage of interest originated could inform the possible routes of transmission 
before arrival in Ontario. Countries of origin were collected from the pango-designation GitHub and are as 
follows: BQ.1 originated in Nigeria, BA.2.75 was initially mainly found in India, BF.1 was initially found in 
England, Denmark, Spain and Scotland, XBB was initially found in USA and Singapore, XBB.1.5 originated in 
the USA, XBB.1.16 was initially found in India, USA, Singapore, and Europe, and XBB.1.9.1 was initially found 

Fig. 2.  Frequency of lineages of interest from the de-mixing performed by Alcov (log sale). Horizontal dashed 
lines represent the 5% and 1% detection thresholds. Each point represents a single WW sample. Points with 
a frequency less than 1% are dimmed, as these are too low to consider a lineage as “detected”. The x-axis 
represents the weeks since the first PHO reported Ontario clinical case, with negative values representing 
detections in WW prior to clinical detections. Each panel represents a single lineage from the following list: 
BA.2.75* (A), BF* (B), BQ* (C), XBB.1.16* (D), XBB.1.5* (E), XBB.1.9* (F), XBB* (G).
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in Indonesia, Singapore, Malaysia and England44,45. XBB*, XBB.1.5* and XBB.1.16* were associated with or 
originated in the USA, while other lineages were associated with or originated from countries on continents 
other than North America.

In Table  4 first detections were summarized statistically. Values were summarized by location, across all 
lineages. Frequencies greater than 1% or 5% were each used as thresholds to consider a lineage detected in the 
analysis. The airport terminals had the earliest average first detection lead time, with airplane sewage having 

Fig. 3.  Cumulative detection probabilities for each lineage and location. Dotted lines represent detections with 
a 0.01 (1%) detection threshold, and solid lines represent detections with a threshold of 0.05 (5%). The x-axis 
represents the weeks since the first PHO reported Ontario clinical case, with negative values representing 
detections in WW prior to clinical detections. Each panel represents a single lineage from the following list: 
BA.2.75* (A), BF* (B), BQ* (C), XBB.1.16* (D), XBB.1.5* (E), XBB.1.9* (F), XBB* (G).
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the second earliest average lead time, but with lower variance and thus aircraft sewage had more consistent 
detections.

The lead time of each site compared to the PHO first detect or GISAID first detect was summarized 
statistically in Table 4, considering only the lineages which were searchable on GISAID for that portion of the 
table (Table 3)28. The values in this table are represented in days for the GISAID comparisons and weeks for the 
PHO report comparisons. While there were still some instances where WW detections preceded the GISAID 
detections which can be seen in the earliest first detection column, the mean first detections were for the most 
part positive numbers meaning that the WW detections usually occurred after the first sample on GISAID for 
a lineage.

Mutations of interest provide an early warning signal for lineage groups
Over the pandemic, there were periods where it was increasingly difficult to track specific SARS-CoV-2 lineages 
in WW due to convergent evolution of mutations in the spike protein’s receptor binding domain. During this 
time, some WW surveillance programs followed certain important mutations. These mutations were deemed 
important for a variety of reasons, but the mutation examined here (S: R346T) is a mutation that aids SARS-
CoV-2 lineages to escape antibodies, including the monoclonal antibodies used for treatment of COVID-1932. 
The S: R346T mutation was present in several lineages of SARS-CoV-2 that were circulating during the period 
of this study. The first instance of this mutation above 1% was a detection in a York Region sample in epi week 
20, followed by several higher detections in terminals 1 and 3, pooled aircraft sewage and samples from Toronto 
region in epi weeks 21 and 22 (Fig. 4). There is no information about the first clinical detection of this mutation 
in Ontario.

Discussion
Toronto Pearson is the largest international airport in Canada, hosting 40 airlines that fly to more than 155 
cities worldwide9. In 2019, 50.5 million passengers travelled through the airport. There are nearly 50,000 people 
employed at the airport55. The diversity and number of people served by Toronto Pearson made it an extremely 

PHO reports comparison (weeks)

Group Detection threshold Earliest first date Mean first date SD first date

Airport Terminal 1 and 3 0.01  16 – 4.5238095 6.845576

Airport Terminal 1 and 3 0.05 – 16 – 4.0996785 5.435883

Pooled Aircraft Sewage 0.01 – 3 0.1111111 3.027111

Pooled Aircraft Sewage 0.05 – 3 2.7529412 4.537951

Toronto 0.01 – 1 5.5263158 5.274345

Toronto 0.05 – 1 5.3373494 4.654599

York 0.01 – 6 5.0769231 7.398891

York 0.05 – 5 11.5607477 12.604415

Peel 0.01 – 11 3.4444444 5.972705

Peel 0.05 – 10 3.3375000 9.751266

GISAID comparison (days)

Group
Detection 
threshold

Earliest first 
date

Mean first 
date

SD first 
date

Airport Terminal 1 and 3 0.01 – 59 – 1.181818 36.67102

Airport Terminal 1 and 3 0.05 – 59 3.590389 38.45018

Pooled Aircraft Sewage 0.01 – 6 21.142857 29.61511

Pooled Aircraft Sewage 0.05 – 3 55.414286 43.37450

Toronto 0.01 – 1 63.000000 46.18596

Toronto 0.05 – 1 57.378378 45.68136

York 0.01 – 3 67.500000 66.89224

York 0.05 4 114.903846 91.77870

Peel 0.01 20 57.538461 28.94712

Peel 0.05 46 119.384615 42.34794

Table 4.  Summary statistics by location. Table showing summary statistics of first detections from all lineages 
across each location. Comparison to PHO reports is presented first in weeks, followed by comparison to 
GISAID in days. Statistics are calculated with detection thresholds of 0.01 (1%) followed by 0.05 (5%). The 
summaries were based only on the first detection of any lineage for each location. All dates refer to the 
number of weeks or days after the first clinical case, with negative values representing weeks or days before 
the first clinical case. The Mean first date is the mean of the first detection dates for the listed site that passed 
the Detection threshold listed in weeks or days after clinical detection of each lineage. The SD first date is the 
standard deviation of all first detection lead times. For GISAID comparison, only the 4 lineages which are 
searchable on GISAID were used for the calculations
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valuable site to monitor as part of joint efforts between Public Health Agency of Canada and the Ontario WSI 
program.

Sampling at Toronto Pearson through the WSI began in January 2022 making them the first Canadian 
international airport to serve as a regularly sampled WW surveillance site. To our knowledge, this is the first 
study to track lineages in Canadian airport terminal WW.

In this study there were several examples of initial detections of SARS-CoV-2 lineages from WW samples 
collected from Toronto Pearson (Terminals or Pooled Aircraft Sewage) ahead of a municipal WW detection with 
a lead time ranging from one week (BA.2.75*, XBB*, XBB.1.16*) to 4 weeks (BQ*) typically and up to 16 weeks 
(BF* lineages) before a clinical sample was detected in Ontario. A one-week lead time was more common. The 
average lead time for WW detections in Terminals 1 and 3 was 4 weeks at a detection threshold of 5% while 
aircraft sewage did not on average provide a lead time in this study (Table 4). The lineages and mutations followed 
in this study were chosen based on interest during the sampling program as identified by PHAC, Ontario Public 
Health Units, the Greater Toronto Airports Authority (GTAA), or by media coverage. The examples of early 
detection of emerging VOCs in Southern Ontario suggest that airport WW surveillance is a valuable tool for 
public health in pandemic preparedness as it can track populations at borders which can allow lead time to 
implement public health measures, such as masking and vaccination programs.

Clinical sequences available on GISAID represent earlier cases of emerging variants
Throughout the study the clinical first detections as found in PHO reports were primarily used to measure 
lead time. The GISAID clinical sequences submitted by PHO may not reflect data availability at the time that 
these lineages were emerging as the data may have been transformed or re-analyzed since that time, while the 
PHO reports were accessed as they are referenced. It is also unlikely that end users of this data would search for 
emerging lineages on their own using the GISAID database. A study on variant detection by WGS in airport 
WW performed in Singapore reported even longer lead times for Omicron sub-variants and similarly used 
only local public health records for comparison23. For these reasons, the usefulness of WW surveillance at 
transportation hubs for informing public health of emerging lineages is not decreased by the shorter (or lack of) 
lead times when compared to GISAID data.

The presence of earlier GISAID clinical datapoints for the lineages BA.2.75*, XBB*, XBB.1.9* and XBB.1.16* 
indicated that the lineages were present in low abundance in Ontario prior to detection at Toronto Pearson 
(Tables  3 and 4). In cases where the countries of origin included the USA, it is likely that cross-border 
transmission occurred at land border crossings as often as or more frequently than through the international 
airport, which would provide a possible explanation. BA.2.75* was an interesting case however with only one 
very low frequency detection occurring before the GISAID detection, because it originated in India, so had 
potential to arrive in Ontario from overseas carried by airline travelers.

Fig. 4.  Frequency of the alert mutation S: R346T in WW samples from Toronto Pearson and surrounding 
municipal sites in Toronto, York, and Peel regions. Each point represents a single WW sample.

 

Scientific Reports |        (2024) 14:26534 11| https://doi.org/10.1038/s41598-024-76925-6

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


Transient nature of airport WW and accuracy of first detections
Some considerations should be made for the transient populations contributing to the airport sampling sites. 
Terminal samples provided information on both the transient population of travelers (people who may have 
been terminating their journey in Southern Ontario or connecting onward to other destinations) and the more 
consistent population of airport staff and associates who worked in close proximity to the travelers. Pooled 
aircraft sewage on the other hand mostly represented the transient populations made up of travelers and mobile 
aircraft staff. For both airport sampling sites, multiple signal spikes occurred which dropped again before a new 
lineage gained a foothold in Ontario and more consistent detection of a lineage in municipal WW occurred. 
Each spike could represent a single case or a few cases passing through the airport, and there is no way to know 
the ultimate destination of the person or persons carrying the virus. The result is that each initial detection, 
even if isolated, should be treated as valuable data if it is going to serve as an early warning signal for in-country 
transmission.

The analysis of cumulative detections per site per lineage (Fig.  3) show that in most instances the time 
between initial and subsequent or consistent detection in Terminal 1 and 3 WW was longer compared to both 
the pooled aircraft sewage and municipal WW regions. This was expected when comparing municipal and 
terminal WW because transmission is less likely to occur within the population as the infected individuals may 
have been in transit. If transmission did occur within a terminal, the secondarily infected individuals may not 
have contributed to the sampled WW before departing. It was expected that the pooled aircraft WW would show 
the same lag between initial detection and subsequent detections given the transient nature of the population 
represented but pooled aircraft sewage did not lag to the same degree. It is possible that the passive samplers 
used initially were less sensitive, causing the detections that were observed after the switch to autosamplers to 
represent higher frequency lineage presence.

It is not typical to place confidence in single detections from WW surveillance due to the nature of the sample 
type, being comprised of many different individual viral particles and with each particle contributing a partially 
degraded genome. Frequency prediction tools are necessary to ‘detangle’ the sample into individual lineages 
and there are limits to the accuracy of such tools. For example, a benchmarking study which included Alcov 
concluded that calls at frequencies less than 5% should be interpreted with caution due to high background noise 
in WW samples43. As a result, in municipal WW surveillance, patterns and trends in data, especially in slowly 
emerging lineages, lend confidence to the predictions. Initial detections in this study were predicted at 5% or 
higher (apart from BA.2.75 and BQ*), but there are other factors that can result in lower confidence in single-
point signal spikes, such as the possibility that diagnostic mutations were missed. For this reason, in the cases 
(BQ*, XBB.1.5*) where the initial detection was more than 2 weeks ahead of any other detections considered in 
this study (other WW collected from the sites included in this analysis or Ontario clinical) the second detections 
should be considered as well when calculating lead time gained (bracketed values in Table 2). If WW sequencing 
in airports were to be used to inform pathogen impact on public health and inform policy changes in future 
pandemics, recommendations from data collectors to the recipients of the data would have to be well balanced 
to account for differences between single and multiple detections with corresponding interpretations weighted 
accordingly.

It is valuable as well to be able to track the potential national entry of pathogens and their emergence in 
the community through airport coupled with municipal WW surveillance amidst limited clinical testing to 
inform how detections at entry points translate to transmission in the surrounding regions35. The long timespan 
between terminal and municipal WW detections in some instances (e.g. BQ*, Fig. 2C) suggests that in some 
cases variants may not have been quick to spread after initial introduction to the local population, or that they 
were present in airport WW due to transitioning travelers. The transmissibility and infection rates of SARS-
CoV-2 differ due to many factors (i.e. by variant, age demographics, and vaccination rates of individuals), and 
not all viral detections directly translate to continued transmission56. After initial detection of emerging lineages, 
the signal in Toronto Pearson WW generally continued to fluctuate, with higher peaks in frequency than the 
municipal WW from the surrounding regions. Toronto Pearson WW then would not be useful to monitor 
subsequent local trends in VOC dominance past the initial community introduction, which has been the key 
role of municipal WW testing in SARS-CoV-2 surveillance.

Unique mutations influence the ability to accurately call specific sub-lineages
XBB lineages provided an example of how frequency predictions using WW sequencing in this study were 
affected by availability of unique mutations, despite the ability of prediction tools including Alcov to use shared 
mutations as well to make lineage predictions. XBB*, as a recombinant of BA.2.10.1 and BA.2.75 sub-lineages 
(BJ.1 and BM.1.1.1 respectively), had a distinct mutation constellation compared to BQ* and BF* lineages, which 
descended from BA.5 and other BA.5 sub-lineages which were in circulation around the time of XBB* emergence 
in Ontario47,57. Despite high transmissibility and associated rapid spread, XBB* was detected in Toronto Pearson 
WW a week ahead of the first clinical case48. XBB.1.5 had only three nucleotide mutations (C44T, T17124C, 
T23018C) differentiating it from XBB.1, with only one of these resulting in an amino acid change (T23018C 
yields S: F486P), making it less distinct for de-mixing analyses33. WW data collected from Toronto Pearson 
was unable to provide more than one early detection compared to clinical sequencing in the case of XBB.1.5. 
This is likely because Alcov was unable to confidently and specifically predict XBB.1.5 when it was present in 
samples at low abundance due to similarity to other XBB* lineages. XBB.1.5* was also prevalent in the USA 
before emergence in Ontario so it is likely that early transmission occurred across the Canada-USA border land 
crossings, which would affect lead time58. XBB.1.16* had 12 nucleotide changes (C11750T, C11956T, T12730A, 
A14856G, G18703T, A22101T, C22995G, T23018C, G27915T, T28297C, A28447G, C29386T) compared to 
XBB.1, and XBB.1.9* had five nucleotide changes (G5720A, C12789T, T23018C, G27915T, T28297C) compared 
to XBB.1 which made these two groups of XBB sub-lineages slightly easier to differentiate and thus detect in 
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WW (Table 2)33. In addition to the differences in number of unique mutations, viral shedding across lineages/
sublineages may not be the same59. For example, one lineage might be shed for a longer period than other 
lineages. This in turn might affect the proportion and amplification of new variants in WW59.

Terminal and aircraft sewage are most valuable when used together
Only Terminal 1 and 3 WW provided an average lead time prior to the PHO initial clinical detection. We would 
expect initial detection of emerging lineages which originate outside of Canada to be in the pooled aircraft 
sewage more often due to the contributing populations being more transient, but in this study emerging VOCs 
were more frequently detected in terminal WW first. The pooled aircraft sewage was collected using passive 
samplers from January 1 until October 21, 2022, much longer than the Terminals were, and many of the VOCs 
in this study emerged before October 2022. While passive samplers were being used, the coverage for pooled 
aircraft sewage samples was lower than after the auto sampler was installed (Supplementary Table S3), which 
could be contributing to the lack of lead time, though the median BOC was lower in the terminals than in the 
passive sampler pooled aircraft samples. The later detection and lack of average lead time of many lineages by 
pooled aircraft WW is also confounded by a possible reluctance of passengers to use the airplane lavatory, in 
favor of waiting until landing at the airport, or that the lavatories may not be needed on shorter flights60. After 
October 21st 2022 when an autosampler was used for pooled aircraft sewage as well, BOC was on average much 
higher than in Terminals 1 and 3 (Supplementary Table S3) likely due to the triturator sewage being less dilute. 
In the examples of two XBB sub-lineages, XBB.1.9 and XBB.1.16 (Fig. 2f and d, supplementary Figures S6 and 
S7), which emerged in Ontario after the switch in collection method, the pooled aircraft sewage samples had 
earlier signals and in the case of XBB.1.16 provided the only early detection. On the other hand, in the example 
of the S: R346T mutation, the first detection in pooled aircraft sewage occurred within the same week as terminal 
first detections even though this was during the period when passive samplers were in use at the triturator. 
Additionally, the first detection of BF* in Terminals was in a sample collected using a passive sampler, yet it 
still resulted in a lead time (Supplementary Table S1, Fig. 2b). Whether the differences in performance between 
the two sample types were due to the timing of sampling method change or dilution of the sample by local staff 
members, both sample types will be valuable to collect in future pandemic preparedness surveillance programs 
as they provide insight into different population types.

Effect of sampling method, sequencing methods and sampling site
There are variations in how samples were processed in this study due to the collaboration of three sequencing 
laboratories to generate data for sub-sets of sampling sites. BOC was analyzed and compared in Supplementary 
Table S3. More of the locations along the SARS-CoV-2 genome where defining mutations could be found were 
captured in sequence data with higher BOC, which aided in detecting and distinguishing lineages. All sample 
groups had median BOC greater than 75% of the genome so all sites had many samples with close to complete 
genomes. If method, rather than sampling site, was influencing first detection location it would be expected that 
the University of Guelph Pooled Aircraft samples would detect VOCs first most often due to higher BOC, but 
this was not observed. While municipal WW did have lower average BOC all-together and first detections did 
not occur in municipal WW during this study, the Peel region average BOC was slightly higher than the average 
BOC for Terminals 1 and 3 of Toronto Pearson, which had the most frequent first detections. Samples processed 
by the lab at University of Waterloo provided an opportunity to analyze how the same methods yielded different 
results for different sampling locations as well, with average BOC differing between regions.

It is possible that the differences in sample extraction methods biased the fragments of SARS-CoV-2 viral 
RNA that were captured prior to ARTIC amplification and sequencing. The sequencing labs which contributed 
data to this study from University of Guelph and University of Waterloo used Ceres Nanotrap Microbiome A 
Particles to capture viral particles and other microbes from the supernatant fraction of the WW while Western 
University sequencing lab pelleted the sample by centrifugation. A study comparing extraction methods found 
that Ceres Nanotrap beads and centrifugation to extract from the solids pellet had similar human viral read 
yields61. The same study also found that while the centrifugation method had higher RNA yields and longer 
fragments than nanotrap beads, the centrifugation method did not produce complete human viral genomes 
from sequencing after probe-capture enrichment61. In this study the Toronto region had the lowest average BOC 
which is consistent with these findings though using tiled amplicon sequencing likely reduced the differences 
observed between extraction methods. Additionally, the Qiagen RNA extraction kit used at University of Guelph 
was designed for Viral RNA capture while the University of Waterloo and Western University use a more general 
RNA extraction kit. This could have had an influence on BOC, as samples processed through University of 
Guelph had higher overall BOC.

Target selection as a limitation
Pandemic preparedness through WW surveillance at airports will also require knowledge of a potentially 
emerging virus prior to its arrival in Canada. In the current study, tiled amplicons designed specifically to 
capture only SARS-CoV-2 were used to sequence the SARS-CoV-2 particles found in WW. This strategy works 
well for catching emerging VOCs because once the amplicons have been sequenced, the assembled genomes can 
be re-analyzed looking for new lineages retrospectively as new VOCs become concerning in other parts of the 
world. Even so, this strategy cannot identify new lineages. New lineage prediction could be accomplished using 
bioinformatics approaches such as non-negative matrix factorization (NMF) in the future62.

WW surveillance and clinical lineage reporting by GISAID or PHO reports also depend on lineage definition 
availability. If lineages are introduced into a community via infected individuals shortly after the initial evolution 
of the lineage, a lack of defined mutation constellation or lineage definition can delay identification of the lineage 
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and therefor data availability. While clinical sequences, if near-complete, can contribute to efforts to define new 
lineages, WW sequencing cannot due to the complex nature of the viral community it captures.

If the surveillance is extended to other viral targets, sequencing strategies will have to be developed for each 
different target ahead of their potential spread into Canada for the data to be available early enough to serve as 
an early warning for public health decision making. This could mean developing and implementing more tiled 
assays for virus families that are an ongoing concern (RSV, Influenza) or those that have caused outbreaks in 
recent history i.e. Mpox63. Alternatively, deep shotgun metagenomic sequencing could be performed to collect 
data without a target for detection of potentially novel viral threats. It should be noted that shotgun sequencing 
of viral RNA is resource-intensive as viral reads are often less abundant than bacterial reads, requiring a large 
amount of sequencing space and/or rigorous pre-selection or rRNA depletion to capture the viral community in 
detail25,26. RT-qPCR has been used to detect a wider panel of pathogens in aircraft and airport terminal WW and 
could be used to detect a known, pre-determined set of pathogens in future surveillance programs, but would be 
limited by assay development if used to follow virus evolution23.

Turn-around time to reporting as a limitation
During data collection for this project, results of sequencing for airport sampling sites were reported to airport 
personnel, MECP, and PHAC on a bi-weekly basis but not to surrounding municipalities due to privacy 
agreements while piloting the Toronto Pearson WW sampling program. It is important to note the turn-around 
time of sequencing from sample receipt to reporting is 1–2 weeks. This means that in the above examples if data 
were available to municipalities or in a centralized hub, the lead time to react to a first detection with policy 
decisions in preparation for a new VOC import after notification by the data collectors would be less than the 
lead times given in Tables 2 and 4 which are based on the sample collection dates. In the case of detections 
that occurred only a week prior to the clinical detection, the notification would not precede testing of infected 
individuals, but the data would at least be available to the public health unit that the VOC is present earlier than 
clinical reports.

Once a clinical sample was collected which would be reported as a given lineage, there was a delay of 1–4 
weeks before sequencing data from the clinical sampling for that case was made available to the PHUs50,51. The 
GISAID sequences used in this study were reported 2 to 8 weeks after collection (Table 3) but had been collected 
earlier than WW first detects of these lineages making these GISAID clinical sequences a possible valuable 
resource, though not all variants were available for searching on this database (Table 4)28. Data-availability for 
clinical sequencing in both cases was dependent on multiple parties (clinical practitioners) to report which 
could cause inconsistency in reporting times.

After a variant is introduced into a community/region, it is valuable information for the PHUs to be made 
aware of, so the reporting turnaround times of WW surveillance in general are valuable while PHUs await 
clinical testing results. Airport WW surveillance reports would be an even earlier datapoint to inform PHUs of 
emerging lineages even if the lead time to the variant’s detection in the region by clinical testing is not very long.

Conclusion
WW collection at Toronto Pearson provided an example of the early warning capabilities of WW surveillance 
at points of entry into Canada. In this study an average lead time of 4 weeks was observed between the first 
detection of an emerging SARS-CoV-2 lineage in WW collected from Toronto Pearson Terminals 1 and 3 and 
the first Ontario clinical detection of the same lineage, with lead times of 1 and 3 weeks provided by pooled 
aircraft sewage in later emerging lineages (XBB.1.9* and XBB.1.16*). This was always a longer lead time than 
between municipal WW and clinical detections. WW surveillance at points of entry such as Toronto Pearson 
could provide an early warning signal for pathogen entry into surrounding regions, contingent on turnaround 
time to reporting. This study demonstrates early detection by amplicon sequencing of SARS-CoV-2 from WW. 
However, it should be emphasized that similar strategies could be used to establish surveillance programs 
for other pathogen targets, and human health concerns such as antimicrobial resistance. WW surveillance at 
points of entry such as airports should be considered as a core tool when designing programs for pandemic 
preparedness.

Data availability
The raw sequencing data can be viewed on the Sequence Read Archive (SRA) under bio project PRJNA1088471.

Received: 28 March 2024; Accepted: 17 October 2024

References
	 1.	 Chinazzi, M. et al. The effect of travel restrictions on the spread of the 2019 novel coronavirus (COVID-19) outbreak. Science. 368, 

395–400 (2020).
	 2.	 Le Targa, L. et al. SARS-CoV-2 testing of aircraft wastewater shows that mandatory tests and vaccination pass before boarding did 

not prevent massive importation of omicron variant into europe. Viruses. 14, 1511 (2022).
	 3.	 Wells, C. R. et al. Impact of international travel and border control measures on the global spread of the novel 2019 coronavirus 

outbreak.  https://doi.org/10.1073/pnas.2002616117 (2020).
	 4.	 Wu, J. T., Leung, K. & Leung, G. M. Nowcasting and forecasting the potential domestic and international spread of the 2019-nCoV 

outbreak originating in Wuhan, China: a modelling study. Lancet. 395, 689–697 (2020).
	 5.	 Shiraef, M. A., Friesen, P., Feddern, L. & Weiss, M. A. Did border closures slow SARS-CoV-2? Sci. Rep. 12, 1709 (2022).
	 6.	 News ·, C. B. C. Shipment of Moderna COVID-19 vaccine arrives in Canada one day after approval | CBC News. CBC (2020). 

https://www.​cbc.ca/news/​politics/mod​erna-vaccin​e-arrives-canada-1.5854649
	 7.	 OECD. COVID-19 and the aviation industry: Impact and policy responses. (2020).

Scientific Reports |        (2024) 14:26534 14| https://doi.org/10.1038/s41598-024-76925-6

www.nature.com/scientificreports/

https://doi.org/10.1073/pnas.2002616117
https://www.cbc.ca/news/politics/moderna-vaccine-arrives-canada-1.5854649
http://www.nature.com/scientificreports


	 8.	 ‘We are ready to go to work’. Health-care workers from Newfoundland arrive in Ontario. Toronto (2021). ​h​t​t​p​s​:​​/​/​t​o​r​o​​n​t​o​.​c​t​​v​n​e​w​s​​.​
c​a​/​w​e​​-​a​r​e​-​r​​e​a​d​y​-​t​​o​-​g​o​-​​t​o​-​w​o​r​k​-​h​e​a​l​t​h​-​c​a​r​e​-​w​o​r​k​e​r​s​-​f​r​o​m​-​n​e​w​f​o​u​n​d​l​a​n​d​-​a​r​r​i​v​e​-​i​n​-​o​n​t​a​r​i​o​-​1​.​5​4​0​4​4​7​4​​​​​​​

	 9.	 Fast facts. Pearson Airport (2024). https://www.​torontopears​on.com/en/co​rporate/med​ia/fast-facts
	10.	 Child, H. T. et al. Optimised protocol for monitoring SARS-CoV-2 in wastewater using reverse complement PCR-based whole-

genome sequencing. PLOS ONE. 18, e0284211 (2023).
	11.	 Hrudey, S. E. et al. Wastewater surveillance for SARS-CoV-2 RNA in Canada. FACETS. 7, 1493–1597 (2022).
	12.	 Berry, I. et al. A better normal in Canada will need a better detection system for emerging and re-emerging respiratory pathogens. 

CMAJ. 194, E1250–E1254 (2022).
	13.	 Hillary, L. S. et al. Monitoring SARS-CoV-2 in municipal wastewater to evaluate the success of lockdown measures for controlling 

COVID-19 in the UK. Water Res. 200, 117214 (2021).
	14.	 Kitajima, M. et al. SARS-CoV-2 in wastewater: state of the knowledge and research needs. Sci. Total Environ. 739, 139076 (2020).
	15.	 Government of Canada. Harnessing the power of wastewater testing to detect COVID-19 outbreaks. (2021). ​h​t​t​p​s​:​​/​/​s​c​i​e​​n​c​e​.​g​c​​.​c​a​/​

s​​i​t​e​/​s​c​​i​e​n​c​e​/​​e​n​/​b​l​o​​g​s​/​s​c​​i​e​n​c​e​-​h​e​a​l​t​h​/​h​a​r​n​e​s​s​i​n​g​-​p​o​w​e​r​-​w​a​s​t​e​w​a​t​e​r​-​t​e​s​t​i​n​g​-​d​e​t​e​c​t​-​c​o​v​i​d​-​1​9​-​o​u​t​b​r​e​a​k​s​​​​​​​
	16.	 Sah, P. et al. Asymptomatic SARS-CoV-2 infection: a systematic review and meta-analysis. Proc. Natl. Acad. Sci. USA. 118, 

e2109229118 (2021).
	17.	 Ahmed, W. et al. Detection of SARS-CoV-2 RNA in commercial passenger aircraft and cruise ship wastewater: a surveillance tool 

for assessing the presence of COVID-19 infected travellers. J. Travel Med. 27, taaa116 (2020).
	18.	 Ahmed, W. et al. Wastewater surveillance demonstrates high predictive value for COVID-19 infection on board repatriation flights 

to Australia. Environ. Int. 158, 106938 (2022).
	19.	 Farkas, K. et al. Wastewater-based monitoring of SARS-CoV-2 at UK airports and its potential role in international public health 

surveillance. PLOS Glob Public. Health. 3, e0001346 (2023).
	20.	 Albastaki, A. et al. First confirmed detection of SARS-COV-2 in untreated municipal and aircraft wastewater in Dubai, UAE: the 

use of wastewater based epidemiology as an early warning tool to monitor the prevalence of COVID-19. Sci. Total Environ. 760, 
143350 (2021).

	21.	 Morfino, R. C. et al. Notes from the Field: Aircraft Wastewater Surveillance for Early Detection of SARS-CoV-2 Variants — John 
F. Kennedy International Airport, New York City, August–September 2022. MMWR Morb. Mortal. Wkly. Rep. 72, 210-211 (2023).

	22.	 Nkambule, S. et al. Wastewater-based SARS-CoV-2 airport surveillance: key trends at the Cape Town International Airport. J. 
Water Health. 21, 402–408 (2023).

	23.	 Tay, M. et al. Usefulness of aircraft and airport wastewater for monitoring multiple pathogens including SARS-CoV-2 variants. J. 
Travel Med. 31, taae074 (2024).

	24.	 Li, J. et al. A global aircraft-based wastewater genomic surveillance network for early warning of future pandemics. Lancet Glob 
Health. 11, e791–e795 (2023).

	25.	 Nash, D. et al. A Novel Tiled Amplicon SequencingAssay Targeting the Tomato Brown Rugose Fruit Virus (ToBRFV) Genome 
RevealsWidespread Distribution in Municipal Wastewater Treatment Systems in theProvince of Ontario, Canada. Viruses 16, 460 
(2024).

	26.	 Pérez-Losada, M. et al. High-throughput sequencing (HTS) for the analysis of viral populations. Infect. Genet. Evol. 80, 104208 
(2020).

	27.	 Ontario Agency for Health Protection and Promotion (Public Health Ontario). Epidemiologic Summary: SARS-CoV-2 Whole 
Genome Sequencing in Ontario, July 22, 2022. Toronto, ON: Queen’s Printer for Ontario; 2022. (2022). ​h​t​t​p​s​:​​/​/​w​w​w​.​​p​u​b​l​i​c​​h​e​a​l​t​​h​o​n​
t​a​r​​i​o​.​c​a​/​​-​/​m​e​d​i​​a​/​D​o​c​​u​m​e​n​t​s​​/​n​C​o​V​/​​A​r​c​h​i​v​​e​s​/​G​e​​n​o​m​e​/​2​0​2​2​/​0​7​/​s​a​r​s​-​c​o​v​-​2​-​g​e​n​o​m​i​c​-​s​u​r​v​e​i​l​l​a​n​c​e​-​r​e​p​o​r​t​-​2​0​2​2​-​0​7​-​2​6​.​p​d​f​?​r​e​v​=​7​4​
3​9​b​4​2​3​c​4​3​2​4​a​8​5​a​2​c​1​c​a​f​2​8​c​4​a​c​4​9​c​&​s​c​_​l​a​n​g​=​e​n​​​​​​​

	28.	 Khare, S. et al. GISAID’s role in Pandemic response. China CDC Wkly. 3, 1049–1051 (2021).
	29.	 Karthikeyan, S. et al. Wastewater sequencing reveals early cryptic SARS-CoV-2 variant transmission. Nature. 609, 101–108 (2022).
	30.	 Poon, A. PoonLab/gromstole. (2022).
	31.	 Ellmen, I. et al. Alcov: Estimating Variant of Concern Abundance from SARS-CoV-2 Wastewater Sequencing Data. 06.03.21258306 

Preprint (2021). https://doi.org/10.1101/2021.06.03.21258306
	32.	 Cao, Y. et al. Imprinted SARS-CoV-2 humoral immunity induces convergent Omicron RBD evolution. Nature. 614, 521–529 

(2023).
	33.	 Chen, C. et al. CoV-Spectrum: analysis of globally shared SARS-CoV-2 data to identify and characterize new variants. 

Bioinformatics. 38, 1735–1737 (2022).
	34.	 Ahmed, W. et al. Detection of the Omicron (B.1.1.529) variant of SARS-CoV-2 in aircraft wastewater. Sci. Total Environ. 820, 

153171 (2022).
	35.	 Agrawal, S. et al. Genome sequencing of Wastewater confirms the arrival of the SARS-CoV-2 Omicron variant at Frankfurt Airport 

but Limited Spread in the City of Frankfurt, Germany, in November 2021. Microbiol. Resour. Announc. 11, e01229–e01221 (2022).
	36.	 van der Drift, A. M. R. et al. Long-term wastewater monitoring of SARS-CoV-2 viral loads and variants at the major international 

passenger hub Amsterdam Schiphol Airport: a valuable addition to COVID-19 surveillance. Sci. Total Environ. 937, 173535 
(2024).

	37.	 Airlines and destinations. Pearson Airport (2024). https://www.torontopearson.com/en/airlines
	38.	 D’Aoust, P. M. et al. SARS-CoV-2 viral titer measurements in Ontario, Canada wastewaters throughout the COVID-19 pandemic. 

Sci. Data. 11, 656 (2024).
	39.	 Lawal, O. U. et al. Metagenomics of wastewater influent from wastewater treatment facilities across Ontario in the era of emerging 

SARS-CoV-2 variants of concern. Microbiol. Resour. Announc. 11, e00362–e00322 (2022).
	40.	 Li, H. New strategies to improve minimap2 alignment accuracy. Bioinformatics. 37, 4572–4574 (2021).
	41.	 Martin, M. Cutadapt removes adapter sequences from high-throughput sequencing reads. EMBnet J. 17, 10–12 (2011).
	42.	 Li, H. et al. The sequence Alignment/Map format and SAMtools. Bioinforma Oxf. Engl. 25, 2078–2079 (2009).
	43.	 Sutcliffe, S. G. et al. Tracking SARS-CoV-2 variants of concern in wastewater: an assessment of nine computational tools using 

simulated genomic data. Microb. Genomics. 10, 001249 (2024).
	44.	 Rambaut, A. et al. A dynamic nomenclature proposal for SARS-CoV-2 lineages to assist genomic epidemiology. Nat. Microbiol. 5, 

1403–1407 (2020).
	45.	 Roemer, C. pango-designation/lineage_notes.txt at master · cov-lineages/pango-designation. GitHub (2024). ​h​t​t​p​s​:​​/​/​g​i​t​h​​u​b​.​c​o​m​​/​c​

o​v​-​​l​i​n​e​a​g​e​s​/​p​a​n​g​o​-​d​e​s​i​g​n​a​t​i​o​n​/​b​l​o​b​/​m​a​s​t​e​r​/​l​i​n​e​a​g​e​_​n​o​t​e​s​.​t​x​t​​​​​​​
	46.	 Ontario Agency for Health Protection and Promotion (Public Health Ontario). Epidemiologic Summary: SARS-CoV-2 Whole 

Genome Sequencing in Ontario, July 29, 2022. Toronto, ON: Queen’s Printer for Ontario (2022). ​h​t​t​p​s​:​​/​/​w​w​w​.​​p​u​b​l​i​c​​h​e​a​l​t​​h​o​n​t​a​r​​i​o​.​c​
a​/​​-​/​m​e​d​i​​a​/​D​o​c​​u​m​e​n​t​s​​/​n​C​o​V​/​​A​r​c​h​i​v​​e​s​/​G​e​​n​o​m​e​/​2​0​2​2​/​0​8​/​s​a​r​s​-​c​o​v​-​2​-​g​e​n​o​m​i​c​-​s​u​r​v​e​i​l​l​a​n​c​e​-​r​e​p​o​r​t​-​2​0​2​2​-​0​8​-​0​2​.​p​d​f​?​r​e​v​=​5​7​0​f​4​e​6​0​
d​a​6​c​4​1​5​5​8​2​d​8​4​d​7​0​6​a​8​8​2​4​a​1​&​s​c​_​l​a​n​g​=​e​n​​​​​​​

	47.	 Ontario Agency for Health Protection and Promotion (Public Health Ontario). Epidemiologic Summary: SARS-CoV-2 Whole 
Genome Sequencing in Ontario, October 21, 2022. Toronto, ON: King’s Printer for Ontario (2022). ​h​t​t​p​s​:​​/​/​w​w​w​.​​p​u​b​l​i​c​​h​e​a​l​t​​h​o​n​t​a​r​​
i​o​.​c​a​/​​-​/​m​e​d​i​​a​/​D​o​c​​u​m​e​n​t​s​​/​n​C​o​V​/​​A​r​c​h​i​v​​e​s​/​G​e​​n​o​m​e​/​2​0​2​2​/​1​0​/​S​A​R​S​-​C​o​V​-​2​-​g​e​n​o​m​i​c​-​s​u​r​v​e​i​l​l​a​n​c​e​-​r​e​p​o​r​t​-​2​0​2​2​-​1​0​-​2​5​.​p​d​f​?​r​e​v​=​3​8​
7​b​9​6​1​a​9​e​2​8​4​0​e​1​9​6​f​2​7​3​2​b​c​a​4​f​8​2​4​c​&​s​c​_​l​a​n​g​=​e​n​​​​​​​

Scientific Reports |        (2024) 14:26534 15| https://doi.org/10.1038/s41598-024-76925-6

www.nature.com/scientificreports/

https://toronto.ctvnews.ca/we-are-ready-to-go-to-work-health-care-workers-from-newfoundland-arrive-in-ontario-1.5404474
https://toronto.ctvnews.ca/we-are-ready-to-go-to-work-health-care-workers-from-newfoundland-arrive-in-ontario-1.5404474
https://www.torontopearson.com/en/corporate/media/fast-facts
https://science.gc.ca/site/science/en/blogs/science-health/harnessing-power-wastewater-testing-detect-covid-19-outbreaks
https://science.gc.ca/site/science/en/blogs/science-health/harnessing-power-wastewater-testing-detect-covid-19-outbreaks
https://www.publichealthontario.ca/-/media/Documents/nCoV/Archives/Genome/2022/07/sars-cov-2-genomic-surveillance-report-2022-07-26.pdf?rev=7439b423c4324a85a2c1caf28c4ac49c&sc_lang=en
https://www.publichealthontario.ca/-/media/Documents/nCoV/Archives/Genome/2022/07/sars-cov-2-genomic-surveillance-report-2022-07-26.pdf?rev=7439b423c4324a85a2c1caf28c4ac49c&sc_lang=en
https://www.publichealthontario.ca/-/media/Documents/nCoV/Archives/Genome/2022/07/sars-cov-2-genomic-surveillance-report-2022-07-26.pdf?rev=7439b423c4324a85a2c1caf28c4ac49c&sc_lang=en
https://doi.org/10.1101/2021.06.03.21258306
https://www.torontopearson.com/en/airlines
https://github.com/cov-lineages/pango-designation/blob/master/lineage_notes.txt
https://github.com/cov-lineages/pango-designation/blob/master/lineage_notes.txt
https://www.publichealthontario.ca/-/media/Documents/nCoV/Archives/Genome/2022/08/sars-cov-2-genomic-surveillance-report-2022-08-02.pdf?rev=570f4e60da6c415582d84d706a8824a1&sc_lang=en
https://www.publichealthontario.ca/-/media/Documents/nCoV/Archives/Genome/2022/08/sars-cov-2-genomic-surveillance-report-2022-08-02.pdf?rev=570f4e60da6c415582d84d706a8824a1&sc_lang=en
https://www.publichealthontario.ca/-/media/Documents/nCoV/Archives/Genome/2022/08/sars-cov-2-genomic-surveillance-report-2022-08-02.pdf?rev=570f4e60da6c415582d84d706a8824a1&sc_lang=en
https://www.publichealthontario.ca/-/media/Documents/nCoV/Archives/Genome/2022/10/SARS-CoV-2-genomic-surveillance-report-2022-10-25.pdf?rev=387b961a9e2840e196f2732bca4f824c&sc_lang=en
https://www.publichealthontario.ca/-/media/Documents/nCoV/Archives/Genome/2022/10/SARS-CoV-2-genomic-surveillance-report-2022-10-25.pdf?rev=387b961a9e2840e196f2732bca4f824c&sc_lang=en
https://www.publichealthontario.ca/-/media/Documents/nCoV/Archives/Genome/2022/10/SARS-CoV-2-genomic-surveillance-report-2022-10-25.pdf?rev=387b961a9e2840e196f2732bca4f824c&sc_lang=en
http://www.nature.com/scientificreports


	48.	 Ontario Agency for Health Protection and Promotion (Public Health Ontario). Risk Assessment for Omicron Sub-Lineage XBB* 
(Including XBB.1 and XBB.1.5) (as of January 25,2023). 1st Revision. Toronto, ON: King’s Printer for Ontario (2023). ​h​t​t​p​s​:​​/​/​w​w​w​
.​​p​u​b​l​i​c​​h​e​a​l​t​​h​o​n​t​a​r​​i​o​.​c​a​/​​-​/​m​e​d​i​​a​/​D​o​c​​u​m​e​n​t​s​​/​n​C​o​V​/​​v​o​c​/​2​0​​2​3​/​0​2​​/​r​i​s​k​-​a​s​s​e​s​s​m​e​n​t​-​o​m​i​c​r​o​n​-​s​u​b​-​l​i​n​e​a​g​e​-​x​b​b​1​-​x​b​b​1​5​-​f​e​b​-​0​2​.​p​d​f​?​r​
e​v​=​1​7​a​4​1​d​a​5​8​a​e​a​4​d​4​9​8​9​e​f​9​0​c​a​c​f​d​5​3​4​8​a​&​s​c​_​l​a​n​g​=​e​n​​​​​​​

	49.	 Ontario Agency for Health Protection and Promotion (Public Health Ontario). Epidemiologic Summary: SARS-CoV-2 Whole 
Genome Sequencing in Ontario, January 13, 2023. Toronto, ON: King’s Printer for Ontario (2023). ​h​t​t​p​s​:​​/​/​w​w​w​.​​p​u​b​l​i​c​​h​e​a​l​t​​h​o​n​t​a​r​​
i​o​.​c​a​/​​-​/​m​e​d​i​​a​/​D​o​c​​u​m​e​n​t​s​​/​n​C​o​V​/​​A​r​c​h​i​v​​e​s​/​G​e​​n​o​m​e​/​2​0​2​3​/​0​1​/​S​A​R​S​-​C​o​V​-​2​-​g​e​n​o​m​i​c​-​s​u​r​v​e​i​l​l​a​n​c​e​-​r​e​p​o​r​t​-​2​0​2​3​-​0​1​-​1​3​.​p​d​f​?​r​e​v​=​e​b​
7​8​7​c​8​9​e​a​1​7​4​2​9​7​b​6​3​6​d​9​c​6​9​c​f​7​6​c​c​c​&​s​c​_​l​a​n​g​=​e​n​​​​​​​

	50.	 Ontario Agency for Health Protection and Promotion (Public Health Ontario). Epidemiologic Summary: SARS-CoV-2 Whole 
Genome Sequencing in Ontario, April 21, 2023. Toronto, ON: King’s Printer for Ontario (2023). ​h​t​t​p​s​:​​/​/​w​w​w​.​​p​u​b​l​i​c​​h​e​a​l​t​​h​o​n​t​a​r​​i​o​.​c​
a​/​​-​/​m​e​d​i​​a​/​D​o​c​​u​m​e​n​t​s​​/​n​C​o​V​/​​A​r​c​h​i​v​​e​s​/​G​e​​n​o​m​e​/​2​0​2​3​/​0​4​/​S​A​R​S​-​C​o​V​-​2​-​g​e​n​o​m​i​c​-​s​u​r​v​e​i​l​l​a​n​c​e​-​r​e​p​o​r​t​-​2​0​2​3​-​0​4​-​2​5​.​p​d​f​?​r​e​v​=​f​6​e​6​1​
d​d​6​4​0​0​7​4​a​2​1​9​c​a​b​6​4​3​6​5​d​3​f​a​9​f​b​ &​s​c​_​l​a​n​g​=​e​n​​​​​​​

	51.	 Ontario Agency for Health Protection and Promotion (Public Health Ontario). Epidemiologic Summary: SARS-CoV-2 Whole 
Genome Sequencing in Ontario, February 24, 2023. Toronto, ON: King’s Printer for Ontario (2023). ​h​t​t​p​s​:​​/​/​w​w​w​.​​p​u​b​l​i​c​​h​e​a​l​t​​h​o​n​t​a​
r​​i​o​.​c​a​/​​-​/​m​e​d​i​​a​/​D​o​c​​u​m​e​n​t​s​​/​n​C​o​V​/​​A​r​c​h​i​v​​e​s​/​G​e​​n​o​m​e​/​2​0​2​3​/​0​2​/​S​A​R​S​-​C​o​V​-​2​-​g​e​n​o​m​i​c​-​s​u​r​v​e​i​l​l​a​n​c​e​-​r​e​p​o​r​t​-​2​0​2​3​-​0​2​-​2​8​.​p​d​f​?​r​e​v​=​c​
f​6​0​3​7​e​7​8​b​e​3​4​a​7​8​b​d​6​a​7​a​a​c​a​4​5​8​0​b​1​9​&​s​c​_​l​a​n​g​=​e​n​​​​​​​

	52.	 BA.2 sublineage with S:K147E. W152R, F157L, I210V, G257S, D339H, G446S, N460K, R493Q (73 seq as of 2022-06-29, mainly 
India) · Issue #773 · cov-lineages/pango-designation. GitHub (2022). ​h​t​t​p​s​:​​/​/​g​i​t​h​​u​b​.​c​o​m​​/​c​o​v​-​​l​i​n​e​a​g​e​s​/​p​a​n​g​o​-​d​e​s​i​g​n​a​t​i​o​n​/​i​s​s​u​e​s​/​7​
7​3​​​​​​​

	53.	 De Maio, N., Walker, C. & Goldman, N. Issues with SARS-CoV-2 sequencing data - SARS-CoV-2 coronavirus / nCoV-2019 
Genomic Epidemiology. Virological (2020). https://viro​logical.org/​t/issues-wit​h-sars-cov-​2-sequencing-data/473/10

	54.	 Tomar, S. S. & Khairnar, K. Challenges of SARS-CoV-2 genomic surveillance in India during low positivity rate scenario. Front. 
Public. Health. 11, 1117602 (2023).

	55.	 Schwartz, K. L. et al. SARS-CoV-2 rapid antigen screening of asymptomatic employees: a pilot project. Can. J. Public. Health. 113, 
898–903 (2022).

	56.	 Koelle, K., Martin, M. A., Antia, R. & Lopman, B. Dean, N. E. The changing epidemiology of SARS-CoV-2. Science. 375, 1116–
1121 (2022).

	57.	 TAG-VE statement on Omicron sublineages BQ.1 and XBB. (2022). ​h​t​t​p​s​:​​/​/​w​w​w​.​​w​h​o​.​i​n​​t​/​n​e​w​​s​/​i​t​e​m​/​2​7​-​1​0​-​2​0​2​2​-​t​a​g​-​v​e​-​s​t​a​t​e​m​e​n​
t​-​o​n​-​o​m​i​c​r​o​n​-​s​u​b​l​i​n​e​a​g​e​s​-​b​q​.​1​-​a​n​d​-​x​b​b​​​​​​​

	58.	 Parums D. V. Editorial: the XBB.1.5 (‘Kraken’) subvariant of Omicron SARS-CoV-2 and its rapid global spread. Med. Sci. Monit. 
Int. Med. J. Exp. Clin. Res. 29, e939580–e939581 (2023).

	59.	 Prasek, S. M. et al. Variant-specific SARS-CoV-2 shedding rates in wastewater. Sci. Total Environ. 857, 159165 (2023).
	60.	 Jones, D. L. et al. Suitability of aircraft wastewater for pathogen detection and public health surveillance. Sci. Total Environ. 856, 

159162 (2023).
	61.	 Jiang, M. et al. Evaluation of the impact of concentration and extraction methods on the targeted sequencing of human viruses 

from wastewater. Environ. Sci. Technol. 58, 8239–8250 (2024).
	62.	 Ellmen, I. et al. Reconstructing SARS-CoV-2 lineages from mixed wastewater sequencing data. Sci. Rep. 14, 20273 (2024).
	63.	 Maloney, D. et al. Preliminary results from two novel ARTIC-style amplicon based sequencing approaches for RSV A and RSV B. 

Virological (2022). ​h​t​t​​​​p​s​:​/​/​​v​i​​​r​o​l​o​g​i​​c​a​l​​.​o​​​r​g​​/​t​​​/​p​r​​e​l​​​i​m​i​n​​a​​r​y​​-​r​e​​s​u​​l​t​s​-​f​​r​​o​m​​​-​t​​w​​o​​-​n​o​v​e​l​-​a​r​t​i​c​-​s​t​y​l​e​-​a​m​p​l​i​c​o​n​-​b​a​s​e​d​-​s​e​q​u​e​n​c​i​n​g​-​a​p​p​r​o​a​c​
h​e​s​-​f​o​r​-​r​s​v​-​a​-​a​n​d​-​r​s​v​-​b​/​9​1​8​​​​​​​

Acknowledgements
The authors of this manuscript would like to thank and acknowledge the support of Public Health Agency of 
Canada, the Greater Toronto Airports Authority and Ontario WSI for partnering with academic labs for WW 
surveillance and for the support provided during the project. We would also like to thank the regional Public 
Health Units that provided samples for comparison and lent us their expertise during the writing of this paper; 
Regional Municipality of Peel, Toronto Public Health, Toronto Water, and York Region Public Health. In the 
Ontario WSI program, sequencing labs rely on other academic labs which perform qPCR to co-ordinate the 
transportation of municipal samples and ensure that all samples that need to be sequenced are forwarded in 
a timely fashion. As a consequence, this data could not have been collected without the attention and support 
provided by Dr. Mark Servos and team at the University of Waterloo, Dr. Elizabeth Edwards, Dr. Hui Peng and 
team at the University of Toronto and Dr. Kimberly Gilbride, Dr. Claire Oswald and team at Toronto Metropoli-
tan University.We would like to extend our gratitude for the organization, funding and support that the Ontario 
Ministry of Environment Conservation and Parks (MECP) provided for this work through their leadership of 
the Ontario Wastewater Surveillance Initiative that has dedicated resources to the establishment and funding of 
a province-wide wastewater testing program. We would like to thank Bahar Aminvaziri from the MECP for her 
contribution to the manuscript editing process. Funding for the collection and analysis of Airport WW samples 
at the time of this study was provided by the Public Health Agency of Canada and Health Canada. We would like 
to thank Health Canada, the Public Health Agency of Canada and GTAA for the unique opportunity for research 
provided in their partnership with academic labs in the WSI.

Author contributions
AKO wrote most of the written sections, coordinated partner inclusion, and supervised the WW data collection 
at University of Waterloo. JJK transformed the data to create Figs. 1 and 4 and supplementary Figures S1-S7, 
associated figure legends and provided writing and in-depth revisions to the manuscript. DB provided statistical 
analysis of the transformed data (Figs. 2 and 3; Table 4). OUL and RG led WW data collection at University 
of Guelph and Western respectively. OUL and AIA provided Materials and Methods sections for their respec-
tive Universities’ WW data. BM, LC, CB, AQ, KA, MP, RS, MDF, NCK, and AAF were all part of an in-depth 
revisions process to ensure that we are using the expertise of our partner organizations. AKO, RG, AIA, YC, 
SRP, HH, SOA, SK, SN, VRP, FR, and MJP performed in-lab experiments to collect the data at one of the three 
Universities involved in the project. BM, LC, CB, AQ, KA, MP, RS, ST, MZ, VF, EG, MV, and MH are all re-
sponsible for the coordination of collection and availability of samples from their affiliation (Pearson Airport or 
Municipality). CL, EJA, LG and TCC are principal investigators of the academic labs involved in this study. They 
have provided supervision and guidance for the data collection and have contributed to the manuscript during 
revisions. All authors have read the manuscript and agree to publish.

Scientific Reports |        (2024) 14:26534 16| https://doi.org/10.1038/s41598-024-76925-6

www.nature.com/scientificreports/

https://www.publichealthontario.ca/-/media/Documents/nCoV/voc/2023/02/risk-assessment-omicron-sub-lineage-xbb1-xbb15-feb-02.pdf?rev=17a41da58aea4d4989ef90cacfd5348a&sc_lang=en
https://www.publichealthontario.ca/-/media/Documents/nCoV/voc/2023/02/risk-assessment-omicron-sub-lineage-xbb1-xbb15-feb-02.pdf?rev=17a41da58aea4d4989ef90cacfd5348a&sc_lang=en
https://www.publichealthontario.ca/-/media/Documents/nCoV/voc/2023/02/risk-assessment-omicron-sub-lineage-xbb1-xbb15-feb-02.pdf?rev=17a41da58aea4d4989ef90cacfd5348a&sc_lang=en
https://www.publichealthontario.ca/-/media/Documents/nCoV/Archives/Genome/2023/01/SARS-CoV-2-genomic-surveillance-report-2023-01-13.pdf?rev=eb787c89ea174297b636d9c69cf76ccc&sc_lang=en
https://www.publichealthontario.ca/-/media/Documents/nCoV/Archives/Genome/2023/01/SARS-CoV-2-genomic-surveillance-report-2023-01-13.pdf?rev=eb787c89ea174297b636d9c69cf76ccc&sc_lang=en
https://www.publichealthontario.ca/-/media/Documents/nCoV/Archives/Genome/2023/01/SARS-CoV-2-genomic-surveillance-report-2023-01-13.pdf?rev=eb787c89ea174297b636d9c69cf76ccc&sc_lang=en
https://www.publichealthontario.ca/-/media/Documents/nCoV/Archives/Genome/2023/04/SARS-CoV-2-genomic-surveillance-report-2023-04-25.pdf?rev=f6e61dd640074a219cab64365d3fa9fb&sc_lang=en
https://www.publichealthontario.ca/-/media/Documents/nCoV/Archives/Genome/2023/04/SARS-CoV-2-genomic-surveillance-report-2023-04-25.pdf?rev=f6e61dd640074a219cab64365d3fa9fb&sc_lang=en
https://www.publichealthontario.ca/-/media/Documents/nCoV/Archives/Genome/2023/04/SARS-CoV-2-genomic-surveillance-report-2023-04-25.pdf?rev=f6e61dd640074a219cab64365d3fa9fb&sc_lang=en
https://www.publichealthontario.ca/-/media/Documents/nCoV/Archives/Genome/2023/02/SARS-CoV-2-genomic-surveillance-report-2023-02-28.pdf?rev=cf6037e78be34a78bd6a7aaca4580b19&sc_lang=en
https://www.publichealthontario.ca/-/media/Documents/nCoV/Archives/Genome/2023/02/SARS-CoV-2-genomic-surveillance-report-2023-02-28.pdf?rev=cf6037e78be34a78bd6a7aaca4580b19&sc_lang=en
https://www.publichealthontario.ca/-/media/Documents/nCoV/Archives/Genome/2023/02/SARS-CoV-2-genomic-surveillance-report-2023-02-28.pdf?rev=cf6037e78be34a78bd6a7aaca4580b19&sc_lang=en
https://github.com/cov-lineages/pango-designation/issues/773
https://github.com/cov-lineages/pango-designation/issues/773
https://virological.org/t/issues-with-sars-cov-2-sequencing-data/473/10
https://www.who.int/news/item/27-10-2022-tag-ve-statement-on-omicron-sublineages-bq.1-and-xbb
https://www.who.int/news/item/27-10-2022-tag-ve-statement-on-omicron-sublineages-bq.1-and-xbb
https://virological.org/t/preliminary-results-from-two-novel-artic-style-amplicon-based-sequencing-approaches-for-rsv-a-and-rsv-b/918
https://virological.org/t/preliminary-results-from-two-novel-artic-style-amplicon-based-sequencing-approaches-for-rsv-a-and-rsv-b/918
http://www.nature.com/scientificreports


Declarations

Competing interests
Trevor Charles is the founder and a shareholder of the company Metagenom Bio Life Science Inc., which 
provides genomic sequencing services to academic and industry clients, including for pathogen surveillance 
in wastewater and food production systems. Brittany Maxwell, Steven Thomas and Marcos Zambrano are 
employees of the Greater Toronto Airports Authority which is the operator of Toronto Pearson Airport. 

Additional information
Supplementary Information The online version contains supplementary material available at ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​
0​.​1​0​3​8​/​s​4​1​5​9​8​-​0​2​4​-​7​6​9​2​5​-​6​​​​​.​​

Correspondence and requests for materials should be addressed to A.K.O.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International License, which 
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give 
appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and 
indicate if changes were made. The images or other third party material in this article are included in the article’s 
Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included 
in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or 
exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy 
of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024 

Scientific Reports |        (2024) 14:26534 17| https://doi.org/10.1038/s41598-024-76925-6

www.nature.com/scientificreports/

https://doi.org/10.1038/s41598-024-76925-6
https://doi.org/10.1038/s41598-024-76925-6
http://creativecommons.org/licenses/by/4.0/
http://www.nature.com/scientificreports

	﻿Genomic surveillance of Canadian airport wastewater samples allows early detection of emerging SARS-CoV-2 lineages
	﻿Methods
	﻿Site selection
	﻿Sample collection
	﻿Library preparation and WGS
	﻿Data processing and frequency prediction
	﻿Data Transformation

	﻿Results
	﻿Coverage comparison by sample types
	﻿Airport WW can provide an early warning of emerging VOCs
	﻿Mutations of interest provide an early warning signal for lineage groups

	﻿Discussion
	﻿Clinical sequences available on GISAID represent earlier cases of emerging variants
	﻿Transient nature of airport WW and accuracy of first detections
	﻿Unique mutations influence the ability to accurately call specific sub-lineages
	﻿Terminal and aircraft sewage are most valuable when used together
	﻿Effect of sampling method, sequencing methods and sampling site
	﻿Target selection as a limitation
	﻿Turn-around time to reporting as a limitation

	﻿Conclusion
	﻿References


