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Abstract
On March 12, 2020, the World Health Organization (WHO) declared COVID-19 as a global pandemic.
COVID-19 is produced by a novel β-coronavirus known as Severe Acute Respiratory Syndrome
Coronavirus 2 (SARS-CoV-2) [1]. Several studies have detected SARS-CoV-2 RNA in urine, feces, and other
bio�uids from both symptomatic and asymptomatic people with COVID-19 [2], suggesting that SARS-
CoV-2 RNA could be detected in human wastewater [3]. Thus, wastewater-based epidemiology (WBE) is
now used as an approach to monitor COVID-19 prevalence in many different places around the world [4-
10] . Reverse transcription quantitative polymerase chain reaction (RT-qPCR) is the most common SARS-
CoV-2 detection method in WBE, but there are other methods for viral biomolecule detection that could
work as well. The aim of this study was to evaluate the presence of SARS-CoV-2 proteins in untreated
wastewater (WW) in�uents collected from six wastewater treatment plants (WWTPs), from Durham
Region, Ontario, Canada, using a LC-MS/MS-based proteomics approach. We identi�ed many SARS-CoV-
2 proteins in these wastewater samples, with peptides from pp1ab being the most consistently detected
and with consistent abundance.

Main Text
SARS-CoV-2 contains a single RNA genomic strand (+) that encodes at least 29 proteins including four
structural proteins: spike glycoprotein (S), membrane (M), the envelope (E) and nucleocapsid (N) [11]. The
remaining proteins are known as nonstructural proteins (nsp) [12] which are produced by the host cell
after viral infection [13]. The S protein, with a size of 180-200 kDa, is a transmembrane domain protein
anchored in the viral membrane, whose main function is to allow the virus to fuse with the host cell. To
avoid detection by the host immune system, these spike proteins are coated with polysaccharides (hence
the term glycoprotein) that allow the virus to camou�age [14, 15]. The M protein is the most abundant
structural protein of this virus, and while it is thought to also be a glycoprotein, its function is not fully
understood [16]. 

There are three additional transmembrane proteins that are similarly not as well studied as the S protein,
and are named after their open reading frame location: ORF3a, ORF7a, and ORF8. The ORF3a proteins
regulates the subcellular environment in the host and plays an important role in the defense against
infection by inducing apoptosis [17]. Both ORF7a and ORF8 are accessory proteins whose functions are
not determined [18, 19]. Finally, the E protein forms a protein-lipid ion-transporting pore, and is involved in
virus morphogenesis, assembly, and the induction of apoptosis [20, 21]. Replicase polyprotein 1ab
(ppb1a) and replicase polyprotein 1a (ppb1a) are non-structural proteins (NSPs) involved in the
transcription and replication of the virus and are produced after host cell infection by the virus. These
proteins inhibit host translation and maintain optimal cellular conditions for the replication of SARS-CoV-
2 [22].

In wastewater-based studies of COVID-19, the main detection technique of SARS-CoV-2 has been RT-
qPCR, which has been used to measure SARS-CoV-2 in untreated wastewaters in Australia [23],
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Canada [5, 6], Germany [8], Netherlands [10], Spain [9] and USA [7]. In these studies, scientists detected
the concentration of the virus (number of copies/L) using an average of the genes N1 and N2 (encoding
the Nucleocapsid protein(s)) [4-6, 8-10]. Although this technique has produced satisfactory results for
monitoring population-level infection, measuring viral proteins using liquid chromatography tandem
mass spectrometry (LC-MS/MS) offers great advantages, including the considerably shorter run time [24],
potentially improved sensitivity [25], the ability to multiplex and perform simultaneous non-targeted
measurements, and a signi�cantly reduced cost per-sample compared to RT-qPCR [24]. In the present
study, our goal was to determine if we could detect the presence of SARS-CoV-2 proteins in untreated
wastewater using a top-down proteomics approach with LC-MS/MS, and then to evaluate the potential
use of this methodology as a routine method for the detection of SARS-CoV-2 in wastewaters. 

We analyzed 171 in�uent samples from 3 WWTPs (see Methods section for full details). In total, we
identi�ed 298 unique peptides from eight SARS-CoV-2 proteins. 1. Structural proteins: M (3 peptides), S
(30 peptides), and N (9 peptides), 2. Transmembrane proteins: ORF3a (5 peptides), ORF7a (70 peptides)
and ORF8 (4 peptides), and 3. the NSPs, post-infection protein: pp1ab (177 peptides) (See Table S1 for
complete protein identi�cation details). The peptides were identi�ed �rstly with our untargeted method,
and then we incorporated the m/z and RT into a target list (see Table S2 for target list.). Figure 1 displays
the number of peptides for each protein in in�uent samples over the course of the sampling period as a
heatmap for each WTTP. The sequence coverage for each protein was: 13.33% (M), 38.02% (S), 13.33%
(N), 30.26% (ORF3a), 40.50% (ORF7a), 57.02% (ORF8) and the non-structural protein 45.67% (pp1ab)
(Figure 2). It is immediately striking that we frequently detected the most peptides for pp1ab compared to
the other 7 SARS-CoV-2 proteins.

Thus, we determined that the pp1ab protein was the most consistently present and abundant protein in
the Durham Region WWs. Considering that the structural proteins will degrade as the SARS-CoV-2 virus
travels through the human gut and the wastewater system, it makes sense that we did not detect
structural proteins with as much consistency or intensity as the pp1ab protein. In contrast, after LC-
MS/MS analyses of nasal swabs and gargle samples collected from positive COVID-19 patients, the
most abundant peptides were from structurally abundant proteins (N most often, then the E, M, and S
proteins) [25-27]. Those structural proteins are all part of the viral envelope, which makes them the
easiest to detect in a freshly collected clinical sample, but they are also the proteins that are most-
exposed to environmental factors, and will likely degrade �rst in wastewaters known to contain many
chemicals with the potential to degrade SARS-CoV-2 [28]. 

What is more interesting to consider is the fate of the pp1ab protein. As we currently understand SARS-
CoV-2 pathology, the pp1ab protein would not be found inside the viral envelope because it is made by
human cellular machinery after SARS-CoV-2 infection, and so we wonder, how it is possible that this
protein is the most abundant in wastewaters? First, we considered the possibility that we were obtaining
false positives; however, our most abundant and consistently detected peptide sequence
(KAIKCVUPQADVEWKFY) had a local FDR < 0.1%, and only matched to SARS-CoV-2 viruses after a
BLAST search against the entire Uniprot database (1000 Hits, default settings).  Additionally, our results
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demonstrated > 45% sequence coverage of the pp1ab protein with other high quality (global FDR < 1%)
peptide matches to pp1ab in our combined dataset from 15 weeks of wastewater samples across 6
different wastewater catchments. Therefore, we are con�dent that we are not observing a false positive
result. 

We posit that there are two main factors which could affect the persistence of the pp1ab protein in the
environment: (1) the abundance of the protein in the feces and urine in SARS-CoV-2-infected people
within the community, and (2) the size and structure of the pp1ab protein. After extensive literature
search, we cannot �nd any reports about the abundance of the pp1ab protein in urine or feces, with the
majority of papers that include pp1ab in the text describing only it’s general function in SARS-CoV-2
pathogenesis [29-31]. Thus, it is di�cult to discuss if this viral protein is shed in high levels through urine
and feces, because we did not measure this directly. However, based on our results, we think that it is
highly probable that this protein is abundance in human excrement. The pp1ab protein is very large (7096
amino acid residues in length and 794,058 Da in mass) [32] which could be a second factor contributing
to the abundance of pp1ab in wastewater. In infected cells, pp1ab is cleaved into multiple functional
proteins by proteolytic auto-processing. If the protein is released from cells before complete auto-
processing, its sheer size could make the pp1ab protein more resistant to complete degradation while
travelling through the human gut and municipal wastewater system. Additionally, the peptide that we
detected with the greatest frequency falls into the nsp14 region (amino acid positions 6261-6276), which
is cleaved into the proofreading exoribonuclease (ExoN). We could not �nd any available information on
the structure of ExoN, and so we cannot determine if our most abundant peptide falls into a protected
pocket or region of ExoN, but we did attempt to model the peptide’s likely structure using PEP-FOLD3, an
online, freely available modelling tool (RPBS, Parisian Resource in Structural Bioinformatics). The model
suggests that our peptide would form a hairpin-like structure which could be stabilized by hydrogen
bonding (Figure S1). It is di�cult to make any assumptions about the stability of the ExoN protein based
upon this information, but we are certain that what we have observed in our study warrants further
investigation into the 3D structure of this particular SARS-CoV-2 NSP. We also observed much of the
pp1ab sequence coverage in the nsp 2 and nsp 3 (3C-like proteinase) regions, which may indicate that
these regions (or proteins) are more resistant to degradation than other proteins in the pp1ab polyprotein
sequence. 

We employed a cross correlation analysis comparing the abundance of pp1ab in the wastewater from
each treatment plant to the number of cumulative active cases of COVID-19 by onset date in the
corresponding municipalities (Figures 3 and 4). The pp1ab signal from WWTP1 had a lag value of 23
days and a low positive, statistically signi�cant correlation with the cumulative active cases (r = 0.5462, p
= <0.0001 in 79 pairs of data); pp1ab signal from WWTP2 had a lag of 9 days, with a low positive,
statistically signi�cant correlation (r = 0.4814, p = <0.0001 in 93 pairs of data); and pp1ab signal from
WWTP3 had a lag of 45 days and a low positive, signi�cant correlation (r = 0.4304, p = 0.0008 in 57 pairs
of data). Even though the correlations are not strong, these results show that we can detect the presence
of COVID-19 proteins from infected patients up to three weeks in advance of clinical case results (based
upon the lag). There are many reasons why the correlations would be low. The presence of pp1ab in the
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feces of asymptomatic patients/people who have not yet presented with symptoms, and variations in
wastewater composition due to industrial in�uents, �ow rates, storm events, and degradation of sample
material during residence time would all contribute to a high level of varability. The differences in lag
could be due to the population level using the wastewater system, and the residence time of the proteins
within the wastewater catchment (from toilet to WWTP). We acknowledge that the lag of 45 days at
WWTP3 seems much too large to possibly be an accurate representation of clinical cases for the
municipalitis that this WWTP serves – and this likely due to the fact that there are inputs from a
subpopulation of another nearby municipality which made it impossible to accurately identify the active
clinical COVID-19 cases that contribute to the viral signal.

To compare, much weaker and less sign�cant correlations were obtained for qPCR measurements of
SARS-CoV-2 N1 RNA in the same wastewater samples, which also likely re�ects many unknowns that
contribute to high variability in the wastewater data (i.e.: �ow rates, storm events, population usage,
degradation). We performed the same cross correlation analysis between N1 RNA (normalized) by qPCR
and the number of total cumulative active cases of COVID-19 by onset date (Figure 5). There was no
statistical signi�cance in WWTP1 in 80 pairs of data; in WWTP2 there was no statistical signi�cance in
80 pairs of data, and at WWTP3 there was statistical signi�cance with p <0.0001 in 91 pairs of data.
These correlations are stronger for WWTP3 but with a lag of 0, which very different from the lag for the
protein cross correlation, and is also inconsistent considering the complex wastewater matrix and
number of variables that affect this particular location.  

To our knowledge, we are the �rst to use LC-MS/MS to measure SARS-CoV-2 proteins in wastewater.
Neault et al (2020) detected SARS-CoV-2 structural proteins with immunoblotting and then measured
their abundance with an immune-linked PCR method. They found that proteins were detected more
frequently than RNA and concluded that proteins were present in higher abundance.  As well, they found
that protein and RNA were visually correlated, but no statistical correlation analyses were performed. We
attempted to correlated our RNA and protein data, but there was no signi�cant correlation to be found,
even with cross correlation (data not show). Thus, we think that a protein-based LC-MS/MS approach
may have more utility than immunoblot and RNA methods because it correlates more strongly with case
data, and because it is possible to measure many other human-protein biomarkers of SARS-CoV-2
infection and susceptibility simultaneously in the same sample using our shotgun approach, which is a
topic we are exploring for future work.

Here, we have presented a MS-based method for WWs samples that speci�cally detects SARS-CoV-2
proteins. We were able to identify unique peptides of at least eight proteins related to the SARS-CoV-2
virus and COVID-19 infection. We noticed a consistent presence in all the samples of the NSP protein
pp1ab, which is only transcribed after host cell infection. Given the results from the present study, we
suspect that the pp1ab protein is present in high abundance in the urine and (more likely) feces of active
COVID-19 cases, and that this protein might make an excellent alternative biomarker for testing people for
infection in a less invasive manner compared to the common nasal swab qPCR test. Our next steps are
(1) to quantify our strongest signal peptide of pp1ab using a stable isotope labelled peptide standard,
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and (2) to conduct a multivariate analysis of all human proteins detected within the samples to identify
proteins we can use for normalization, as well as other protein biomarkers of infection and susceptibility
for COVID-19. Our ultimate goal is to use this methodology for sensitive, accurate, and routine detection
of SARS-CoV-2 population-level infection in WW samples, thereby providing robust monitoring data and
proof of principle that establishes the value of wastewater-based epidemiology for future public health
studies.

Methods
Protein Precipitation and Digestion

Twenty-four, 24-hour composite in�uent samples from each of the three wastewater treatment plants
(WWTP) from Durham Region (Ontario, Canada) were obtained over the course of 15 weeks – for a total
of 171 samples across all sampling times and locations. Wastewaters from 4 municipalities are treated
by these three WWTPs, although the boundaries of the wastewater catchments do necessarily correspond
to a single municipality. The WWTP and municipalities were related as follows:  WWTP1 – Whitby
(population = 135,556); WWTP2 – Oshawa (population = 170,071); and WWTP3 – Pickering & Ajax
(combined population = 213,551). WWTP3 also contains wastewaters from a different region (York) for
which we could not determine the precise population level, and industrial in�uents, which are also largely
uncharacterized – thus measurements at this site have been most variable and di�cult to interpret. In the
present study, all the samples were collected as “fresh” (unpasteurized) 24-hr composite samples. We
added 50 mL of acetone (4 °C) to 50 mL of the wastewater and stored overnight at -20 °C to precipitate
proteins from the liquid phase. The samples were then centrifuged for 15 min at 4000 rpm. After
centrifugation, we carefully removed and discarded the supernatant, and the pellet was transferred to a
low-retention 1.5 mL micro-centrifuge tube, and then left in the fume hood for 60 minutes to allow any
remaining acetone to evaporate. We then re-suspended the pellet in 50 mL of a 100mM
Triethylammonium bicarbonate buffer (TEAB) (CAS number 15715-58-9 1.0M solution, Sigma-Aldrich)
and continued to reduce, alkylate, and digest the proteins in the sample into peptides using a previously
described method [33].

LC-MS/MS Peptide Analysis

Peptides were identi�ed with an Agilent 1260 In�nity Binary Pump HPLC coupled to a quadrupole Time-
of-Flight mass spectrometer (Agilent 6545 LC-QTOF). The samples were loaded onto the separation
column (Agilent ZORBAX 300SB-C18, Micro Bore Rapid Resolution 1.0 x 50 mm 3.5-Micron) and eluted
with a 50-minute gradient (Solvent A = 0.1% formic acid in 95:5 water: acetonitrile; Solvent B = 0.1%
formic acid in 95:5 acetonitrile: water; 0-2 mins 2% Solvent B; 2-22 mins 40% Solvent B; 22-27 mins 60%
Solvent B; 27-32 mins 85% Solvent B; 32-50 mins 2% Solvent B.). The column was kept at 40 °C, with a
�ow rate set at 0.100 mL/min, and the autosampler compartment was kept at 6 °C. Auto MSMS analysis
was performed and after peptides were identi�ed by database search, the m/z and retention time of each
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was added to an inclusion list for targeted MS/MS analysis. Speci�c instrumental settings and
acquisition method details are provided in the supplemental materials. 

SARS CoV-2 detection by qPCR

Total RNA was extracted from raw in�uent samples using a commercially available QIAGEN
Powermicrobiome kit (QIAGEN, Canada). One-step RT-qPCR was performed on the RNA samples using the
Reliance One-Step Multiplex RT-PCR supermix 4x (BioRad Laboratories Inc, Canada). The 20µL reaction
was composed of 5µL of RNA template input of each sample, 500nM Forward (GAC CCC AAA ATC AGC
GAA AT) and Reverse (TCT GGT TAC TGC CAG TTG AAT CTG) primers, 125nM of custom TaqMan probe
(FAM-ACC CCG CAT TAC GTT TGG TGG ACC-MGBNFQ) (Thermo-Fisher Scienti�c, Massachusetts, USA)
targeting the N1 gene, 8µL of pcr grade H20 and 5µL of mastermix. The Pepper Mild Mottle Virus
(PMMoV) gene was used as a fecal matter strength indicator to normalize the N1 gene quanti�cation in
wastewater samples. The 20µL reaction was composed of 5µL of RNA of each sample, 400nM Forward
(GAG TGG TTT GAC CTT AAC GTT TGA) and Reverse (TTGTCG GTT GCA ATG CAA GT) primers, 200nM
of custom TaqMan probe (FAM-CCT ACC GAA GCA AAT G-MGBNFQ) (Thermo-Fisher Scienti�c,
Massachusetts, USA) targeting the PMMoV gene, 8µL of pcr grade H20 and 5µL of mastermix. The qPCR
reactions were all ran in triplicates and according to MIQE guidelines using a CFX Connect qPCR
thermocycler (Bio-Rad, Hercules, CA), RT was performed at 50ºC, 10 minutes, followed by polymerase
activation at 95ºC for 10 minutes, and 45 cycles of denaturation, annealing/extension at 95ºC/10 s, then
60ºC/30 s, respectively. Serial dilutions of the viral RNA standard were run on every 96-well PCR plate to
produce standard curves used to quantify the copies of SARS-CoV-2 genes and pMMoV genes.
Additionally, RT-qPCR runs were validated with the use of non-template-controls (NTCs), positive controls,
negative controls.

Database search and analysis of identi�ed proteins

For the viral protein identi�cation, peptide spectral data was extracted, �ltered, and searched against
UniProtKB/Swiss-Prot SARS-CoV-2 database (downloaded September 2020). The database contained
fourteen SARS-CoV-2 proteins. The search was set in Spectrum Mill MS Proteomics Workbench (Agilent
G2721AA/G2733AA) using an automated work�ow to search for peptide sequence matches, and with
auto-validation using a false discovery rate (FDR) �lter of ≤ 1% between each successive search. Protein
hits were initially �ltered using peptide score > 5, and %SPI > 60%, and then peptides considered for
inclusion in the targeted MS/MS list were those with a global protein FDR ≤ 1%. 

Statistical analyses

For the statistical analyses, a cross correlation was performed �rst with all the 101 pairs of data (x:
Protein pp1ab 7-day midpoint mean viral signal, y: 7-day midpoint mean in cumulative active cases of
COVID-19 by onset date) and with lags between -45 to 45 as the maximum (cross correlation in time
series). The lag with the highest value of r was selected and was used to perform a Pearson correlation
analysis (one-tailed with a con�dent interval of 95%) using Prism software (v.9. GraphPad). In the �rst
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group of cross-correlation analysis, abundance of pp1ab in the wastewater was the independent variable
(X) and the number of cumulative active cases of COVID-19 by onset date was the dependent variable
(Y). In the second group of cross-correlation analysis, the X variable was 7-day midpoint mean viral signal
(N1 RNA normalized by qPCR) and the Y variable was 7-day midpoint mean in cumulative active cases of
COVID-19 by onset date. The cumulative active cases in each municipality was obtained directly from the
web site: Durham Region COVID-19 Data Tracker [34], where only the active cases where selected daily.
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Figure 1

The number of peptides found for each protein detected in wastewaters as a heatmap for each WWTP.

Figure 2

Sequence coverage of SARS-CoV-2 structural and non-structural proteins found in wastewater in�uents.
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Figure 3

Cross-correlation function (CCF) between smoothed viral signal protein (7-day midpoint mean protein:
pp1ab) in wastewater and smoothed cumulative active cases (7-day midpoint mean in cumulative active
cases of COVID-19 by onset date) with different time lags from 0 to 45 days. (A) WWTP1, (B) WWTP2,
and (C) WWTP3. The time at which there is the highest CCF was used as the Lag for the cross-
correlations (shown in Figure 4).
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Figure 4

Cross-correlation analyses of the total intensity of pp1ab to the total cumulative active cases of COVID-
19 by onset date. The lag number represents the time delay (in days) for the best correlation between
when the protein levels increase in the water and when the active case numbers increased. The Pearson
correlation coe�cient is represented by “r”. (A) WWTP1, (B) WWTP2 and (C) WWTP3.
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Figure 5

Cross-correlation analyses of N1 RNA measurements by qPCR to the total cumulative active cases of
COVID-19 by onset date. The lag number represents the time delay (in days) for the best correlation
between when the RNA levels increase in the water and when the active case numbers increased. The
Pearson correlation coe�cient is represented by “r”. (A) WWTP1, (B) WWTP2 and (C) WWTP3.
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