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Abstract 
 

 Wastewater and environmental monitoring (WEM) has for decades been a valuable 

resource for monitoring public health trends and providing insights into community-wide substance 

use, such as pharmaceuticals and illicit drugs, tracking infectious diseases like poliomyelitis and 

viral hepatitis. Despite its promise, WEM was historically underutilized, mainly limited to targeted 

studies or research efforts, and rarely integrated into real-time public health systems. The onset of 

the COVID-19 pandemic transformed WEM into a highly sought epidemiological tool, capable of 

complementing clinical testing and offering community-level data to better inform public health 

strategies. The COVID-19 pandemic exposed significant gaps in public health surveillance, 

emphasizing the need for tools that could monitor SARS-CoV-2 viral spread in real-time. WEM 

emerged as a promising approach, but early efforts faced several challenges: limited detection of 

the SARS-CoV-2 viral signal in wastewater during periods of low prevalence (low method 

sensitivity), pronounced variability in wastewater composition by location and season, the initial 

difficulty of scaling these methods to underserved, rural communities, and the lack of a universal 

biomarker or method of normalization to reduce the impact of flow and wastewater composition 

changes. The overarching hypothesis of this work was that WEM for SARS-CoV-2 could be 

established and refined through optimized sampling and sample processing methodologies, and that 

novel normalization strategies could improve the robustness of data interpretation and allow WEM 

to have predictive power as a public health tool. This dissertation addresses this hypothesis and 

bridges critical knowledge gaps by conducting six studies, establishing the methodologies, 

normalization strategies, and applications of normalization to WEM to improve its reliability and 

utility as a public health tool.  

The first objective of the dissertation was to develop methodologies for SARS-CoV-2 

detection and quantification in wastewater, and to develop the most effective wastewater sampling 

approach for quantifying SARS-CoV-2 RNA by comparing post-grit solids (PGS) and primary 

clarified sludge (PCS) and to evaluate the use various normalization biomarkers for reliable 

monitoring of infection trends, particularly during periods of low COVID-19 incidence. The results 

showed that primary clarified sludge (PCS) provided the most reliable and sensitive SARS-CoV-2 

RNA measurements, with pepper mild mottle virus (PMMoV) serving as an effective normalization 

biomarker to track infection trends, particularly during periods of low incidence. 
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The second objective of the dissertation was to enhance the effectiveness of wastewater 

surveillance in detecting COVID-19 resurgences during periods of low clinical positivity and assess 

its predictive value as a complementary tool to traditional diagnostic methods. It aimed to determine 

whether wastewater measurements could provide early warnings of outbreaks, overcoming 

limitations such as testing biases and delayed hospitalization data. The results showed that SARS-

CoV-2 RNA measurements in wastewater surged over 400% and were detected 48 hours before a 

300% rise in positive cases and 96 hours before a 160% increase in hospitalizations, highlighting 

the predictive power of wastewater surveillance in tracking resurgences. 

The third objective of the dissertation was to address the knowledge gap in wastewater 

surveillance by evaluating its effectiveness in small and rural communities, where reliable 

monitoring of COVID-19 and other pathogens remains challenging. Specifically, it aimed to 

compare SARS-CoV-2 RNA concentration from upstream pumping stations and downstream 

wastewater lagoons to determine the most effective sampling location for accurate community-

level surveillance. The results showed that samples from the pumping station provided stronger, 

more stable RNA signals, while lagoon samples had lower concentrations and greater variability, 

suggesting that wastewater surveillance in rural or low-income regions should prioritize upstream 

locations like pumping stations for reliable monitoring. 

The fourth objective of the dissertation was to investigate the relationship between SARS-

CoV-2 wastewater signals and clinical case data through the wastewater-to-clinical-case (WC) ratio, 

aiming to address challenges in interpreting WEM data as clinical testing declines. It sought to 

determine whether the WC ratio could serve as a reliable indicator of underreported infections and 

the emergence of new variants in varying community immunity contexts. The results showed that 

increases in the WC ratio signaled periods of insufficient clinical testing, while changes in the ratio 

effectively tracked the spread of Alpha, Delta, and Omicron variants, demonstrating the WC ratio’s 

potential to complement clinical metrics and enhance epidemiological monitoring. 

The fifth objective of the dissertation was to assess the potential of tobamoviruses as fecal 

biomarkers for improving the accuracy and reliability of WEM, focusing on both their ability to 

indicate the presence of human fecal biomarkers and normalize viral signals in wastewater. This 

chapter presents a review aimed at addressing the limited research on tobamoviruses beyond 

PMMoV and tomato brown rugose fruit virus, as human-associated fecal biomarkers, despite their 

promising attributes for WEM applications. A critical review of over 240 studies, evaluating 43 

tobamoviruses, was conducted. This review identified 15 with significant potential as biomarkers 
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across diverse global wastewater contexts, paving the way for future research to potentially 

improve future WEM normalization efforts. 

Tying all of this work together, the sixth and final objective of the dissertation was to 

address an important gap in wastewater surveillance caused by the absence of a globally validated 

assay for PMMoV. It aimed to improve data comparability across WEM programs by identifying 

stable genomic regions of PMMoV that remain consistent despite variations in diets, wastewater 

composition, and environmental conditions. Testing 116 samples from 12 countries, the study 

identified the most stable region of the PMMoV genome between bases 2776-3023. Using this 

region, the research developed the P17 PMMoV assay, a highly sensitive and specific tool (ALOQ 

= 4.9 copies/reaction, ALOD = 3.4 copies/reaction) to ensure reliable normalization of WEM data 

worldwide, providing consistent performance across diverse environments. 

This research transformed WEM early on in the pandemic by addressing critical challenges 

in sampling, normalization, and data interpretation, particularly during periods of low disease 

prevalence and in rural or underserved communities. By refining methodologies to improve signal 

reliability and predictive value, introducing the WC ratio for enhanced epidemiological insights, 

and exploring novel biomarkers to expand normalization strategies, this work significantly 

enhanced the utility of WEM as a public health tool, and contributed to shaping its adoption in 

Canada and abroad. Collectively, the findings provide a comprehensive framework for advancing 

wastewater surveillance, making it a more equitable, reliable, and globally applicable approach to 

monitoring infectious diseases and informing public health interventions. 
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Chapter 1 – Introduction 

1.1. Background 

SARS-CoV-2, a pandemic virus that was first discovered in December 2019, has had profound and 

long-lasting impacts on the world. At the time of writing, over 776M individuals have contracted COVID-

19 and more than 7.0M individuals have died as a result of complications caused by the disease (World 

Health Organization, 2024). The COVID-19 pandemic has had deep, lasting impacts on most nations during 

the early stages of the pandemic, and in the absence of effective immunization, the only tools available to 

public health units to mitigate negative effects on the health of the general population were public health 

messaging, encouraged hand hygiene, mandatory masking, distancing guidelines, curfews and lockdowns. 

As the pandemic progressed, widespread PCR clinical testing campaigns became the main tools available 

to public health units to assess the progress of the pandemic (Borkowska and Laurence, 2021; Miao et al., 

2021; Razavi et al., 2020) in their respective communities. The first scientific communications related to 

COVID-19 came in the form of medical reports and medical studies describing symptoms, administered 

treatments and outcomes of COVID-19 patients, first in China, and later around the world (Bogoch et al., 

2020; Leung, 2020; Zhu et al., 2020). Early “day-zero” medical studies and initial systemic reviews and 

meta-analyses of literature of SARS-CoV-2 symptoms revealed that approximately half of COVID-19 

positive patients had positive identification of SARS-CoV-2 RNA in fecal/rectal swabs (Collivignarelli et 

al., 2020; Gupta et al., 2020; Lodder and de Roda Husman, 2020; Parasa et al., 2020; Park et al., 2020; 

Zhurakivska et al., 2020). These studies also revealed that there existed a higher incidence of SARS-CoV-

2 RNA measurements in fecal material as compared to urine (Collivignarelli et al., 2020; Zhurakivska et 

al., 2020). Furthermore, it was also identified early on that among different types of COVID-19 patient 

specimens, rectal swabs or stool samples generally provided higher detection rates than nasopharyngeal 

(NP) swabs (Bwire et al., 2020), and that both children and adults were capable of shedding SARS-CoV-2 

RNA via stool (Fontana and Villamagna, 2021; Gupta et al., 2020; Long et al., 2020; Xing et al., 2020), 

sometimes even when showing no symptoms of COVID-19.  

In parallel, based on previous studies outlining possible fecal shedding and detection in wastewater 

of other pathogens, including some causing respiratory diseases, some researchers began investigating the 

detection of SARS-CoV-2 RNA in sewage in water resource recovery facilities (WRRFs). For decades, 

wastewater and environmental monitoring (WEM) had previously been successfully utilized by public 

health professionals to survey the emergence of new disease outbreaks such as poliomyelitis, measles and 

viral hepatitis, the use of pharmaceutical compounds or illicit drugs, or the onset of antimicrobial resistant 
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genes in communities (Ansari et al., 1992; Been et al., 2014; Benschop et al., 2017; Bucardo et al., 2011; 

Castiglioni et al., 2013; Choi, 2012; Daughton, 2018; Feng et al., 2018; Flannery et al., 2012; González-

Mariño et al., 2020; Gushgari et al., 2018; Heijnen and Medema, 2011; Hellmér et al., 2014; Lorenzo and 

Picó, 2019; Metcalf et al., 1995; Pruden, 2014; Sinclair et al., 2008; Singer et al., 2013; Yang et al., 2017). 

At the onset of the COVID-19 pandemic, research out of the Netherlands (Medema et al., 2020) and 

Australia (Ahmed et al., 2020a) demonstrated that the measurement of SARS-CoV-2 RNA signal via 

quantitative reverse transcript polymerase chain reaction (RT-qPCR) in wastewater was possible and that 

measurements appeared to correlate with COVID-19 incidence in their respective communities. As a direct 

result of the initial successes in the Netherlands and Australia to measure SARS-CoV-2 RNA signal in 

wastewater and correlate decreases or increases in viral signal in wastewater to epidemiological events in 

the surveyed communities, attempts to replicate these findings subsequently occurred in many other 

locations throughout the world. A significant number of new surveillance initiatives soon followed, 

reporting similar observations globally (Alpaslan-Kocamemi et al., 2020; D’Aoust et al., 2021a; Gonzalez 

et al., 2020; Haramoto et al., 2020; Kumar et al., 2020; La Rosa et al., 2020; Nemudryi et al., 2020; Peccia 

et al., 2020b; Randazzo et al., 2020; Rimoldi et al., 2020; Sherchan et al., 2020; Westhaus et al., 2021; 

Wurtzer et al., 2020; Zhang et al., 2020). As the COVID-19 pandemic progressed, WEM saw unprecedented 

adoption and support, emerging as a tool allowing public health units, governments, and businesses to 

potentially obtain additional information on the burden of COVID-19 of individuals and their communities. 

As a result, five years into the COVID-19 pandemic, WEM of SARS-CoV-2 RNA load has now been 

conducted at over 4,600 sites in at least 72 countries (Naughton et al., 2021). Consequently, studies and 

research on the topic of WEM have been subject to increasing interest during, and after the pandemic. 

The swift development of the field and application of SARS-CoV-2 WEM to track community 

health indicators such as the community-wide burden of COVID-19 has led to the rapid incremental 

development and improvement of methodologies and techniques. This has affected every portion of the 

surveillance process, from the sample collection and enrichment to the extraction of nucleic acids, 

quantification, and interpretation of results. Initial research into the improvement of surveillance of SARS-

CoV-2 RNA load in wastewater focused primarily on analysis of SARS-CoV-2 RNA signal from 

wastewater solids, due to the established propensity for SARS-CoV-2 signal and RNA fragments to exist 

in fecal material and feces (Chen et al., 2020; Cheung et al., 2020; Santos et al., 2020; Xing et al., 2020). 

Due to the relatively rapid implementation of SARS-CoV-2 WEM worldwide, a significant gap in 

knowledge regarding the most effective sample processing and concentration techniques to optimize 

enrichment of SARS-CoV-2 RNA targets in wastewater-related solids was identified, especially in a 

context of low disease prevalence where the overall viral burden in a community could be relatively low 
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(Ahmed et al., 2020c, 2020b; Kitajima et al., 2020; Randazzo et al., 2020). In addition, as the pandemic 

progressed, the first major resurgences in SARS-CoV-2 infections in North America were observed while 

WEM programs were in operation, leading to significant interest but uncertainties regarding the ability of 

SARS-CoV-2 WEM to accurately track and potentially predict increases and decreases in other, more 

traditional epidemiological metrics such as reported daily new clinical cases of COVID-19, or reported 

daily new hospitalizations due to COVID-19. While several studies have begun investigating fundamental 

relationships existing between SARS-CoV-2 RNA signal in wastewater and related epidemiological 

metrics in the surveyed communities (Ai et al., 2021; Carrillo-Reyes et al., 2020; Galani et al., 2022; Melvin 

et al., 2021; Wang et al., 2021; Weidhaas et al., 2021; Wolfe et al., 2021; Wu et al., 2021), the results are 

not entirely conclusive due to some diverging results and until now few comprehensive large-scale studies 

have been conducted on the topic, with only one study investigating the intrinsic relationship of SARS-

CoV-2 RNA signal in wastewater and reported daily new clinical cases of COVID-19 (WC ratio) (Xiao et 

al., 2022). Without a full understanding of the relationship existing between measured SARS-CoV-2 RNA 

signal in wastewater and reported daily new clinical cases of COVID-19 (WC ratio) in the community, the 

interpretation of WEM results and the possibilities regarding their application from a public health 

perspective may yet to be fully elucidated. Tackling these gaps of knowledge effectively will lead to a wider 

adoption of WEM, leading to improved health in urban and peri-urban communities by allowing public 

health units and governments to maintain broad disease surveillance programs, improving community 

health. Furthermore, effective WEM programs which generate well understood performance indices for 

public health units to monitor, allowing highly urbanized cities and regions to remain sustainable in the 

medium to long term, despite the threat of increasingly frequent, new and old re-emerging, pandemic-

potential diseases (Chacón et al., 2021; Hassell et al., 2017; Naughton et al., 2021; Neiderud, 2015; Ram et 

al., 2022; Reyes et al., 2013).  

Despite the fulgurant growth of WEM, certain inequalities and inconsistencies in terms of the 

application of SARS-CoV-2 surveillance have emerged. Specifically, the majority of surveillance programs 

have occurred in larger, more densely populated urban and peri-urban communities at the expense of 

smaller, less densely populated rural communities (Medina et al., 2022; Naughton et al., 2021), leading to 

a significant knowledge gap between the surveillance of larger urban and peri-urban sewersheds and smaller, 

rural sewersheds. While most of the SARS-CoV-2 surveillance in wastewater has predominantly been 

performed in larger, more affluent communities employing larger mechanical WWTPs, a significant 

proportion of communities in North America and Europe still treat their wastewater using lagoons and 

waste stabilization ponds, for which there has been very little SARS-CoV-2 surveillance research on. This 

has led to inequities in SARS-CoV-2 surveillance throughout the world due to a lack of knowledge for the 
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surveillance of communities employing these smaller systems, disproportionately leaving rural populations 

out of surveillance programs. Currently, at least 9,200 wastewater treatment lagoons are in operation in 

North America, and a further 5,500 are in operation in Europe (D’Aoust et al., 2021b; Mara, 2009; Statistics 

Canada, 2016; USEPA, 2011). Tackling the fundamental lack of knowledge regarding the methodologies, 

techniques, and interpretation of SARS-CoV-2 surveillance in wastewater in smaller rural sewersheds is 

crucial to ensure adequate and fair surveillance of SARS-CoV-2 and assessment of COVID-19 risks in 

these communities. These issues remain unresolved and require further research to help WEM mature into 

a mainstay of public health globally.  

In addition to gaps in knowledge and uncertainties regarding sample processing and enrichment, 

several unknowns have remained regarding normalization, standardization, and correction of observed viral 

signal in sewersheds, particularly due to the lack of appropriate or fully understood human fecal biomarkers 

(Corpuz et al., 2020; Farkas et al., 2020; Michael-Kordatou et al., 2020).  

As a result, significant efforts have been made to investigate the applicability and suitability of flow 

measurements, novel fecal biomarkers, or water quality characteristics as measures to 

standardize/normalize WEM viral signal and prevent deleterious sewershed-induced impacts on WEM 

measurements due to dilution of wastewater, changes in flow and changes in sewershed population or diet, 

a fundamental and critical aspect of WEM (Armanious et al., 2016). Very early on into the pandemic, it 

was acknowledged that there was an urgent need to normalize SARS-CoV-2 RNA load measurements in 

wastewater (Alpaslan-Kocamemi et al., 2020; Kaplan et al., 2020; Peccia et al., 2020a; Wu et al., 2020). 

Traditional normalizers such as flow, cross-assembly phage (crAssphage) (Bivins et al., 2020; Chen et al., 

2021; Crank et al., 2020; Greenwald et al., 2021; Sala-Comorera et al., 2021; Wilder et al., 2021), a 

ubiquitous bacteria-infecting virus found in the human gut, or pepper mild mottle virus (PMMoV) (Gerrity 

et al., 2021; Graham et al., 2020; Kitamura et al., 2021; LaTurner et al., 2021; Loeb et al., 2020; Wolfe et 

al., 2021; Wu et al., 2020), an equally ubiquitous plant-virus found in many pepper-based foodstuffs 

(Mandal and Jain, 2010; Peng et al., 2015) have been used in the past, but no consensus has been reached 

regarding best practices regarding their use as a means to standardize/normalize WEM measurements. A 

recent survey (as of March 2022) of existing scientific literature searching for the combination of “SARS-

CoV-2” and “PMMoV” keywords, compared to “SARS-CoV-2” and “crAssphage” keywords on Google 

Scholar using Harzing’s Publish or Perish (version 8) revealed that PMMoV (209 publications/manuscripts, 

2,981 citations) and crAssphage (203 publications/manuscripts, 3,132 citations) biomarkers appeared to 

have been studied in similar proportions for SARS-CoV-2 WEM since the beginning of the COVID-19 

pandemic. While most of the detection and quantification of crAssphage has been performed with one 

single qPCR assay (Stachler et al., 2017). Meanwhile, for purposes of WEM, at least three RT-qPCR assays 
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have been used to detect and quantify PMMoV (Hamza et al., 2011; Haramoto et al., 2013; Zhang et al., 

2006), which has led to uncertainties in the efficacy of the individual PMMoV assays to 

standardize/normalize WEM measurements for SARS-CoV-2 and other diseases where markers or fecally 

shed. Furthermore, while the three PMMoV RT-qPCR assays are situated in the same genomic region and 

appear to have been developed iteratively for surface water detection and quantification of PMMoV, it is 

currently unknown if the assay’s selected genomic region is the most preserved and persistent in wastewater. 

Due to the global nature of the COVID-19 pandemic and SARS-CoV-2 WEM, the assays have not been 

globally validated as equivalent in performance, which makes direct comparisons of PMMoV-normalized 

data between surveyed sites more difficult. Inconsistencies between utilized PMMoV assays, and the lack 

of a globally validated assay could also be of particular importance due to the existence of region-specific 

strains of PMMoV, further hindering widespread adoption of PMMoV to normalize SARS-CoV-2 WEM 

measurements. As a result, a gap of knowledge regarding best practices for normalization using biomarkers 

still exists today. 

1.2. Hypotheses and research objectives 

Despite the rapid development of WEM, several questions and gaps in knowledge remain and the 

collection of publications and manuscripts in this thesis describe the efforts that were made to address some 

of these unknowns. As a result, three initial hypotheses were formulated and tested. As work progressed, a 

fourth and fifth hypotheses were also posited. 

The first three hypotheses are as follow: 1) SARS-CoV-2 RNA can be measured in wastewater 

with sufficient sensitivity to perceive day-to-day variations in concentration, and support the establishment 

of a WEM program; 2) Trends of SARS-CoV-2 RNA concentrations in wastewater correlate with clinical 

disease metrics and can be used to offer early warning of increases or decreases in clinical case counts and 

hospitalizations; and 3) Incorporating measurement normalization strategies into WEM can enhance the 

robustness and interpretability of SARS-CoV-2 RNA concentration trends in wastewater. The fourth and 

fifth hypothesis were posited after initial findings demonstrated that PMMoV-normalization of SARS-

CoV-2 RNA measurements in wastewater appeared to improve the interpretability of SARS-CoV-2 

monitoring. The last hypotheses are as follow: 4) The concentration of PMMoV RNA fragments in 

wastewater is influenced by dietary intake and exhibits significant geographic variability; and 5) Additional 

tobamoviruses may be present in wastewater at concentrations sufficient for detection due to dietary intake, 

and could serve as alternative human fecal-associated biomarkers for wastewater-based epidemiology. 
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This research aims to address key methodological challenges in wastewater-based epidemiology 

(WBE) to enhance its reliability, interpretability, and utility as a public health tool. By doing so, it is 

hypothesized that WBE can provide early warning signals of infection dynamics, support public health 

decision-making, and improve community health outcomes. The specific objectives are as follow: 

1) To improve laboratory methodologies for SARS-CoV-2 RNA detection in wastewater, with a focus 

on enhancing sensitivity and specificity during periods of low disease prevalence, to enable reliable 

day-to-day monitoring. This objective will be met by thoroughly investigating sampling locations 

at WRRFs. 

2) To evaluate the effectiveness of WEM in detecting COVID-19 resurgences during periods of low 

clinical positivity and to develop WEM as an early warning tool complementary to traditional 

diagnostic methods. This objective will be met by performing extensive, time-lagged experiments 

to develop our understanding of the relationship between wastewater SARS-CoV-2 RNA 

concentrations, new clinical cases, and hospitalizations.  

3) To assess and optimize sampling and testing strategies for small and rural sewersheds, including 

those served by non-mechanical wastewater treatment systems, to enable equitable implementation 

of WEM in smaller and rural communities. This objective will be met by comparing sampling 

locations in a small rural community and comparing the suitability of sampling locations, the 

correlation of measurements with clinical metrics and the integrity of RNA in the collected samples. 

4) To investigate the utility of WC ratio in enhancing the interpretation of WEM data amid declining 

clinical testing and changing disease dynamics. This objective will be achieved through a 

meticulous, pan-Canadian study examining the intrinsic relationship between SARS-CoV-2 

concentrations in wastewater and corresponding clinical case counts across seven major 

metropolitan areas. 

5) To investigate the variability of PMMoV (concentrations in wastewater across geographic regions 

and populations, with a focus on understanding the influence of dietary intake on its reliability as 

a normalization biomarker, and to explore the presence and potential use of other tobamoviruses in 

wastewater as alternative human fecal-associated biomarkers, expanding the toolkit for 

normalization and improving the robustness of WEM data interpretation. This objective will be met 

by conducting a scoping review of all known tobamoviruses and comparing relative PMMoV RNA 
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concentrations in samples collected from numerous countries around the world to develop a better 

understanding of geographical and dietary effects on PMMoV concentrations in wastewater.  
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1.3. Thesis organization 

The dissertation is structured as a manuscript-based thesis and comprises seven distinct chapters. 

Each chapter is designed to contribute a unique perspective and depth to the overall research, ensuring a 

comprehensive exploration of the subject matter. This organization allows for a detailed and systematic 

presentation of findings, methodologies, and discussions, providing a cohesive and thorough examination 

of the research topic. 

Chapter 1 offers a comprehensive introduction to the study, outlining the overall and specific 

research objectives. It also provides a detailed description of the thesis structure, setting the stage for the 

subsequent chapters. 

Chapter 2 (first manuscript) is a research article titled Quantitative analysis of SARS-CoV-2 RNA 

from wastewater solids in communities with low COVID-19 incidence and prevalence. This article was 

published in Water Research in September 2020. This study investigates the feasibility of the detection and 

quantification of SARS-CoV-2 RNA in wastewater influent solids (post-grit solids; PGS) and primary 

clarified sludge (PCS) at two municipal water resource recovery facilities (WRRFs) serving Ottawa and 

Gatineau. Conducted during periods of decreasing (April to May 2020) and low (May to June 2020) 

COVID-19 incidence, the research aims to enhance viral detection sensitivity in low-prevalence 

communities. Utilizing RT-qPCR and RT-droplet digital (dd) PCR, the study compares the detection 

sensitivity of viral N1 and N2 RNA in PGS and PCS, addressing challenges of poor assay sensitivity and 

systematic variation. The research also examines human microbiome-specific HF183 Bacteroides 16S 

rRNA, human 18S rRNA, and pepper mild mottle virus (PMMoV) RNA as reliable fecal biomarkers to 

normalize SARS-CoV-2 signals. Findings suggest that PCS samples, especially when normalized to 

PMMoV, provide stable data correlating with regional public health metrics, positioning wastewater 

surveillance as a valuable tool for monitoring SARS-CoV-2 trends during low and declining COVID-19 

incidence. 

Chapter 3 (second manuscript) is a research article titled Catching a resurgence: Increase in 

SARS-CoV-2 viral RNA identified in wastewater 48 hours before COVID-19 clinical tests and 96 hours 

before hospitalizations. This study was published in Science of the Total Environment in May 2021. This 

study investigates the effectiveness of wastewater-based COVID-19 surveillance in detecting resurgences 

of SARS-CoV-2 after periods of low prevalence. During the summer of 2020, SARS-CoV-2 RNA signals 

were measured in primary clarified sludge at Ottawa’s water resource recovery facility every two days, 

when clinical testing showed daily percent positivity below 1%. The study detected a >400% increase in 
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normalized SARS-CoV-2 RNA in wastewater 48 hours before a >300% rise in reported positive cases and 

a >160% increase in hospitalizations by approximately 96 hours. This highlights the potential of WEM to 

complement, expand, and enhance traditional diagnostic testing. The research also compares the sensitivity 

of viral detection in primary clarified sludge versus influent and evaluates the use of fecal biomarkers like 

PMMoV and crAssphage to normalize SARS-CoV-2 signals. By correlating wastewater RNA signals with 

community infection rates and hospitalizations, the study aims to provide public health units with a 

predictive tool for early detection of COVID-19 resurgences. 

Chapter 4 (third manuscript) is a research article titled COVID-19 wastewater-based epidemiology 

in rural communities: Comparison of lagoon and pumping station samples. This study was published in 

Science of the Total Environment in December 2021. This study examines the implementation of WEM to 

monitor COVID-19 prevalence in small and rural communities, addressing a knowledge gap as most WEM 

efforts focus on urban areas. By comparing SARS-CoV-2 RNA signals from wastewater samples collected 

at an upstream pumping station and a downstream wastewater treatment lagoon in a rural Canadian 

community, the study evaluates the correlation with community COVID-19 incidence rates. Over a period 

of 5.5 weeks, real-time quantitative PCR (RT-qPCR) targeting the N1 and N2 genes showed strong viral 

signals in 24-hour composite samples from the pumping station, while samples from the lagoon were below 

the limit of quantification, indicating higher RNA stability upstream of the lagoon. Normalizing SARS-

CoV-2 signals with PMMoV allowed for accurate detection of changes in community prevalence. The 

findings suggest that in small and rural communities with sewered systems, wastewater surveillance 

samples should be collected from pumping stations or the sewershed rather than lagoons, which present 

challenges due to RNA degradation and variable environmental conditions. This study supports the 

adaptation of WEM for effective monitoring of COVID-19 in smaller communities. 

Chapter 5 (fourth manuscript) is a research article titled Wastewater to clinical case (WC) ratio of 

COVID-19 identifies insufficient clinical testing, onset of new variants of concern and population 

immunity in urban communities. This study was published in Science of the Total Environment in 

December 2022. This study explores the use of the SARS-CoV-2 wastewater signal to clinical cases (WC) 

ratio as a diagnostic tool to complement clinical testing during the COVID-19 pandemic. By analyzing data 

from seven Canadian cities over periods ranging from 8 to 21 months, the study identifies significant 

epidemiological events. An increase in the WC ratio was observed when clinical testing eligibility shifted 

to appointment-only, indicating insufficient testing despite rising wastewater signals. The ratio also 

highlighted the emergence of the Alpha, Delta, and Omicron variants, with notable changes correlating to 

varying levels of community immunity. The study demonstrates that the WC ratio can provide valuable 

insights into testing efficacy and disease trends, enhancing the utility of WEM as a diagnostic technology, 
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especially as clinical testing declines in an endemic state. This research underscores the importance of 

integrating WEM data with clinical case counts to improve public health monitoring and response. 

Chapter 6 (fifth manuscript) is a review article titled From plant pathogen to public health tool: 

A review of tobamoviruses and their role in wastewater & environmental surveillance. This manuscript 

has been prepared and will be submitted to the journal Reviews in Environmental Science and 

Bio/Technology. This review article evaluates the potential of various tobamoviruses as biomarkers for 

WEM, with a focus on enhancing the accuracy and reliability of tracking respiratory diseases such as 

COVID-19. While PMMoV and ToBRFV have been widely used in WEM due to their high titers in 

wastewater, the suitability of other tobamoviruses remains underexplored. By reviewing over 240 studies 

and assessing 43 tobamoviruses, we identified 15 with significant promise as biomarkers. This 

comprehensive review addresses challenges in normalizing biomarker measurements and proposes the 

integration of these tobamoviruses to improve WEM applications. Our findings aim to pave the way for 

more robust environmental health monitoring strategies, contributing to the standardization of fecal 

biomarkers in global wastewater contexts and enhancing the efficacy of WEM as a diagnostic technology. 

Chapter 7 (sixth manuscript) is a research article titled Globally validated real-time PCR assay for 

the detection of pepper mild mottle virus in wastewater. This manuscript has been prepared and will soon 

be submitted to the journal Journal of Virological Methods. The study develops a globally validated RT-

qPCR assay (P17 assay) for PMMoV quantification, a key biomarker in WEM. PMMoV normalization is 

crucial for accurately quantifying pathogen levels in wastewater, enabling public health officials to make 

better-informed decisions. However, existing assays lack global validation for sensitivity and consistency, 

leading to potential variability in data interpretation across geographical regions and changing diets. 

To address this, 116 samples from 12 countries were analyzed, testing overlapping RT-qPCR 

assays across the PMMoV genome. A conserved region between bases 2776–3023 in the replication-

associated protein-encoding sequence was identified. The P17 PMMOV assay targeting this region 

demonstrated superior sensitivity (ALOD: 3.4 copies/reaction; ALOQ: 4.9 copies/reaction) and similar 

real-world performance compared to existing assays. The primary goal of this work is to standardize 

PMMoV-based normalization globally, reducing variability and ensuring that wastewater surveillance data 

are reliable and actionable. By improving the accuracy of WEM, this assay supports global efforts to 

monitor and respond to public health threats more effectively.
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Chapter 2 – Quantitative Analysis of SARS-CoV-2 From Wastewater Solids in 

Communities With Low COVID-19 Incidence and Prevalence 

2.1. Context 

The manuscript presented in this chapter of the doctoral dissertation is titled Quantitative analysis 

of SARS-CoV-2 RNA from wastewater solids in communities with low COVID-19 incidence and prevalence, 

by Patrick M. D’Aoust, Élisabeth Mercier, Danika Montpetit, Jian-Jun Jia, Ilya Alexandrov, Nafisa Neault, 

Aiman Tariq Baig, Janice Mayne, Xu Zhang, Tommy Alain, Marc-André Langlois, Mark R. Servos, 

Malcolm MacKenzie, Daniel Figeys, Alex E. MacKenzie, Tyson E. Graber, and Robert Delatolla, and was 

published in Water Research (January 2021). In this manuscript, different sampling locations and 

quantification technologies are investigated to determine the most sensitive and robust environmental 

monitoring strategy for measuring SARS-CoV-2 viral signal in wastewater. This manuscript was the first 

original research-based Canadian manuscript published on the topic, and is currently the 27th most cited 

manuscript in the journal Water Research over the last 5 years. 

2.2. Abstract 

In the absence of an effective vaccine to prevent COVID-19 it is important to be able to track 

community infections to inform public health interventions aimed at reducing the spread and therefore 

reduce pressures on healthcare, improve health outcomes and reduce economic uncertainty. Wastewater 

surveillance has rapidly emerged as a potential tool to effectively monitor community infections through 

the measurement of trends of RNA signal in wastewater systems. In this study SARS-CoV-2 viral RNA N1 

and N2 genes are quantified in solids collected from influent post grit solids (PGS) and primary clarified 

sludge (PCS) in two water resource recovery facilities (WRRF) serving Canada’s national capital region, 

i.e., the City of Ottawa, ON (pop. ≈ 1.1M) and the City of Gatineau, QC (pop. ≈ 280K). PCS samples show 

signal inhibition using RT-ddPCR compared to RT-qPCR, with PGS samples showing similar quantifiable 

concentrations of RNA using both assays. RT-qPCR shows higher frequency of detection of N1 and N2 

genes in PCS (92.7, 90.6%, n = 6) as compared to PGS samples (79.2, 82.3%, n = 5). Sampling of PCS 

may therefore be an effective approach for SARS-CoV-2 viral quantification, especially during periods of 

declining and low COVID-19 incidence in the community. The pepper mild mottle virus (PMMoV) is 

determined to have a less variable RNA signal in PCS over a three-month period for two WRRFs, regardless 

of environmental conditions, compared to Bacteroides 16S rRNA or human 18S rRNA, making PMMoV a 

potentially useful biomarker for normalization of SARS-CoV-2 signal. PMMoV-normalized PCS RNA 

signal from WRRFs of two cities correlated with the regional public health epidemiological metrics, 
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identifying PCS normalized to a fecal indicator (PMMoV) as a potentially effective tool for monitoring 

trends during decreasing and low-incidence of infection of SARS-Cov-2 in communities. 

2.3. Introduction 

Since the onset of the novel coronavirus disease in 2019 (COVID-19), the rapid transmission and 

global spread of the disease has placed significant strain on public health agencies around the world. 

Detection of SARS-CoV-2 RNA in nasopharyngeal (NP) swab specimens by reverse transcription 

quantitative polymerase chain reaction (RT-qPCR) is the standard diagnostic test to confirm COVID-19. 

Accurately measuring the prevalence of COVID-19 in many countries has been complicated by limited 

and/or biased NP testing (targeting symptomatic groups) and an asymptomatic, or mildly symptomatic 

infectious period in a significant proportion of cases (Long et al., 2020; Pan et al., 2020). Additional 

detection tools are thus desirable to mitigate these challenges and provide public health agencies and 

governments new metrics to help guide their implementation of societal restrictions (Daughton, 2009; Hill 

et al., 2020; Thompson et al., 2020). 

Recent systematic reviews and meta-analyses of the current peer-reviewed and preprint literature 

confirm fecal SARS-CoV-2 viral RNA detection in roughly half of COVID-19 patients (Gupta et al., 2020; 

Parasa et al., 2020). Moreover, a systematic review and meta-analysis of SARS-CoV-2 viral RNA detection 

profiles in several different types of COVID-19 patient specimens found that positive detection rates were 

higher in rectal and sputum swabs than in the commonly used NP swab (Bwire et al., 2020). These data 

provide a clear rationale to probe wastewater for SARS-CoV-2 RNA.  

Medema et al. (2020) first reported the detection of SARS-CoV-2 viral RNA in wastewater from 

WRRFs located in seven different cities in the Netherlands. SARS-CoV-2 viral RNA has subsequently been 

identified and is being monitored at numerous WRRFs around the world (Ahmed et al., 2020; Alpaslan-

Kocamemi et al., 2020; Bar Or et al., 2020; Gonzalez et al., 2020; Haramoto et al., 2020; La Rosa et al., 

2020; Medema et al., 2020; Nemudryi et al., 2020; Peccia et al., 2020a; Randazzo et al., 2020; Rimoldi et 

al., 2020; Sherchan et al., 2020; Wu et al., 2020; Wurtzer et al., 2020; Zhang et al., 2020), with the first 

peer-reviewed study published by Ahmed et al. 2020a in Australia. The successful monitoring of the viral 

signal has led the Netherlands (National Institute for Public Health and the Environment, 2020), Australia 

(Dalzell, 2020), Germany (Pleitgen, 2020) and Finland (Yle, 2020) to plan and implement national 

wastewater surveillance programs for SARS-CoV-2 as a viral tracking tool to complement existing public 

health metrics. There are also early and promising indications from several research groups that wastewater 
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surveillance of SARS-CoV-2 might be predictive, providing earlier warning of community outbreak than 

current NP-based PCR diagnostics. 

Although studies reported some success in the detection and even quantitation of SARS-CoV-2 

RNA by RT-qPCR in wastewaters over the course of community COVID-19 outbreaks, poor assay 

sensitivity and systematic variation represent significant challenges, particularly in regions with low 

COVID-19 prevalence (Bar-On et al., 2020; Michael-Kordatou et al., 2020; Orive et al., 2020; Randazzo 

et al., 2020). Specifically, monitoring in communities with low incidence has demonstrated high PCR Ct 

values and hence variable or unquantifiable data being collected due to very low concentrations of the viral 

fragments in wastewaters. In this regard, at least two groups have identified improved sensitivity in solids-

rich wastewater samples collected from WRRFs in communities with low incidence and prevalence (<25 

active cases/100,000 population) (Balboa et al., 2020; Peccia et al., 2020b, 2020a). However, it has been 

observed that due to variations both in case numbers and influent wastewater sample data (Medema et al., 

2020; Wu et al., 2020), studies have so far reported high day to day variance and noise (Balboa et al., 2020; 

Peccia et al., 2020a); which is a key challenge in establishing trends and extracting meaningful information 

from SARS-CoV-2 wastewater sentinel surveillance programs to date.  

This study investigates and optimizes the detection of SARS-CoV-2 RNA in wastewater influent 

solids (post-grit solids; PGS) and primary clarified sludge (PCS) in two municipal WRRFs serving Ottawa 

and Gatineau beginning after the height of the epidemic with a period (April to May 2020) characterized 

by decreasing COVID-19 incidence and a subsequent period (May to June 2020) of low COVID-19 

prevalence. Using both RT-qPCR and RT-droplet digital (dd) PCR, rigorous quality control metrics are 

applied to compare the detection sensitivity of viral N1 and N2 RNA in PGS compared to PCS using two 

different established primer/probe sets. Furthermore, the study tests the human microbiome-specific HF183 

Bacteroides 16S ribosomal RNA (rRNA), human 18S rRNA and pepper mild mottle virus (PMMoV) RNA 

as reliable and robust nucleic acid normalization fecal biomarkers that can be used to control systematic 

noise associated with variances in WRRF daily operations, sampling, storage, processing and analysis of 

the samples. Finally, the study compares and correlates biomarker normalized longitudinal data sets of the 

two municipalities with epidemiological metrics to evaluate the usefulness of SARS-CoV-2 viral 

measurements in wastewater as a complimentary tool to clinical testing in a community during decreasing 

and low COVID-19 incidence. 
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2.4. Materials and methods 

2.4.1. Characteristics of the City of Ottawa and Gatineau WRRFs  

Post-grit chamber influent solids and primary clarified sludge samples were collected from the City 

of Ottawa’s Robert O. Pickard Environmental Centre, Ontario and the City of Gatineau, Quebec water 

resource recovery facilities (WRRFs). The two facilities are located across the Ottawa River from each 

other in the national capital region of Canada (Figure 2-1). The two WRRFs service over 1.3 million people, 

or approximately 3.7% of Canada’s total population. The sewershed of the City of Ottawa WRRF services 

approximately 1.1M people and the sewershed of the city of Gatineau WRRF services approximately 280K 

people.  

Ottawa and Gatineau WRRFs are designed and operated as conventional activated sludge treatment 

systems. The grit chambers of both facilities, where a portion of the samples are collected in this study, are 

located toward the front of both WRRF treatment trains and are fed by coarse and fine screened wastewaters. 

The grit chambers of both facilities subsequently feed the primary clarifiers, where remaining portion of 

the samples are collected in this study. The hydraulic residence time of the Ottawa sewershed ranges from 

2 hours to 35 hours, with an average residence time of approximately 12 hours. In comparison, the hydraulic 

residence time of Gatineau’s sewershed ranges from 2 hours to 7 hours, with an average of approximately 

4 hours. 

  

GATINEAU WRRF 

OTTAWA WRRF 

Figure 2-1: Location of the city of Ottawa and Gatineau WRRFs (GMP, 2020). 

http://www.chengfolio.com/google_map_customizer
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2.4.2. Wastewater sampling and analysis 

2.4.2.1. PGS samples 

Fourteen and nine 24-hour composite PGS samples were analyzed from the Ottawa and Gatineau 

WRRFs, respectively, between April 1st and June 30th, 2020. Clean 250 mL HDPE sampling bottles were 

sanitized with a 10% bleach solution and then washed with RNAse AWAYTM (ThermoFisher, Ottawa, 

Canada), rinsed with deionized water, and sealed. The PGS samples in this study are collected in the stream 

exiting the grit chambers. These samples have large debris removed via screens as was the dense grit via 

the grit chamber. A bio-banked wastewater influent sample from a nearby WRRF collected in August 2019 

was utilized as a SARS-COV-2 negative control.  

250 mL hourly composite samples were collected over a 24-hour period (for a total of 6 L) using 

an ISCO autosampler (Hoskin Scientific, Burlington, Canada) that collects directly from the exit stream of 

the grit chamber units at both facilities. The samples in the ISCO autosamplers were maintained at 

approximately 4°C during sampling with the frequent addition of ice (with a maximum recorded 

temperature of 7°C across the study). Starting in June, the ISCO autosamplers were linked to refrigerators, 

allowing the samples to be kept at temperatures of approximately 2°C immediately upon collection. The 

harvested samples were transported from the WRRFs to the laboratory in coolers packed on ice and were 

immediately refrigerated at 4°C for a maximum of 24 hours prior to analysis.  

2.4.2.2. PCS samples  

For the first 55 days of the study, between April 1st and June 30th, 2020, grab samples of PCS were 

collected every second week at the Ottawa and Gatineau WRRFs. These sludge samples were harvested 

from the primary sludge streams in the two facilities at the manifold where the primary clarified sludge that 

exits all primary clarifiers was mixed into a single stream. From day 56 onward, with the stronger RNA 

signal detected in PCS samples as compared to PGS samples, 24-hour composite PCS samples were 

collected by plant process technicians every other day at the Ottawa facility. The 24-hour composite 

samples collected at the Ottawa WRRF were comprised of four grab samples collected every 6 hours. Upon 

collection, samples were stored on-site at the Ottawa facility at 4°C in a refrigerator until mixed to form 

daily 24-hour composite samples and transported on ice to the laboratory the subsequent day. All samples 

were stored at 4°C at the laboratory and processed within 6 hours of arrival. Samples which could not 

immediately be analyzed were stored at 4°C for a maximum of 24 hours prior to analysis in the laboratory. 

Meanwhile, in Gatineau, an ISCO autosampler was linked to a refrigerator and was connected to a PCS 
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sampling port. The autosampler collected hourly grab samples of 250 mL, which were subsequently mixed 

to form a 24-hour composite sample. Due to the size differences of the two facilities in this study and the 

available resources at the two facilities during the COVID-19 pandemic in Canada, the Gatineau facility 

sampling frequency was limited to a maximum of once a week as opposed to every second day as was 

performed at the larger Ottawa facility. The 24-hour composite samples were collected and transported on 

ice to the laboratory as outlined for the Ottawa samples. 

2.4.2.3. Wastewater quality characterization of samples 

The following PGS and PCS sample wastewater quality constituents were analyzed upon collection: 

biological oxygen demand (BOD) (5210 B) (APHA, WEF, 2012), chemical oxygen demand (COD) (SM 

5220 D) (APHA, WEF, 2012), total suspended solids, volatile suspended solids, total solids and total 

volatile solids (TSS, VSS, TS & VS) (SM 2540 D, E & B) (APHA, WEF, 2012), total ammonia nitrogen 

(TAN) (SM 4500-C) (APHA, 1989).  

2.4.3. SARS-CoV-2 concentration 

A preliminary study was first performed on partitioned 24-hour composite PGS samples to identify 

fractions with SARS-CoV-2 RNA positivity (Figure 2-2). The 6 L, 24-hour composite PGS samples were 

first settled at 4°C for an hour. The supernatant was subsequently decanted and serially filtered through a 

1.5 µm glass fiber filter (GFF) followed by a 0.45 µm GF6 mixed cellulose ester (MCE) filter (filtrate 

fraction). An eluate fraction was then collected by passing 32 mL of elution buffer (0.05 M KH2PO4, 1.0 

M NaCl, 0.1 % (v/v) Triton X-100, pH 9.2) through the spent filters. Each of the three fractions were 

subsequently PEG-concentrated and extracted and analyzed for SARS-CoV-2 RNA. 
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To concentrate viral particles, nucleic acids, and proteins, 32 mL of PGS or PCS was precipitated 

with polyethylene glycol (PEG) 8000 at a final concentration of 80 g/L and 0.3M g/L NaCl, pH 7.3 and in 

a final volume of 40 mL (Comelli et al., 2008; Petterson et al., 2015). Samples were then agitated at 4°C 

on an orbital shaker set at 160 RPM for a period of 12 to 17 hours, then centrifuged at 10,000 x g for 45 

minutes at 4°C. The supernatant was decanted, being careful to preserve any pellet. Samples were then 

centrifuged a second time at 10,000 x g for another 10 minutes and the remaining supernatant decanted. 

The resulting PCS and PGS pellets were transferred to a new RNase-free centrifuge tube and frozen at -

80°C until RNA extraction. 

2.4.4. RNA extraction  

Viral RNA was extracted from PGS and PCS samples using the RNeasy PowerMicrobiome Kit 

(Qiagen, Germantown, MD), with the following deviations from the manufacturer’s recommended protocol: 

i) 200 mg of sample pellet was added to the initial extraction step in place of 200 µL of liquid sample, and 

ii) the optional phenol-chloroform mixture addition to the lysis buffer was substituted with Trizol LS 

reagent (ThermoFisher, Ottawa, Canada) to maximize lysis of cells/virion encapsulated fragments and 

protect RNA prior to vortexing and centrifugation. The resulting aqueous phase of the lysis procedure was 

then retained and processed as per the recommended protocol including the on-column enzymatic DNA 

removal step. RNA was eluted in 100 µl of RNAse-free water. 

2.4.5. Viral recovery efficiency 

An important metric in the quantification of viral signal in wastewater is the process recovery 

efficiency for targets of interest, as it facilitates a comparison of results from study to study, even if different 

Post-grit 
wastewater

0.45 µm 
MCE 

Settled 
solids

Settling

Supernatant

Settled solids

1.5 µm 
GFF 

Filtration

PEG and centrifugation

Elution on filter

Primary 
clarified 
sludge

PEG and centrifugation Extraction

Extraction

Quantification

Quantification

Performed during preliminary study

Figure 2-2: Flowchart showing sample work-up and processing for PGS and PCS, including RNA concentration, 

extraction and quantification. 
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sample processing or extraction methodologies/techniques are used. In this study, the efficiency of virus 

recovery following the fractionation, PEG concentration and RNA extraction process was determined by 

spiking vesicular stomatitis virus (VSV) (Hoang et al., 2019) into the sample and letting it mix at 4°C for 

one hour, before quantifying the recovered quantities of virus after sample processing. Spiking samples 

with a human coronavirus with low pathogenicity such as HCoV-229E as a recovery control (Gundy et al., 

2009) was desirable but not practical due to the relative difficulty of its procurement in Canada at the time 

of this study and the difficulty of propagating coronaviruses in vitro. VSV is an enveloped, single stranded 

negative-sense RNA virus belonging to the Rhabdoviridae family, genus Vesiculovirus (Letchworth et al., 

1999). The RNA genomes of both VSV and SARS-CoV-2 are encapsulated by a lipid envelope, and their 

particle sizes are similar; with VSV ranging from 70-200 nm (Cureton et al., 2010) and SARS-CoV-2 being 

approximately 100 nm (Bar-On et al., 2020). It was reasoned that these similar biophysical characteristics 

(lipid envelope and particle size) would lead both viruses to associate with wastewater matrices and to be 

precipitated with PEG with similar efficiencies. To maximize safety of the method, VSV was heat 

inactivated at 55°C for five minutes prior to use. 

Recovery efficiency was quantified twice during this study, following procedures similar to those 

outlined in Annex G of ISO 15216-1:2017 (ISO, 2017; Lowther et al., 2019; Randazzo et al., 2020). VSV 

was quantified via RT-ddPCR for both PGS and PCS from triplicate, serial dilutions of 5.5x104, 5.5x105, 

5.5x106 and 5.5x107 copies VSV/µL of inactivated stock VSV culture spiked into the collected PGS 

samples and the PCS samples. Throughout the study, quantified quantities were not corrected for process 

extraction efficiency or for PCR inhibition. Three PCS and PGS samples were each spiked with 10 µL 

aliquots of 5.5x104, 5.5x105, 5.5x106 and 5.5x107 copies/µL. These samples were directly concentrated, 

extracted and quantified using RT-qPCR. The VSV recovery efficiency (mean and standard deviation) was 

calculated based on the number of copies quantified using RT-qPCR. The equation for the calculations is 

as follows: 

Eq. 2.1: 𝑉𝑖𝑟𝑎𝑙 𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑦 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 (%)  =
 𝑇𝑜𝑡𝑎𝑙 𝑉𝑆𝑉 𝑔𝑒𝑛𝑒 𝑐𝑜𝑝𝑖𝑒𝑠 𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑒𝑑

𝑇𝑜𝑡𝑎𝑙 𝑉𝑆𝑉 𝑔𝑒𝑛𝑒 𝑐𝑜𝑝𝑖𝑒𝑠 𝑠𝑝𝑖𝑘𝑒𝑑 𝑖𝑛 𝑔𝑟𝑖𝑡/𝑠𝑙𝑢𝑑𝑔𝑒
∗ 100% 

2.4.6. Variance of biomarkers for normalization 

Analysis of variance was used to identify biomarkers with low variability and higher temporal 

consistency. The analysis of variance was conducted on 30 PGS and PCS samples over a period of 55 days 

(between April 8th 2020 and June 2nd 2020). The samples were analyzed for the following three internal 

normalization biomarkers: i) human microbiome-specific HF183 Bacteroides 16S ribosomal rRNA, ii) 

eukaryotic 18S rRNA and iii) PMMoV. 
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The three fecal content markers evaluated in this study for normalization of SARS-CoV-2 signal 

are all specific to humans and are detectable via probe-based qPCR. The 16S rRNA marker is expressed in 

gut-resident HF183 Bacteroides and has been previously detected in human feces and wastewater (Bernhard 

and Field, 2000; Green et al., 2014). 18S rRNA is expressed in human cells. PMMoV is a stable plant virus 

that is endemic in both sweet and hot pepper crops across the world and is shed in human feces following 

ingestion from pepper-containing foods (Rosario et al., 2009; Zhang et al., 2006). Importantly, unlike other 

enteric viruses that could be used as a fecal marker, PMMoV levels do not depend on active infection.  

2.4.7. RT-qPCR 

Preliminary testing of samples with the CDC N1, N2 and N3 primer-probe sets and the Sarbeco E-

gene primer-probe set demonstrated best detection and least variance in technical replicates with the CDC 

N1 and N2 primer-probe sets. Singleplex, probe-based, one-step RT-qPCR (Reliance One-Step Multiplex 

RT-qPCR Supermix (Bio-Rad, Hercules, CA) was performed in this study using the 2019-nCoV Assay-

RUO probe/primers mixes for CDC N1 and N2 gene regions (IDT, Kanata, Canada). Reactions were 

comprised of 1.5 µl of RNA template input, 500 nM each of forward and reverse primers along with 125 

nM of the probes in a final reaction volume of 10 μl. Samples were run in triplicate. 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. In addition, RT-

ddPCR-quantified pooled samples of RNA template were serial diluted and utilized to construct standard 

curves for PMMoV normalization biomarker when RNA signal was normalized by the concentration of 

PMMoV. Additionally, RT-qPCR runs were validated with the use of non-template-controls (NTCs), 

positive controls, negative controls of pre-COVID 19 pandemic wastewater samples and dilutions. 

The limit of detection of the RT-qPCR assay was determined for N1 and N2 gene regions, by 

determining the number of copies per reaction which corresponds to a detection rate of ≥ 95% (<5% false 

negatives), as recommended by the MIQE guidelines (Bustin et al., 2009). Furthermore, samples were 

discarded if they did not meet the following conditions: i) standard curves with R2 ≥ 0.95, ii) copies/reaction 

are in linear dynamic range of the curve and iii) primer efficiency between 90%-130%. Furthermore, sample 

replicates with values greater than 2 standard deviations from the mean of the triplicates were also identified 

as possible anomalies in this study and discarded. 
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2.4.8. RT-ddPCR 

Singleplex, probe-based, one-step RT-ddPCR (1-Step RT-ddPCR Advanced Kit for Probes, Bio-

Rad, Hercules, CA) was used for absolute quantification of SARS-CoV-2 N RNA in wastewaters using the 

CDC N1, N2 or N3 primer-probe sets, or E RNA expression, using the Sarbeco E-gene primer-probe set. 

Primers and probes used in this study were obtained from Integrated DNA Technologies, Inc (IDT, Kanata, 

Canada) and ThermoFisher. 5 µl of RNA template, 900 nM each of forward and reverse primers and 250 

nM of the probe together with the supermix were assembled in a final reaction volume of 20ul. Samples 

were prepared and run in triplicate. Droplet generation was performed using a QX200 droplet generator 

(Bio-Rad, Hercules, CA). Droplets were transferred to a new microplate, and PCR was completed in a 

C1000 (Bio-Rad, Hercules, CA) thermocycler as follows: reverse transcriptase (RT) was performed at 50ºC, 

60 minutes, followed by polymerase activation at 95ºC for 10 minutes, and 40 cycles of denaturation, 

annealing/extension at 94ºC/30 s, then 55ºC/60 s, respectively. The polymerase was deactivated at 98ºC for 

10 minutes and droplets stabilized at 4ºC for 30 minutes. Droplets were then read using a QX200 droplet 

reader (Bio-Rad, Hercules, CA). Positive droplets were called manually, and absolute quantification was 

performed using Quantasoft Analysis Pro v.1.0 (Bio-Rad, Hercules, CA). The limit of detection of the RT-

ddPCR assay was determined for N1 and N2 gene regions by determining the number of copies per reaction 

which corresponds to a detection rate of ≥ 95% (<5% false negatives), as recommended by the MIQE 

guidelines (Bustin et al., 2009). 

2.4.9. Statistical analysis 

In order to test for significant differences between data sets comparing the detection of SARS-CoV-

2 in PGS and PCS samples, chi-square and Fisher’s exact test statistical analyses were conducted using 

GraphPad’s Prism 8.3 software (La Jolla, CA). A student’s t-test was used to test for statistical differences 

between detection of RNA in RT-qPCR and RT-ddPCR assays for PGS and PCS. A student’s t-test and 

Pearson’s correlation analyses were performed to test for significance and the strength of the correlation 

between RNA signal and epidemiological data, with a p-value of 0.05 or lower signifying significance. 

2.5. Results & discussion 

2.5.1. Viral RNA recovery efficiency 

The recovery through the concentration and extraction steps was quantified by spiking samples 

with serial dilutions of inactivated VSV. The percent recoveries for VSV spiked in PGS and PCS were 8.4 

± 3.6% and 9.3 ± 4.9%, respectively, determined by testing 30 samples. The recovery of the surrogate virus 
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through both PCS and PGS concentration and extraction was similar with all spiked-in quantities. Other 

recent studies investigating surrogate virus recoveries following similar PEG concentration reported 

variable results for various surrogates; <6% recovery of murine hepatitis virus (MHV) (Ye et al., 2016) 

along with reported recoveries of 33.3 ± 15.6% and 57% of Escherichia virus MS2 (MS2) by Balboa et al. 

(2020) (preprint) and Kumar et al. (2020). Other concentration methods have also been used, such as 

ultrafiltration and ultracentrifugation (~20% to 33.5% recovery efficiency of MHV) (Ahmed et al., 2020b; 

Ye et al., 2016) and aluminum hydroxide adsorption-precipitation (30.4 ± 11.0% recovery of Mengovirus 

(MGV)) (Medema et al., 2020). It is important to recognize that each study used slightly different methods 

and viral surrogates, making it difficult to make direct comparisons and generalizations (Lu et al., 2020; 

Michael-Kordatou et al., 2020). Each surrogate virus will differ in how it interacts with wastewater and this 

may also be dependent on the characteristics of the wastewater as well as the properties of the 

virus/fragment that may have very different partitioning/degradation characteristics. It is unclear yet how 

effective filtration-based concentration techniques perform with high-solid samples, especially with viruses 

that are highly associated with solids. When analyzing high solids containing samples, such as PGS and 

PCS, PEG precipitation or other flocculation approaches may be more effective due to an incompatibility 

of this matrix with ultrafiltration due to possible complication associated with membrane clogging (Fumian 

et al., 2010; Lu et al., 2020). The advantages of using PGS and PCS, which may have a greater and more 

consistent RNA signal, should be balanced against the apparent lower recovery of PEG precipitation. 

Additional studies are needed to develop and assess appropriate and effective methods and surrogates for 

analysis of SARS-Cov-2 in wastewaters.  

2.5.2. Comparison of RT-qPCR and RT-ddPCR for the detection and quantification of SARS-CoV-

2 RNA 

This study tested the detection and quantification of RT-ddPCR and RT-qPCR for SARS-CoV-2 

RNA signal in PGS and PCS samples. The in vitro transcribed RNA was observed to be reliably detected 

with primer-probe RT-ddPCR assays to a limit of detection of 5 copies/reaction in both N1 and N2 RT-

ddPCR assays. This is consistent with the purported high sensitivity of the digital PCR technology. In vitro 

transcribed viral RNA was detected to a limit of detection of 2 copies/reaction in both the N1 and N2 RT-

qPCR assays, (using the high sensitivity Bio-Rad One-Step Reliance Supermix (Bio-Rad, Hercules, CA)), 

which was unexpected when comparing to the RT-ddPCR limit of detection. Standard curves utilized for 

the quantification of different RNA targets for RT-qPCR are as follows: N1 (slope: -3.372, intercept: 38.184, 

R2: 0.972, E: 97.96%), N2 (slope: -3.179, intercept: 37.870, R2: 0.954, E: 106.32%), PMMoV (slope: -

2.806, intercept: 39.142, R2: 0.968, E: 127.17%) and VSV (slope: -3.518, intercept: 39.846, R2: 0.995, E: 

92.41%). The standard curves demonstrate good linearity for RT-qPCR in a range between 2 to 60 
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copies/reaction for N1 and N2, 1.4 × 102 to 3.6 × 104 copies/reaction for PMMoV and 1.6 × 100 to 1.6 × 

104 copies/reaction for VSV. A comparison was performed between the one-step RT-qPCR and RT-ddPCR 

using the same singleplex N1 probe-primer set for the quantification of SARS-CoV-2 in solids-rich, low 

concentration SARS-CoV-2 RNA signal wastewaters (Figure 2-3). Six PGS samples and five PCS samples 

were analyzed using RT-qPCR and RT-ddPCR. All samples were collected from the two cities during the 

same low incidence periods (<60 active cases / 100,000 people) case number study period allowing the 

assessment of quantification and degree of variability in samples with low RNA concentrations. The mean 

and standard error of the PGS samples analyzed during the same period of low incidence cases are 133.4 ± 

9.0 and 167.1 ± 25.6 N1 gene copies/100 µL of extracted RNA for RT-ddPCR and RT-qPCR, respectively. 

Meanwhile, the mean and standard error of the PCS samples are 33.5 ± 5.8 and 130.4 ± 20.8 gene copies/100 

µL of extracted RNA for RT-ddPCR and RT-qPCR, respectively (Figure 2-3). Although a significant 

decrease in /detected copies for PCS samples with RT-ddPCR is observed, it is noted that the coefficient of 

variation (%CV) for the ddPCR assay (38.4%) compared to qPCR (35.7%). While the %CV for PGS 

samples for the ddPCR assay is lower (16.5%) compared to qPCR (37.5%). 

The difference in quantification of the PCS samples between the N1 RT-qPCR and RT-ddPCR 

assays suggests inhibition of the reverse transcription and/or polymerase chain reaction of the PCS sample. 

Given that this assay partitions the sample volume into approximately 1 nL droplets, it’s conceivable that 

the effective concentration of any RT and/or PCR inhibitors present in the PCS matrix are markedly 

increased. In contrast, RT-qPCR is performed in a non-partitioned assay volume and may thus be less 

sensitive to inhibition. The apparent inhibition in ddPCR may also be explained by differences in the 

reagents used for the RT-ddPCR and RT-qPCR assays. The inhibition resistance/inhibitor removal of the 

high sensitivity RT-qPCR reagent appears to provide better detection when utilized in pegged sludge 
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matrices. Quantification of two-fold and five-fold dilutions of PCS samples was performed and support the 

theory that RT-ddPCR was likely inhibited; RT-qPCR shows good quantification of diluted samples while 

RT-ddPCR suffered from inhibition. These findings contradict the theoretical assumption that RT-ddPCR 

is less prone to inhibition due to relative insensitivity to differences in amplification efficiencies (due to its 

binary “all-or-nothing” reporting of amplification) (Salipante and Jerome, 2020). However, at least one 

report found that undiluted raw wastewater inhibits one-step RT-ddPCR amplification of PMMoV RNA to 

the same degree as the RT-qPCR assay (Rački et al., 2014). Given that RNA in both PGS and PCS samples 

was at a very low concentration, approaching the limits of detection, it is highly likely that inhibitors in the 

PCS matrix are responsible for the decreased sensitivity observed in RT-qPCR vs. RT-ddPCR.  

Of note, it was also attempted in this study to use a commercially available multiplex RT-ddPCR 

assay that employs primer-probe sets amplifying N1, N2 and N3 regions of the viral N RNA as well as a 

human transcript (SARS-CoV-2, Bio-Rad). However, it was determined that the discrimination between 

positive and negative droplets (fluorescence amplitude) was poor, making quantitative analysis impossible. 

RT-ddPCR has a myriad of theoretical advantages such as absolute quantification that is not dependent on 

calibration curves, insensitivity to common PCR inhibitors, and the ability to multiplex (Salipante and 

Jerome, 2020). There is a need to explore this further in future studies and to optimize these methods and 

quantification techniques for wastewater samples. However, based on the better detection using the current 

RT-qPCR approach, this method was utilized for the remainder of this study to quantify SARS-CoV-2 in 

both PGS and PCS solids from the Ottawa and Gatineau WRRFs.  

2.5.3. Detection and variance of SARS-CoV-2 viral RNA in PGS and PCS 

In this study, the sensitivity and variability of the RT-qPCR assay in PGS and PCS was compared 

by investigating the percentage of sample replicates; with replicates including repeated RNA extraction 

step and PCR quantification samples along with technical triplicates. The limit of detection used in the 

study for RT-qPCR assays is described above. Replicate runs (24 paired PGS and PCS samples, for a total 

of 72 technical replicates each) were collected on the same dates across 83 days. PCS samples collected 

and analyzed at the same time as PGS samples over a 3-month period exhibited stronger percent detection 

for N1 (92.7% for PCS compared to 79.2% for PGS, p = 0.007) and N2 (90.6% for PCS compared to 82.3% 

for PGS, p = 0.092) (Figure 2-4). Variance in percent detection of PCS was shown to be similar for all 

samples, with coefficients of variation ranging from 29.1% to 31.7%. 
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The decreased sensitivity of SARS-CoV-2 detection in PGS samples could be due to the increased 

susceptibility of solid particulate matter in this wastewater fraction to daily fluctuations in flowrate and 

wastewater biochemical characteristics at the WRRFs compared to the sludge samples collected in the 

primary clarifier stream. In addition, the PGS samples undergo a laboratory settling step in this study to 

isolate the settled solids from the liquid fraction of the sample. This additional step (which is not applied to 

the PCS samples) may also contributes to the lower percent detection of SARS-CoV-2 signal of these 

samples due to increased holding times and processing times. As such, the result of this study confirms PCS 

samples as the high-solids samples that demonstrate an elevated frequency of detection of SARS-CoV-2 

N1 and N2 RNA in municipal wastewaters during decreasing and low incidence of community COVID-19 

(Alpaslan-Kocamemi et al., 2020; Balboa et al., 2020; Peccia et al., 2020). In addition, it is noted that the 

viral RNA longitudinal trendline from the PGS samples did not show strong correlation with either the 

trendline from the PCS samples, or municipal epidemiological data, further supporting PCS sampling as 

the more robust basis for community COVID-19 monitoring in wastewater solids.  

2.5.4. Variability of normalization biomarkers  

A multitude of systematic variations exist in molecular wastewater surveillance that makes it 

challenging to accurately measure SARS-CoV-2 RNA across days, months and years. These include, but 

are not limited to: diurnal variation in plant flow, changes in gross proportions of solids, sample collection 

and storage, sample processing and sample analysis. Due to these factors, a critical aspect of wastewater 

epidemiology is sample normalization (Armanious et al., 2016). The necessity to normalize SARS-CoV-2 

RNA data has also been identified in more recent studies (Alpaslan-Kocamemi et al., 2020; Kaplan et al., 
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2020; Peccia et al., 2020; Wu et al., 2020). To compare the variability and temporal consistency of 

biomarkers in this study 8 PCS samples (24 including technical triplicates) were analyzed using RT-qPCR 

for all three biomarker gene regions: human-specific HF183 Bacteroides 16S rRNA, human eukaryotic 18S 

rRNA and PMMoV. All three tested biomarkers were detected in PCS samples with a relatively high level 

of expression (Ct values <30) compared to the incidence of SARS-CoV-2 N1 and N2 (Figure 2-5a). While 

all three biomarker targets were detected in PCS samples, it was observed that the distribution of their 

expression (i.e. quantified through an analysis of variance, VAR in Figure 2-5) of the fecal biomarker 

PMMoV was lower compared to the 16S and 18S biomarkers in PCS samples (Figure 2-5a). Date-correlated 

SARS-CoV-2 Ct values are also shown for reference (Figure 2-5). The lower variability of PMMoV (Ct 

variance = 1.18) compared to 16S (Ct variance = 5.32) and 18S (Ct variance = 5.12) may be due to the 

relative toughness and stability of the virus in difficult environments (Kitajima et al., 2018). The lower 

variability of PMMoV detection was also similar to the lower variability of the SARS-CoV-2 N1 and N2 

data set. Furthermore, the viral fragments of the PMMoV biomarker may preferentially adhere to the solids 

fraction of wastewaters via electrostatic and/or hydrophobic effects (Armanious et al., 2016). Additionally, 

in order to quantify the variance of the normalization biomarkers in this study, the samples run this 

comparison were also verified across each surveyed WRRF independently (Figure 2-5b). The PMMoV 

internal normalization biomarker shows an improved consistency and lower variability (maximum change 

in Ct; ΔCt = 0.01) between the WRRFs compared to 16S (ΔCt = 1.47) and 18S (ΔCt = 2.30); which 

demonstrates a relative steady signal between differing WRRFs. Due to the consistency of the PMMoV 

fecal biomarker in the PCS samples across 55 days of sampling, PMMoV was utilized in this study as a 

SARS-CoV-2 N1 and N2 RNA internal control for PCS samples. The low variance of PMMoV in PCS, 

coupled with the use of PMMoV as an internal normalization biomarker, was also recently reported by Wu 

et al. (2020). It is noted that for the purpose of using PMMoV as a normalization factor, it was always 

diluted 1:10 in pure water in order to ensure it remained in the quantifiable range of the PMMoV standard 

curve.  
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2.5.5. Quantification of SARS-CoV-2 viral RNA in PCS and correlation with COVID-19 case data  

As PCS was identified as the solids-rich sample showing the highest RNA detection rate, SARS-

CoV-2 RNA was measured in PCS samples from Ottawa and Gatineau WRRFs between April 1st and June 

30th, 2020. This sampling period encompasses a decreasing COVID-19 prevalence in two cities (peaks of 

56.7 and 57.3 confirmed cases/100K inhabitants in Ottawa and Gatineau respectively) as well as an ensuing 

period of low prevalence characterized by many days with low new daily reported cases (56.7 → 4.8 and 

57.3 → 10.2 confirmed cases/100K inhabitants in Ottawa and Gatineau, respectively). In addition to the 

technical triplicates of each sample, five of the 14 samples in Ottawa were re-extracted and re-quantified 

via RT-qPCR. In Gatineau, four of the 8 samples were re-extracted and re-quantified via RT-qPCR. Two 

distinct but complementary normalization approaches were applied to the observed SARS-CoV-2 RNA 

signal to account for variations in WRRF wastewater flow, composition and treatment along with 

temperature, time variations in travel and storage along with human errors in the processing of the samples. 

In particular, this study normalizes the RNA signal for i) the WRRF mass flux of solids in the sampled 

primary clarifier stream and ii) the PMMoV internal normalization biomarker expression. The SARS-CoV-

2 viral RNA copies/L and the normalized viral data are benchmarked against and correlated to 

epidemiological metrics provided by the Ottawa public health agency and the regional public health agency 

of the city of Gatineau. 

Three epidemiological data sets based on clinical testing were identified by the local public health 

agencies as best estimates of COVID-19 prevalence in the two cities: i) daily new cases of COVID-19, ii) 

active cases of COVID-19 based on an active period of fourteen days, and iii) percent positive of total daily 

reported clinical COVID-19 tests performed. Two key factors/limitations are noted with respect to these 

epidemiological data sets shown in this study. Firstly, the testing at the onset of the pandemic (March and 

April 2020) was variable and low in both cities due to limitations in human resources, laboratory reagents 

and testing equipment. Hence, the first four weeks of the twelve-week period for which wastewater samples 

were profiled were subject to variable and lower testing rates per day that likely under-reported both the 

number of new cases and active cases during this period. Secondly, early testing/screening was less 

available to the general population in both cities, with testing heavily biased towards hospitalized patients 

and health care workers. This potentially artificially inflates the percent positive data during the first four 

weeks of the study, with the effect on the percent positive being likely lesser than the effect of limited 

testing on the total case numbers.  
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2.5.6. SARS-CoV-2 RNA in PCS and correlation with COVID-19 case data 

The average and standard deviation of technical triplicates and extraction replicates that repeated 

the concentration, extraction and RT-qPCR steps (shown as error bars in Figures 2-6 and 2-7) for the 

longitudinal viral RNA data sets in this study are plotted along with a percent positive and seven day floating 

average percent positive epidemiological data sets. Due to limited testing during the first four weeks of the 

longitudinal study, percent positive was identified as a potentially useful epidemiological metric of COVID-

19 prevalence to compare to SARS-CoV-2 RNA measurements in wastewater. As such, this metric is 

included in Figures 2-6 and 2-7 to be benchmarked against the measured SARS-CoV-2 signal.  

N1 and N2 RNA signal is first expressed in copies/L (of PCS) in this study (Figures 2-6a and 2-

7a). Equivalent volumes of PCS were PEG concentrated and RNA extracted throughout the sampling period. 

As expected, and similar to other studies investigating primary sludge and wastewater solids, the raw 

copies/L data sets for the two cities (Figures 2-6a and 2-7a) are relatively noisy with no clear trend observed 

(Medema et al., 2020; Randazzo et al., 2020; Wu et al., 2020). The observed concentrations in this study 

(1.7 x 103 to 7.8 x 104 copies//L (Ottawa) and 6.6 x 104 to 3.8 x 105 copies/L (Gatineau)) are in agreement 

with other studies investigating SARS-CoV-2 RNA viral signal in PCS. Concentration ranges of 1.7 x 106 

to 4.6 x 108 copies/L, 1 x 104 to 4 x 104 copies/L and 1.2 x 104 to 4.0 x 104 copies/L have been reported in 

PCS by (Alpaslan-Kocamemi et al., 2020; Balboa et al., 2020; Peccia et al., 2020) respectively. Note that 

these studies all used protocols with PEG concentration that are similar to this study.  

Although the N1 and N2 RNA genes show similar longitudinal trends to each other in both the 

Ottawa and Gatineau WRRFs (Figures 2-6a and 2-7a), the inherent variations in signal results in noise, 

making it difficult to identify real changes in viral signal. In particular, this is seen in the large amplitudes 

of the standard deviations of many data points in the longitudinal data sets of Ottawa and Gatineau. The 

noise in the RNA data may be caused by inherent, weather-induced random variations in wastewater 

biochemical characteristics, solid composition and flowrate (e.g., due to weather, changes in daily 

household water consumption, etc.) as well as potentially significant effects associated with the collection 

and transport of the samples and RNA concentration, extraction and analysis. The copies/L longitudinal 

data in Ottawa and Gatineau clearly demonstrate that SARS-CoV-2 quantification in wastewater is 

inherently noisy and hence normalization of the data should be explored. 

No significant correlation between N1 and N2 at either the Ottawa WRRF or the Gatineau WRRF 

is observed across the study time period (Table 2-1). Strong and significant correlation would have 

suggested that SARS-CoV-2 RNA might be intact in PCS prior to concentration and extraction, which is 
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not herein observed in this study. Critically, when comparing either N1 or N2 copies/L to each of the 

epidemiological metrics (daily cases, active cases and percent positive) it appears that in Ottawa no 

correlation exists between the N1 or N2 RNA copies/L signal and any of the three epidemiological metrics. 

Meanwhile, in Gatineau, significant correlations exist between the N1 and N2 copies/L signal and 

epidemiological data sets, with the strongest correlations being observed with the number of active cases 

(Table 2-1).  

2.5.7. Mass flux of primary clarified sludge copies SARS-CoV-2 RNA per day and correlation with 

COVID-19 case data 

To correct for systematic variability, the first normalization approach applied in this study is to 

normalize the N1 and N2 RNA signal to both the mass of the PEG-concentrated solids subject to nucleic 

acid extraction and also the daily mass flux (mass of volatile solids (VS) solids through the primary clarifier 

stream per day) at each WRRF (Figures 2-6b and 2-7b). This normalization approach results in units of N1 

and N2 copies/day as a solids mass flux basis through the WRRF. This normalization approach is intended 

to compensate for variations in solids concentration and flowrate in the primary clarifier stream at the 

WRRF due to weather effects, precipitation and infiltration/inflow in the sewers. It is noted that no 

correlation was observed between N1 and N2 RNA signal and BOD mass flux, TSS mass flux or influent 

flow rate at the Ottawa and Gatineau WRRFs. Hence normalization of RNA signal with these parameters 

are not herein shown. The lack of correlation between RNA signal and these parameters in this study are 

likely due to the sampling location used in this study; as primary clarified sludge is less susceptible to 

influent mass flux and flow rate variations.  

When comparing longitudinal plots in Ottawa of copies/L (Figure 2-6a) to copies/d (Figure 2-6b), 

the variance of the solids mass flux normalized data set of copies/d does not appear to have been 

significantly reduced the systemic noise of the copies/L data sets. Similar findings are observed for the 

Gatineau normalized data (Figures 2-7a and 2-7b). The substantial noise maintained in the solids mass flux 

normalized data sets of the two cities and the significantly large standard deviations of longitudinal data 

points indicates that the fluctuations associated with the solids concentration and flowrate in the primary 

clarifier stream was likely not a dominant source of the inherent variance in the copies/L data sets.  

As observed for the copies/L data, the correlation between the N1 and N2 data sets were not 

significant for either Ottawa or Gatineau. Further, the normalization of the N1 and N2 data for solids mass 

flux at the WRRFs appear to worsen correlations, with anticorrelations increasing, for all three 

epidemiological metrics in Ottawa and Gatineau (Table 2-1). This lack of impact when normalizing 
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operational mass flux of solids at the two WRRFs in this study is likely due to the fact that both WRRFs 

directly control the flow of the primary clarifier stream at their respective facilities, hence reducing the 

variation in the flux of solids and in turn minimizing the impact of this variation in WRRF operation on the 

N1 and N2 signal. Thus, systematic variation in the data sets are likely associated with the sample collection 

and storage along with RNA concentration, extraction and analysis steps performed in the study.  

2.5.8. PMMoV-normalized SARS-CoV-2 RNA in PCS and correlation with COVID-19 case data 

PMMoV is the most abundant human fecal RNA virus (Kitajima et al., 2018) and has been 

previously proposed as a biomarker for fecal contamination in water (Hamza et al., 2011; Rosario et al., 

2009). PMMoV has also more recently been used as an internal reference for SARS-CoV-2 in wastewater 

(Wu et al., 2020). The second normalization approach applied in this study is the division of the RNA N1 

and N2 copies by PMMoV copies. Due to its low variability and high expression in PCS, PMMoV was 

identified as the preferred internal reference of the three tested biomarkers tested in this study.  

PMMoV normalization appears to sufficiently reduce background noise associated with systematic 

variations in the Ottawa and Gatineau WRRF RNA signals that are possibly associated with the collection 

and transport of the samples along with the RNA concentration, extraction and analysis steps of PCS RNA 

signal during decreasing and low incidence periods of COVID-19 disease in this study (Figure 2-6c and 2-

7c). In particular, the amplitude of the standard deviation associated with each data point in the longitudinal 

data sets of Ottawa and Gatineau decreased. This increase in precision ultimately allows for greater 

distinction between low-incidence data points, hence enabling improved identification of trends in the data 

sets.  

Correlation between the PMMoV normalized N1 and N2 signals remained insignificant in Ottawa 

and Gatineau (Table 2-1). However, this normalization approach also outlines strong, significant and 

positive correlations between both the N1 gene and the N2 gene with all three epidemiological data sets in 

Ottawa. The strongest correlation between N1 and N2 PMMoV normalized RNA signal is observed with 

the 7-day rolling average percent positive epidemiological metric in Ottawa. Although the percent positive 

data during the first four weeks of the study may be biased towards hospitalized patients and health care 

worker testing, this clinical testing metric in Ottawa is identified as the preferred metric by the public health 

unit of the city (for the reasons described above). As such, decreasing the systematic variation in the data 

sets via PMMoV normalization establishes a modified trend of the RNA signal and this trend shows the 

strongest correlation of the RNA signal to city’s identified preferred epidemiological metric.  
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Strong, significant and positive correlation is also shown between the N1 PMMoV normalized 

RNA signal with the active cases epidemiologic metric in Gatineau; while the N2 PMMoV normalized 

signal shows moderate, significant correlation to the active cases. Although the PMMoV normalized 

Gatineau RNA signal data shows agreement with the active cases epidemiological metric, results were 

varied when correlated to daily cases and 7-day rolling average percent positive. The strongest correlation 

observed in this study for the Gatineau RNA signal and the epidemiological metrics of the City exists 

between both the N1 and N2 copies/L RNA signal and the active cases. It is also noted that the longitudinal 

trends in N1 and N2 PMMoV signals in Gatineau are similar to those in Ottawa. This is expected as the 

two cities are geographically close with many inhabitants travelling across bridges between the cities. The 

observed differences in correlations between SARS-CoV-2 RNA signal in wastewater to clinical testing 

metrics in the two neighboring cities of this study is illustrative of the challenges associated with 

interpreting and correlating RNA signal acquired from distinct WRRFs to clinical testing metrics acquired 

from distinct health agencies.  
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Figure 2-6: Ottawa WRRF trends of N1 and N2 SARS-CoV-2 viral copies with epidemiological metrics, a) copies/L of PCS, 

b) copies/d that was normalized by the mass flux through primary clarifier, c) copies/copies of PMMoV that was normalized 

by PMMoV reference gene and d) graph displaying the daily number of tests performed and the number of active COVID-19 

cases/100K population. 
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Figure 2-7: Gatineau WRRF trends of N1 and N2 SARS-CoV-2 viral copies with epidemiological metrics, a) copies/L of PCS, b) 

copies/d that was normalized by the mass flux through primary clarifier, c) copies/copies of PMMoV that was normalized by 

PMMoV reference gene and d) graph displaying the daily number of tests performed and the number of active COVID-19 

cases/100K population. 
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Table 2-1: Correlation analyses between SARS-CoV-2 RNA signal in PCS in the Ottawa and Gatineau WRRFs with 

epidemiological metrics. RNA signal is expressed as copies/L of PCS, copies/d that was normalized by the mass flux through 

primary clarifier, and copies/copies of PMMoV that was normalized by PMMoV. Cells are color-coded from green to red based 

on the calculated Pearson’s R correlation value, with green (1.000) representing the strongest correlation and red (0.000) 

representing no correlation at all. Significance values (p-value) are listed with red font used to identify non-significant 

correlations/relationships. 

  

Copies/L 

Copies/d  

Normalized by mass flux 

through plant  

Copies/copies PMMoV 

Normalized by copies of 

PMMoV 

O
tt

a
w

a
 

N1 vs. N2 
p-value 0.390 0.451 0.061 

R 0.880 0.808 0.469 

N1 vs. daily cases 
p-value <0.001 <0.001 0.049 

R -0.209 -0.328 0.143 

N2 vs. daily cases 
p-value 0.002 <0.001 0.003 

R -0.140 -0.213 0.372 

N1 vs. active cases 
p-value <0.001 <0.001 0.003 

R -0.233 -0.289 0.243 

N2 vs. active cases 
p-value 0.002 <0.001 0.003 

R -0.163 -0.163 0.350 

N1 vs. 7-day rolling 

average % positive 

p-value <0.001 <0.001 0.003 

R -0.378 -0.238 0.498 

N2 vs. 7-day rolling 

average % positive 

p-value 0.002 <0.001 0.049 

R -0.323 -0.274 0.639 

G
a

ti
n

e
a

u
 

N1 vs. N2 
p-value 0.063 0.983 0.201 

R 0.938 0.178 0.761 

N1 vs. daily cases 
p-value 0.003 0.01 0.029 

R 0.399 -0.050 0.383 

N2 vs. daily cases 
p-value 0.003 0.001 0.033 

R 0.140 -0.480 -0.144 

N1 vs. active cases 
p-value 0.003 0.298 0.003 

R 0.919 0.125 0.483 

N2 vs. active cases 
p-value 0.003 0.185 0.003 

R 0.950 -0.108 0.256 

N1 vs. 7-day rolling 

average % positive 

p-value 0.003 0.008 0.123 

R 0.55 0.178 0.322 

N2 vs. 7-day rolling 

average % positive 

p-value 0.003 <0.001 0.058 

R 0.364 -0.129 -0.022 
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2.6. Conclusion 

This study is the first investigation and detection of SARS-CoV-2 trends in wastewater in Canada. 

It identifies primary clarifiedsludge as a preferred solids-rich sample compared to post grit solids for the 

detection of SARS-CoV-2 signal during decreasing and low incidence of viral load in communities. Based 

on the reagents used in this study, RT-qPCR shows superior quantification of SARS-CoV-2 N1 and N2 

gene signal in primary clarified sludge compared to RT-ddPCR. Finally, it is demonstrated that PMMoV is 

a potential effective normalization biomarker for RNA signal to reduce noise inherent to the WRRF 

operation along with the sampling, transport and processing of the samples. The normalization of N1 and 

N2 SARS-CoV-2 signal using PMMoV enables strong correlation to epidemiological metrics in two 

surveyed WRRFs across decreasing and low-incidence cases of COVID-19.  

2.7. Limitations and 2025 field updates 

This chapter presents the earliest Canadian demonstrations of SARS-CoV-2 detection in 

wastewater solids during a period of low incidence and prevalence. However, several relatively important 

limitations are noted: 1) The study was restricted to two WRRFs located in the same general geographical 

region of Canada, which may limit the generalizability of the findings; and 2) The findings were obtained 

with analytical methods focused on the analysis of fresh primary clarified sludge which is a considerably 

less common sample type (as opposed to untreated sewage collected from sewersheds or the headworks of 

a WRRF) (Shah et al., 2022; Bonanno Ferraro et al., 2022). Many regions, particularly in low- and medium-

income countries do not have primary clarifiers allowing for sampling of representative samples of sludge, 

often relying on waste stabilization ponds instead (Mara, 2013). This, at the time of writing (2020-2021) 

may have made the findings and knowledge less transferable for widespread WEM applications. 

Additionally, our evaluation of the ddPCR platform revealed lower-than-expected performance 

compared to qPCR. While ddPCR has been championed for its sensitivity and precision, our findings 

suggested that, in practice, performance may be influenced by specific factors such as the choice of 

supermix or underlying wastewater-matrix-specific interferences or chemistry. As it was later correctly 

identified by Ahmed et al., (2022), our study employed different template volumes in the qPCR (15% v/v) 

and ddPCR reactions (25% v/v), which may have led to an increase in the presence of PCR-reaction 

inhibitory substances. Although our initial findings in 2020-2021 seemed to support the opinion that RT-

qPCR-based methods were more sensitive for SARS-CoV-2 detection in wastewater, there is now a 

growing consensus in the field of WEM that ddPCR may in fact offer higher sensitivity, particularly in low-
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concentration, complex matrix wastewater samples (Ciesielski et al., 2021; Ding et al., 2024; Länsivaara et 

al., 2024; Ahmed et al., 2022). 

Furthermore, since the time of writing, the field has rapidly evolved and the scope of WEM has 

expanded far beyond SARS-CoV-2 to include a diverse range of viral, bacterial, fungal and antimicrobial 

resistance targets (Parkins et al., 2024), positioning wastewater monitoring as a central pillar of One Health 

frameworks worldwide (O'Reilly et al., 2025). By 2025, WEM has begun to mature into a key public health 

preparedness tool in some locales (Adhikari and Halden, 2022; HERA, 2023), with global efforts underway 

to harmonize methodologies (Naughton et al., 2023; Servetas et al., 2022). Significant research interest still 

exists in optimizing RNA extraction and normalization strategies, and PMMoV remains a commonly used 

fecal strength marker, though its dietary dependency and regional variability continue to prompt discussion 

(Malla et al., 2024).  
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Chapter 3 – Catching a Resurgence: Increase in SARS-CoV-2 Viral RNA Identified 

in Wastewater 48 Hours Before COVID-19 Clinical Tests and 96 Hours Before 

Hospitalizations 

3.1. Context 

The manuscript presented in this chapter of the doctoral dissertation is titled Catching a resurgence: 

Increase in SARS-CoV-2 viral RNA identified in wastewater 48 hours before COVID-19 clinical tests and 

96 hours before hospitalizations, by Patrick M. D’Aoust, Tyson E. Graber, Elisabeth Mercier, Danika 

Montpetit, Ilya Alexandrov, Nafisa Neault, Aiman Tariq Baig, Janice Mayne, Xu Zhang, Tommy Alain, 

Mark R. Servos, Nivetha Srikanthan, Malcolm MacKenzie, Daniel Figeys, Douglas Manuel, Peter Jüni, 

Alex E. MacKenzie and Robert Delatolla, and was published in Science of the Total Environment (May 

2021). In this manuscript, the predictive ability of SARS-CoV-2 WEM is investigated in comparison to 

both reported clinical cases and hospitalizations. This manuscript was the second original research-based 

Canadian manuscript published on the topic. 

3.2. Abstract 

Curtailing the Spring 2020 COVID-19 surge required sweeping and stringent interventions by 

governments across the world. Wastewater-based COVID-19 epidemiology programs have been initiated 

in many countries to provide public health agencies with a complementary disease tracking metric and non-

discriminating surveillance tool. However, their efficacy in prospectively capturing resurgences following 

a period of low prevalence is unclear. In this study, the SARS-CoV-2 viral signal was measured in primary 

clarified sludge harvested every two days at the City of Ottawa’s water resource recovery facility during 

the summer of 2020, when clinical testing recorded daily percent positivity below 1%. In late July, increases 

of >400% in normalized SARS-CoV-2 RNA signal in wastewater were identified 48 hours prior to 

reported >300% increases in positive cases that were retrospectively attributed to community-acquired 

infections. During this resurgence period, SARS-CoV-2 RNA signal in wastewater preceded the 

reported >160% increase in community hospitalizations by approximately 96 hours. This study supports 

wastewater-based COVID-19 surveillance of populations in augmenting the efficacy of diagnostic testing, 

which can suffer from sampling biases or timely reporting as in the case of hospitalization census. 
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3.3. Introduction 

Wastewater has been used as a window in the habits and health of populations. A relatively novel 

epidemiological technique called wastewater and environmental monitoring (WEM) has been successfully 

used by public health units and authorities for decades to track trends in the general population for numerous 

diverse substances: illicit and recreational drugs (Been et al., 2014; Feng et al., 2018; González-Mariño et 

al., 2016; Gushgari et al., 2018), toxic and harmful chemicals and pesticides (Du et al., 2018; Markosian 

and Mirzoyan, 2019; Rousis et al., 2017), as well as prevalence of disease and illness (Nordgren et al., 2009; 

Yang et al., 2017). An intense interest has developed in looking to sewage to seek out biomarkers, pathogens 

and viruses to further the understanding of the prevalence of diseases, diets and habits in the general 

population (Bowes and Halden, 2019; Lorenzo and Picó, 2019). The earliest occurrence of using sewage 

as a source of information was approximately 25 years ago, where scientists discovered that polio was in 

fact found and transmissible in sewage and human stool (Metcalf et al., 1995). One of the major advantages 

of WEM is that with well-designed sampling/testing regimes, it can be utilized to gain valuable, and 

sometimes otherwise unobtainable information for subsets of population, as small as a single building or 

neighborhood, or as large as a city or county (Choi et al., 2018; Tscharke et al., 2019). 

Most recently, WEM has been applied to the quantification of COVID-19 disease signal. The 

COVID-19 global pandemic has had profound impacts on day-to-day life through sickness, death and the 

economic and social effects of lockdowns, closures and curfews put in place by local governments to control 

and limit the community spread of the disease. At the beginning of the pandemic, COVID-19 surveillance 

approaches invoked by nations around the world included case ascertainment of individual patients via 

nucleic acid-based tests, serological tests and contact tracing. As such, WEM has been investigated as a 

potential surveillance tool to obtain a rapid measure of the relative incidence rate of COVID-19 infections 

in the population at large, generating an entirely new epidemiological metric for public health units (PHU) 

to utilize. Fecal shedding of SARS-CoV-2 viral particles has been shown to occur before, during and after 

active COVID-19 infections, for periods ranging from a few days to several weeks (Chen et al., 2020; 

Cheung et al., 2020; Xing et al., 2020; Xu et al., 2020), with current literature suggesting that children may 

shed viral particles longer than adults (X. Li et al., 2020; Ma et al., 2020). Additionally, fecal shedding of 

SARS-CoV-2 viral particles in stool occurs in patients infected with COVID-19 and appears to be 

independent of the presence of SARS-CoV-2 viral particles in the upper respiratory tract.  

WEM has been applied at wastewater resource recovery facilities (WRRFs), with early studies 

demonstrating that viral signal is detected from both influent and primary clarified sludge, with recent 

studies identifying that at WRRFs, primary clarified sludge may provide more sensitive measurements than 
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in influent (D’Aoust et al., 2021; Graham et al., 2020; Peccia et al., 2020). Additionally, recent studies 

outlined that viral particles of SARS-CoV-2 in wastewater could in fact be predominantly solid particle-

bound (Canadian Water Network (CWN), 2020; Graham et al., 2020) due to the virus’ lipid bilayer, which 

causes it to be lipophilic (Schoeman and Fielding, 2019). Furthermore, it was observed in several studies 

that SARS-CoV-2 viral signal in wastewater could be utilized as a tool to track epidemiological metric 

trends (Ahmed et al., 2020; Medema et al., 2020a; Nemudryi et al., 2020; Thompson et al., 2020). One of 

the recent developments to the field of WEM is the renewed interest in investigating biomarkers to 

normalize the SARS-CoV-2 viral signal. Previous WEM work identified several possible normalization 

biomarkers in wastewater such as 5-Hydroxyindoleacetic acid (Chen et al., 2014), caffeine and cotinine 

(Rico et al., 2017). However, due to the higher incidence of SARS-CoV-2 viral particles in feces as 

compared to urine (Collivignarelli et al., 2020; Jeong et al., 2020; Lodder and de Roda Husman, 2020; 

Zhurakivska et al., 2020), other biomarkers present in wastewater solids, such as pepper mild mottle virus 

(PMMoV) (Jafferali et al., 2020; Kitajima et al., 2018; Rosario et al., 2009; Symonds et al., 2014) and 

crAssphage (Crank et al., 2020; Polo et al., 2020) are being utilized for the normalization of SARS-CoV-2. 

Some recent studies have demonstrated that biomarker normalized SARS-CoV-2 viral signal may in fact 

be capable of tracking the incidence of COVID-19 infections in the community (Gerrity et al., 2021; 

Kitamura et al., 2021) more effectively than non-biomarker-normalized viral signal (Jafferali et al., 2020; 

Wu et al., 2020), even if accounting for corrections due to flow or solids mass flux (D’Aoust et al., 2021). 

To appropriately utilize epidemiological data obtained by measuring SARS-CoV-2 viral signal in 

wastewater, PHUs require an understanding of the predictive ability of this epidemiological metric to 

appropriately action obtained data (Hart and Halden, 2020; Hill et al., 2020; Thompson et al., 2020). Recent 

studies appear to demonstrate that WEM was able to identify the onset of community infection prior to 

clinical testing during the first wave, (D’Aoust et al., 2021; Kaplan et al., 2020; La Rosa et al., 2020; 

Medema et al., 2020b; Nemudryi et al., 2020; Peccia et al., 2020; Sherchan et al., 2020; Vallejo et al., 2020; 

Wu et al., 2020) however, there isn’t a clear consensus on how early WEM can detect resurgences of the 

disease. Due to reporting limitations or absence of widespread clinical PCR or serological testing at the 

onset of the first wave of the COVID-19 pandemic, the predictive qualities of SARS-CoV-2 viral signal 

tracking in wastewater may not have been fully assessed, creating a critical and fundamental lack of 

understanding of intrinsic predictive qualities of wastewater-based SARS-CoV-2 surveillance, particularly 

for subsequent resurgences of COVID-19 infections in the community. As such, it remains unclear whether 

WEM can have a role in identifying COVID-19 resurgences before other, more traditional epidemiological 

metrics, such as clinical and serological testing results. As a result, the objective of this study is to establish 

a relationship between SARS-CoV-2 RNA signal in wastewater during a resurgence in a community with 
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established clinical testing and (i) increases in SARS-CoV-2 RNA signal in wastewater, (ii) increases in 

the number of new COVID-19 positive patient cases in the community, and (iii) increases in the number of 

new hospitalizations of COVID-19 positive patients in the community. 
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3.4. Materials and methods 

3.4.1. Characteristics of the City of Ottawa’s water resource recovery facility 

Primary clarified sludge samples were harvested from the City of Ottawa’s Robert O. Pickard 

Environmental Centre, in Ottawa, ON, which services approximately 1M residents of the national capital 

region. The hydraulic residence time of the Ottawa sewershed ranges from 2 hours to 35 hours, with an 

average residence time of approximately 12 hours. The Ottawa water resource recovery facility (WRRF) 

has an average daily flow of 435,000 m3 per day. The facility is comprised of preliminary treatment 

consisting of coarse and fine screening and grit chambers for the removal of larger particles. The primary 

treatment units consist of rectangular primary clarifiers, where samples from this study are harvested 

(Figure 3-1), and the secondary treatment is a conventional activated sludge system operating without 

nitrification. Finally, chlorination is used as a disinfection method followed by dechlorination prior to 

discharge to receiving waters. 

 

3.4.2. Sample collection, concentration, extraction and quantification 

24-hour composite samples of primary clarified sludge (PCS) were collected from the Ottawa 

WRRF at a frequency of every 2 days for a six-week period, from June 20th, 2020 until August 4th, 2020. 

Composite samples were collected at 6-hour increments and stored at 4°C with the four sample 

subsequently mixed and again stored at 4°C for a maximum of eight hours until collected for processing. 

PRIMARY 

CLARIFIERS 

Figure 3-1: Bird's-eye view of the Ottawa WRRF, with the primary clarifiers 

identified. 
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Processing of samples to concentrate, extract and quantify viral RNA was performed as per D’Aoust et al., 

(2021). To concentrate the samples, 32 mL of well homogenized PCS was first reacted with a sodium 

chloride (NaCl)/polyethylene glycol (PEG) solution with a final working concentration of 0.3M NaCl and 

80 mg/L PEG (Comelli et al., 2008; Hovi et al., 2001; Petterson et al., 2015). Samples were then well mixed 

on an orbital agitator set to a speed of 160 RPM for 12-17 hours in a temperature-controlled chamber (4°C). 

Following this, samples were centrifuged twice at 10,000 x g in a refrigerated centrifuge set to 4°C, for 45 

mins and 10 mins, respectively. After each centrifugation cycle, the supernatant was decanted, preserving 

the pellet. The pellet was homogenized, and viral RNA was extracted using the RNeasy PowerMicrobiome 

Kit (Qiagen, Germantown, MD). The extraction was performed as per the manufacturer’s recommendation, 

with the exception of the substitution of a chloroform-phenol solution with Trizol LS reagent 

(ThermoFisher, Ottawa, Canada). Quantification of the SARS-CoV-2 and PMMoV viral signals in 

wastewater was performed via singleplex one-step RT-qPCR with the Reliance One-Step Multiplex RT-

qPCR Supermix (Bio-Rad, Hercules, CA) on a CFX Connect qPCR thermocycler (Bio-Rad, Hercules, CA). 

It has been previously observed that normalization of SARS-CoV-2 viral copies with pepper mild mottle 

virus (copies SARS-CoV-2/copies PMMoV) is used to normalize viral SARS-CoV-2 signal for variations 

in wastewater physico-chemical characteristics, plant flows, wastewater solids organic/inorganic ratio and 

PCR amplification (D’Aoust et al., 2021). Evaluation of viral recovery efficiency was also performed as 

per D’Aoust et al. (2021); with the data in this study not being corrected for recovery efficiency. Dilution 

tests were periodically performed to determine if inhibition was present in the samples. The method’s limit 

of detection for the N1 and N2 gene regions was accessed by determining the concentration at which a 

detection rate of ≥ 95% (<5% false negatives) was obtained, as per the MIQE recommendations (Bustin 

et al., 2009). Additionally, samples were discarded if they did not meet the following requirements: 1) 

standard curves are linear (R2 ≥ 0.95), 2) the copies/well are found in the linear range of the standard 

curve, and 3) the primer efficiency was between 90%-130%. Additionally, all samples were analyzed as 

technical triplicates and samples with values greater than 2 standard deviations away from the mean were 

discarded. 

3.4.3. COVID-19 epidemiological data 

During the study period, there were three main methods of COVID-19 surveillance used to compare 

to the wastewater RNA signal of SARS-CoV-2, with the three metrics being commonly communicated to 

the public. The first method was to observe the daily number of new confirmed COVID-19 infections, 

determined via laboratory-confirmed SARS-CoV-2 tests using reverse transcriptase-quantitative 

polymerase chain reaction (RT-qPCR) that targeted the RNA-Dependent RNA polymerase for multiple 
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genes. Tests were classified as positive for SARS-CoV-2 infection if at least one of any of the two gene 

“targets” were detected (Government of Ontario, 2020). There was a notable increase in COVID-19 testing 

in Ottawa during early June with an average daily testing increase from approximately 270 tests per day to 

approximately 800 tests per day. As a result of increased testing resources, additional testing was performed 

at dedicated community clinics, physician offices and in hospitals, retirement homes and long-term care 

facilities, ultimately improving the quality of clinical epidemiological data being generated daily. 

A second method used for surveillance of COVID-19 infection is the test positivity rate of clinical 

testing within the health unit boundaries. COVID-19 test positivity is the proportion of positive COVID-19 

cases of Ottawa residents reported as a percent of all individuals tested for COVID-19 on a specific date 

Test positivity is reported in this study on a daily basis and also as a seven-day mid-point average.  

The third method used for COVID-19 surveillance was the daily hospital census counts, defined as 

the number of patients residing in Ottawa with confirmed COVID-19 infections as of midnight that day 

that were admitted to any of Ottawa's five acute care hospitals. The average length of stay during the study 

period was 19.5 days, interquartile range 22 days.  

3.4.4. Statistical analysis 

In order to test for significance and for strength of correlation between SARS-CoV-2 RNA signal 

and epidemiological metrics, a student’s t-test and Pearson’s correlation analyses were performed, with a 

p¬-value of 0.05 or lower signifying significance.  

To evaluate if a lag existed between the appearance of increased SARS-CoV-2 RNA signal in 

wastewater and epidemiological metrics, time-step analyses were also performed where the correlations 

between viral RNA signal and epidemiological metrics were offset by a period of 1 to 7 days. The time-

step analysis was performed across three discreet time-periods: i) pre-resurgence and resurgence, ending 

after the resurgence (June 21st to July 21st), ii) pre-resurgence and post-resurgence, extending to the end 

of the data set (June 21st to July 25th) and iii) full data period (June 21st to August 4th). 
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3.5. Results, discussion and implications 

3.5.1. Trend and peak of wastewater SARS-CoV-2 RNA viral level in wastewater compared to other 

clinical COVID-19 surveillance metrics 

This study compares PMMoV normalized SARS-CoV-2 viral copies, a metric outlined in previous 

SARS-CoV-2 WEM work (D’Aoust et al., 2021; Kitamura et al., 2021; Wu et al., 2020) with clinical 

epidemiological metrics. This WEM-based metric normalizes SARS-CoV-2 viral copies to the number of 

copies of PMMoV in wastewater to account for variations inherent to wastewater samples; in particular 

variations related to the wastewaters water quality, solids and fecal matter concentrations. In addition, 

PMMoV normalizes for variations associated with sampling, storage, and testing. PMMoV is ubiquitous in 

both the liquid and solid fraction of wastewater and is effective due to its low temporal variability in 

wastewater (Figure 3-2).  

The lower temporal variability of PMMoV is likely to be linked to the stability and hardiness of its 

virions (Sassi et al., 2018). All conventional COVID-19 surveillance measures (# of hospitalized cases, 7-

day mid-point floating average percent positivity, clinical test percent positivity and number of new daily 

cases; Figure 3-3 a-d) increase during the study period from a low level at the beginning of the study. The 

number of current hospitalized patient cases are at their highest on July 31-Aug 2 with a 168% increase 

compared to the week of July 13 (Figure 3-3 a-d). Meanwhile, percent positive cases and daily cases are at 
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Figure 3-2: Ct values of the SARS-CoV-2 N1 and N2 gene regions, and the PMMoV normalization gene (1:10 

dilution shown), outlining the low variability of PMMoV, justifying its use as a normalization gene. The 10th 

and 90th percentile are displayed, along with the median (dotted line inside shapes). The variance of the 

different targets is also shown at the top. 
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their highest on July 19, with increases of 215% and 326% respectively, relative to the preceding 7-day 

period (Figure 3-3 b-d).  

As observed with other epidemiological metrics, the PMMoV normalized viral signal in Ottawa’s 

wastewater is also shown to be low at the beginning of the study period through to the week of July 13 with 

both N1 and N2 regions below 1.00x10-4 copies/copies PMMoV (Figure 3-3 e). There is a 450% relative 

increase (p<0.05) in N1 and 440% increase (p<0.05) in N2 viral signal on July 17 to 19 compared to July 

13 to 15. An absolute increase of 2.03x10-4 and 3.01x10-4 copies/copies PMMoV is reported during this 

period of increase for N1 and N2 gene regions, respectively (Figure 3-3 e). The PMMoV normalized viral 

signal then decreases again following this peak, to levels higher than the previous baseline, but notably 

lower than the peak outlined between July 17 to 19. 

Throughout the study, a good agreement is observed between N1 and N2 SARS-CoV-2 gene region 

targets (R = 0.852, r2 = 0.726), implying that some portions of the N1 and N2 gene regions may be preserved. 

This potentially indicates that RNA extracted from primary sludge and wastewater could be sequenced to 

track the transmission of new, and potentially more infectious mutations of the disease (Q. Li et al., 2020; 

Oude Munnink et al., 2020; Rockett et al., 2020; Volz et al., 2020). 
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Figure 3-3: Epidemiological metrics and SARS-CoV-2 viral concentrations over the study period; a) COVID-19-caused 

hospitalizations, b) percent test positivity (7-day mid-point floating average), c) percent test positivity and d) number 

of new daily cases, along with e) wastewater SARS-CoV-2 N1 and N2 gene copies/PMMoV gene copies. Open data 

points signify points which were below the limit of quantification. The dotted line in the background represents the 

number of daily clinical tests/100K pop. performed. 
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This study also suggests that the PMMoV normalized viral signal peaks for a relatively short period 

of time before showing a subsequent rapid decrease in signal. This short peaking period may be an artifact 

of the inherent variation in wastewaters or associated with variations inherent to the assay. The short peak 

period may also be associated to fecal shedding patterns of the population contributing to the wastewater. 

It is noted that several current studies investigating fecal shedding timelines and intensity for SARS-CoV-

2 may in fact be investigating the sickest of patients in a hospital setting (Chen et al., 2020; Fontana et al., 

2020), and so patterns may not reflect occurrences in the general population, where a significant quantity 

of patients will likely suffer from milder symptoms, or no symptoms at all (Pan et al., 2020; Park et al., 

2020). Furthermore, sicker or elderly patients may in fact “fall off” the wastewater monitoring efforts if 

bed pans or adult diapers are utilized as part of their treatment and convalescence in a hospital or retirement 

home (Coelho et al., 2015; Tsang et al., 2017). 

Previous work on PMMoV identified that it is a useful environmental metric to track in surface 

waters and drinking waters as it correlated strongly with fecal contamination of said waters (Hamza et al., 

2011; Haramoto et al., 2013; Rosiles-González et al., 2017). As a result, the use of PMMoV normalized 

data in SARS-CoV-2 is seeing increased utilization in several locales due to the metrics’ ability to correct 

for the true quantity of fecal matter in wastewater (D’Aoust et al., 2021; Wu et al., 2020). It is hypothesized 

that due to the fact PMMoV signal in wastewater is likely diet based (due to consumption peppers, some 

tomatoes, or related foodstuff infected with PMMoV) (Jarret et al., 2008; Peng et al., 2015; Zhou et al., 

2020), this approach will work best when performing a survey of a larger group of individuals or 

geographical area, where enough survey participants with varied enough diets will average out the signal.  

3.5.2. Correlation between wastewater and clinical surveillance metrics 

Positive correlations were observed (Figure 3-3 c, d and e) between the normalized viral RNA 

signal and both the number of new daily positive COVID-19 cases (N1: R = 0.673, p<0.001; N2: R = 0.648, 

p<0.001) and clinical testing percent positivity (N1: R = 0.468, p<0.001; N2: R = 0.404, p<0.001). These 

findings are in agreement with reported observations from previous studies (D’Aoust et al., 2021; Nemudryi 

et al., 2020; Peccia et al., 2020). This study, as opposed to an earlier study in the same region (D’Aoust et 

al., 2021), demonstrates that strong correlations do in fact exist between viral RNA signal and the 

epidemiological metric of clinical daily new COVID-19 cases, as supported by several other studies (Hart 

and Halden, 2020; Michael-Kordatou et al., 2020; Trottier et al., 2020; Wu et al., 2020). The moderate 

correlations between viral RNA signal and clinical daily new COVID-19 cases in previous work was largely 

attributed to inadequate resources to achieve a developed clinical testing framework early in the pandemic 

(lower daily # of tests). In this study, a strong testing regiment was deployed in Ottawa and hence produced 
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a more reliable daily new COVID-19 cases metric across this study period. A weak positive correlation 

exists between N1 and N2 SARS-CoV-2 PMMoV-normalized RNA signal and COVID-19-caused 

hospitalizations (R = 0.347, p<0.001 and R = 0.464, p<0.001 for N1 and N2, respectively; Figure 3-3 a and 

e). This supports previous findings that WEM efforts to track the rate of incidence of COVID-19 infections 

in the community provides useful and confirmatory information. 

3.5.3. Temporal association between surveillance metrics 

A visual comparison of clinical testing percent positivity and the number of new daily positive 

COVID-19 cases compared to the PMMoV-normalized RNA signal shows that the viral RNA signal 

predates both the clinical testing percent positivity and new daily positive COVID-19 cases epidemiological 

data.  

A times-step correlation analysis suggests that increases in SARS-CoV-2 signal in wastewater 

precedes increases in new daily positive COVID-19 cases and clinical testing percent positivity by two days 

(N1: R = 0.703, p<0.001; N2: R = 0.721, p<0.001; N1: R = 0.703, p<0.001; N2: R = 0.714, p<0.001) (Table 

3.1). Furthermore, the same time-step correlation analysis also suggests that increases in SARS-CoV-2 

signal in wastewater precedes increases in the number of hospitalized cases by four days (N1: R = 0.741, 

p<0.001; N2: R = 0.767, p<0.001). This is further confirmed visually (Figure 3-4). The precedence of viral 

RNA signal vs. other epidemiological metrics has been reported elsewhere (Chavarria-Miró et al., 2020; 

Kumar et al., 2020; Peccia et al., 2020).  

  



55 

. 

Table 3-1: Time-step analyses of correlations (Pearson’s R) between normalized SARS-CoV-2 viral RNA signal (copies/copies 

PMMoV) and 7-day rolling average percent positivity, test percent positivity and daily new cases epidemiological metrics. 

  Hospitalized cases 
7-day rolling average test 

percent positivity 
Test percent positivity Daily new cases 

J
u

n
e
 2

1
 -

 J
u

ly
 2

1
 

Daily offset N1 N2 N1 N2 N1 N2 N1 N2 

0 0.488 0.502 0.675 0.662 0.551 0.635 0.680 0.754 

1 0.599 0.578 0.662 0.647 0.634 0.723 0.642 0.692 

2 0.532 0.487 0.666 0.679 0.853 0.821 0.810 0.765 

3 0.747 0.754 0.556 0.593 0.191 0.208 0.354 0.310 

4 0.741 0.767 0.415 0.457 0.338 0.332 0.265 0.237 

5 0.512 0.487 0.301 0.341 0.144 0.140 0.375 0.405 

6 0.534 0.490 0.104 0.167 -0.031 0.023 0.107 0.190 

7 0.375 0.361 -0.012 0.077 -0.040 0.070 0.078 0.178 

J
u

n
e
 2

1
 -

 J
u

ly
 2

5
 

Daily offset N1 N2 N1 N2 N1 N2 N1 N2 

0 0.539 0.551 0.659 0.688 0.505 0.612 0.707 0.712 

1 0.689 0.562 0.631 0.653 0.637 0.747 0.662 0.709 

2 0.634 0.489 0.623 0.667 0.724 0.794 0.699 0.783 

3 0.786 0.695 0.488 0.576 0.128 0.203 0.277 0.346 

4 0.790 0.690 0.324 0.437 0.264 0.277 0.245 0.192 

5 0.632 0.483 0.188 0.303 0.114 0.108 0.378 0.354 

6 0.645 0.482 0.038 0.118 -0.073 0.008 0.102 0.202 

7 0.531 0.408 -0.074 0.015 -0.157 0.041 -0.032 0.163 

W
h

o
le

 d
a

ta
 s

e
t 

Daily offset N1 N2 N1 N2 N1 N2 N1 N2 

0 0.347 0.470 0.644 0.626 0.469 0.527 0.673 0.648 

1 0.453 0.484 0.606 0.602 0.634 0.668 0.654 0.634 

2 0.429 0.424 0.593 0.603 0.703 0.714 0.703 0.721 

3 0.556 0.565 0.448 0.491 0.027 0.081 0.182 0.375 

4 0.603 0.586 0.307 0.360 0.233 0.278 0.223 0.158 

5 0.497 0.477 0.165 0.234 0.079 -0.034 0.306 0.206 

6 0.546 0.500 0.020 0.064 -0.091 0.021 0.074 0.195 

7 0.468 0.443 -0.080 -0.119 -0.074 0.005 -0.025 0.178 

 

Recent studies proposed that wastewater viral SARS-CoV-2 RNA signal may in fact precede 

hospital admissions by 1 to 5 days in primary sludge (Figure 3-4) (Kaplan et al., 2020; Peccia et al., 2020), 

and 6-14 days in raw wastewater (Kumar et al., 2020). This supports findings by Peccia et al. (2020), 

identifying that hospitalizations may begin peaking four days after an increased viral RNA signal, with the 

caveat that hospitalizations rates may be significantly higher when viral RNA signal is the result from 

shedding of an at-risk population group (young infants, elderly, immunocompromised, etc.). In addition, 
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the RNA signal post-resurgence indicates that the resurgence events in viral RNA signal serves to weaken 

the correlation of subsequent peaks with clinical testing metrics. It is hypothesized that early and later 

infections and overlapping shedding events of duration and intensity convolute peaks within a period of 

time following the initial new peaks/surges in COVID-19 infections. Nonetheless, the RNA 

epidemiological metric of copies/copies PMMoV may become extremely valuable to public health units in 

their preparation for the next COVID-19 resurgences. 

Earlier studies investigating the predictive capabilities of SARS-CoV-2 WEM (Kumar et al., 2020; 

Peccia et al., 2020) may have been performed at times where clinical metrics were dampened due to limited 

clinical testing resources, which may in turn have impacted the conclusions regarding predictive ability. 

This present study was performed during a period of relatively higher testing intensity in the community 

(avg. 80.9 tests per/100K pop. performed) and confirms previous findings of early detection of SARS-CoV-

2 WEM as compared to clinical metrics such as hospitalizations, new daily positives cases or percent 

positivity. 

3.6. Conclusions 

This study demonstrates that due to the general stability of SARS-CoV-2 RNA measurements in 

PCS, this fraction of wastewater can reliably be utilized to predict rapid increases or resurgences in COVID-

19 cases in the community at large (Alpaslan-Kocamemi et al., 2020; D’Aoust et al., 2021; Peccia et al., 

2020), and the results strongly suggest that PCS can be utilized as part of sentinel-type wastewater and 

environmental monitoring endeavors at WRRFs.  

Advantages of this approach include: i) the analyses in water resource recovery facilities are high-

enrollment surveys, which capture a majority of the urban population, regardless of individual’s willingness 

to get tested clinically; ii) tests are anonymous and do not pose ethical challenges as opposed to mass 

clinical testing or targeted sewershed monitoring efforts; iii) data can be used as a confirmation to clinical 

tests, increases the effectiveness of local public health units and data remains independent of official testing 

strategies or media sentiment, and iv) provides an exit strategy/path forward for public health units as 

something to eventually transition to once immunization is available, to cut down on clinical testing costs, 

while maintaining broad surveillance capabilities. However, limitations to this WEM approach includes the 

following: i) data obtained only gives high-altitude view of the situation in the community, and it is 

currently not possible to correlate these data to an actual number of cases in the community; ii) testing 

protocols must be optimized and retain sensitivity at very-low levels of disease incidence to remain relevant; 

iii) widespread adoption of WEM requires scale-up of public health units’ current capabilities and/or 
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partnership with private laboratories or research institutions, and iv) increases in resolution (more localized, 

upstream of water resource recovery facilities, for example) of tests in watersheds may lead to ethical 

questions for public health unit if it wishes to act upon the data, due to the potential risk for identifying or 

singling out small subgroups of a population. It is noted however that these issues are not dissimilar to other 

ethical issues currently existing with other COVID-19 public health endeavors, such as COVID-19 potential 

exposure notification smartphone applications. 

3.7. Limitations and 2025 field updates 

This chapter highlights the predictive value of SARS-CoV-2 measurements in PCS, detecting 

SARS-CoV-2 resurgences up to 48 hours before clinical test positivity and 96 hours before hospitalizations. 

However, a few limitations to this study exist: 1) PCS provides only a high-level view of community trends 

and may miss localized outbreaks without upstream sampling; and 2) It is now understood that the onset of 

new variants, immunization campaigns and public health restrictions and guidelines had profound impacts 

on the predictive ability of WEM for COVID-19 due to changes both in infection dynamics and the intrinsic 

relationship between wastewater signal and clinical metrics, limiting the generalizability of some of our 

findings of 2021 (Ghanbari et al., 2024).  
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Chapter 4 – COVID-19 Wastewater-Based Epidemiology in Rural Communities: 

Comparison of Lagoon and Pumping Station Samples 

4.1. Context 

The manuscript presented in this chapter of the doctoral dissertation is titled COVID-19 

wastewater-based epidemiology in rural communities: Comparison of lagoon and pumping station samples, 

by Patrick M. D’Aoust, Syeda Tasneem Towhid, Élisabeth Mercier, Nada Hegazy, Xin Tian, Kamya 

Bhatnagar, Zhihao Zhang, Colleen C. Naughton, Alex E. MacKenzie, Tyson E. Graber, Robert Delatolla, 

and was published in Water Research (December 2021). In this manuscript, SARS-CoV-2 WEM is 

investigated in a smaller rural community and two sampling locations were compared side-by-side to 

determine the most appropriate sampling location to obtain meaningful epidemiological information when 

tracking diseases such as SARS-CoV-2 through wastewater. 
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4.2. Abstract 

WEM has been a topic of significant interest over the last year due to its application in SARS-CoV-

2 surveillance to track prevalence of COVID-19 in communities. Although SARS-CoV-2 surveillance has 

been applied in more than 50 countries to date, the application of this surveillance has been largely focused 

on relatively affluent urban and peri-urban communities. As such, there is a knowledge gap regarding the 

implementation of reliable wastewater surveillance in small and rural communities for the purpose of 

tracking rates of incidence of COVID-19 and other pathogens or biomarkers. This study examines the 

relationships existing between SARS-CoV-2 viral signal from wastewater samples harvested from an 

upstream pumping station and from an access port at a downstream wastewater treatment lagoon with the 

community's COVID-19 rate of incidence (measured as percent test positivity) in a small, rural community 

in Canada. Real-time quantitative polymerase chain reaction (RT-qPCR) targeting the N1 and N2 genes of 

SARS-CoV-2 demonstrate that all 24-h composite samples harvested from the pumping station over a 

period of 5.5 weeks had strong viral signal, while all samples 24-h composite samples harvested from the 

lagoon over the same period were below the limit of quantification. RNA concentrations and integrity of 

samples harvested from the lagoon were both lower and more variable than from samples from the upstream 

pumping station collected on the same date, indicating a higher overall stability of SARS-CoV-2 RNA 

upstream of the lagoon. Additionally, measurements of PMMoV signal in wastewater allowed normalizing 

SARS-CoV-2 viral signal for fecal matter content, permitting the detection of actual changes in community 

prevalence with a high level of granularity. As a result, in sewered small and rural communities or low-

income regions operating wastewater lagoons, samples for wastewater surveillance should be harvested 

from pumping stations or the sewershed as opposed to lagoons. 

4.3. Introduction 

In late 2019, cases of COVID-19 began to spread rapidly internationally (Li et al., 2020). It became 

clear to public health officials across the world that this new disease, caused by the severe acute respiratory 

syndrome coronavirus 2 (SARS-COV-2) (Eurosurveillance Editorial Team, 2020), was rapidly becoming 

a pandemic-potential pathogen due to its relatively low virulence but high degree of infectiousness (He et 

al., 2020). More than a year after the first cases of COVID-19, the world is still grappling with the disease 

and newer and more infectious variants of the virus are spreading (Duong, 2021; Galloway et al., 2021; 

Volz et al., 2020; Walensky et al., 2021), causing widespread disease and death (WHO COVID-19 

Dashboard). At the time of writing (May 20th, 2021), more than 2.4% of the global population (191.1 M) 

has been infected by SARS-CoV-2, and 2.1% of those infected have died (4.1 M) (WHO COVID-19 

Dashboard).  

https://web.archive.org/web/20210729030159/https:/covid19.who.int/
https://web.archive.org/web/20210729030159/https:/covid19.who.int/
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Now widely applied in over 1,000 sites in more than 50 countries worldwide (Ahmed et al., 2020; 

Arora et al., 2020; Bivins et al., 2020b; D’Aoust et al., 2021a; Gonzalez et al., 2020; Mao et al., 2020; 

Medema et al., 2020; Naughton et al., 2021; Polo et al., 2020; Randazzo et al., 2020; Sims and Kasprzyk-

Hordern, 2020; Thompson et al., 2020), Wastewater and environmental monitoring (WEM) efforts 

conducted with RT-qPCR are underway around the world, focused primarily in larger metropolitan areas 

of higher income countries (Bivins et al., 2020b). By and large rural communities and low-income countries 

have not had the same services afforded to them as urban and peri-urban communities (WEF Network of 

Wastewater-Based Epidemiology, 2021) and higher income countries, which is based on numerous factors 

that include but are not limited to: i) discrepancies in financial and material resources, ii) distance to 

research, academic and governmental facilities capable of carrying out the analyses and iii) capacity of the 

local public health unit to take in the results and act upon them. Furthermore, smaller, rural communities 

and low-income countries without larger mechanical water resource recovery facilities may not have the 

staff, equipment or expertise to carry out sampling for SARS-CoV-2 viral detection in wastewater (Haider 

et al., 2016; Naughton et al., 2021; Switzer et al., 2016). Larger facilities are often equipped with automatic 

composite samplers throughout the plant, making the implementation of a WEM monitoring program in 

comparison relatively easy for routine purposes. Furthermore, there is a growing consensus that higher 

concentrations of SARS-CoV-2 viral particles are found in wastewater solids (Chik et al., 2021; D’Aoust 

et al., 2021b; Graham et al., 2020; Peccia et al., 2020; Pecson et al., 2021) and as such several WEM efforts 

are now focusing on measuring signal from solid fractions of samples (Chik et al., 2021; Wolfe et al., 2021). 

In small and rural communities, harvesting solids may be problematic as dedicated solid separation units 

present in larger facilities located in urban and peri-urban communities may not exist in smaller facilities, 

requiring different sampling approaches. Unfortunately, the limited resources available in small and rural 

communities or lower income countries often compromise the WEM efforts. The communities may in turn 

be at the mercy of funding or mandates due to the lack physical, material and/or financial resources. As an 

example of the precariousness of WEM in smaller communities, Finnish authorities recently announced in 

June 2021 that they would-be discontinuing SARS-CoV-2 WEM efforts in cities with populations smaller 

than 150,000 (Finnish institute for health and welfare, 2021). In contrast, remote communities in the 

Northwest Territories of Canada have implemented wastewater surveillance to monitor the communities 

for COVID-19 viral signal (Government of Northwest Territories, 2021), despite the low population of the 

geographic area (<45,000). Having clear guidelines, appropriate analytical methods and low-cost strategies 

for surveillance which are also applicable for smaller communities will therefore be critical to ensure that 

WEM efforts service the most residents in each region. 
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Most WEM efforts attempt to predict trends of epidemiological metrics of COVID-19 in the general 

population by quantifying increases and decreases in the rates of clinical cases of COVID-19 (Bivins et al., 

2020a; D’Aoust et al., 2021a; Hill et al., 2020; Kumar et al., 2021; Polo et al., 2020). These environmental 

studies will often focus on collecting samples within the raw influent or primary sludge due to the relatively 

high concentration of solids in these wastewater streams (Hill et al., 2020). However, several municipalities 

operating smaller types of treatment systems such as waste stabilization ponds, also known as wastewater 

treatment lagoons, do not have direct access to raw influent or primary sludge. Smaller communities may 

however have direct access to the waste stabilization ponds and pumping/lift stations (MOE Ontario, 2008). 

Wastewater treatment lagoons are commonly used in the world, with over 1,200 in operation in Canada 

(Statistics Canada, 2016), over 5,500 in Europe (Mara, 2009), and over 8,000 in the United States alone 

(USEPA, 2011). Solids separation occurs in lagoons due to the slowing of flow velocities, leading to particle 

settling, particularly in the same area of the lagoon that oxidizes carbonaceous deleterious substances or in 

lagoon areas or isolated lagoon units designed specifically for solids sedimentation (Asano et al., 2007; 

D’Aoust et al., 2021c; Leblond et al., 2020). As such, harvesting of wastewater solids in lagoon treatment 

systems with the goal of performing WEM is very difficult due to potentially long retention times in lagoons, 

the degradation of RNA targets due to environmental temperature fluctuations and the difficulty of 

collecting “fresh” solids from a lagoon representing current incidence of COVID-19 in the community. 

Furthermore, as lagoon systems are located outdoors and exposed to ambient temperatures, in locales where 

air temperatures can dip below freezing these systems may become difficult to sample due to the presence 

of ice-cover. High temperatures during summer months and UV radiation from sunlight may also further 

degrade viral RNA (Verbyla et al., 2017). As a result, smaller communities may not have evident sampling 

locations to collect wastewater samples containing SARS-CoV-2 viral particles which can accurately 

represent changes in prevalence of the disease in the community. Another factor easing the implementation 

of WEM programs in small and rural communities is to see if the community is sewered or not. In 

communities that are not sewered and where centralized sampling points are not available, sewage brought 

to lagoons can be sampled from sewage and sludge trucks while they are being emptied at the facility 

(Telliard, 1989). 

In preparation for applying SARS-CoV-2 wastewater surveillance initiatives in a small sewered 

community in Eastern Ontario (Canada), wastewater samples were collected from an access/sampling point 

situated between the first and second cells of a lagoon treatment system, and from the last pumping station 

on the sewer network located upstream of the lagoon treatment system. The specific objectives of this study 

were to: i) compare SARS-CoV-2 signal at both sampling locations for strength of the RNA viral signal 

and RNA integrity and ii) compare the higher integrity longitudinal SARS-CoV-2 signal to existing 
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community epidemiological data to ascertain the ability of WEM to track and predict and correlate with 

trends in rates of incidence of COVID-19 in small and rural communities. 

4.4. Experimental methods 

4.4.1. Rural community sampling locations 

The wastewater of a rural community of less than 5,000 inhabitants in Eastern Ontario (Canada) 

were sampled in this study between October 2020 and May 2021 (Figure 4-1). The rural community is 

sewered, with the wastewater flowing into the main pumping station located 1.3 km upstream of a 

wastewater treatment lagoon. The lagoon system consists of 3 cells/ponds (total surface area of 

approximately 182,000 m2) operated in-series that flow from cell #1 to #2 to #3. The lagoon receives 

continuous inflow with an average daily flow rate of 2,110 m3/d. The lagoon system discharges to a nearby 

river twice annually, in Spring (Mar. 7th to May 15th) and Fall (Oct. 1st to Dec. 19th). The lagoon system 

does not include a wetland component. Cell #3 has bottom-mounted aerators that are engaged prior to and 

during discharge to strip hydrogen sulfide before the release of treated wastewater to the natural 

environment. To control phosphorus concentrations in the final effluent of the lagoon treatment facility, a 

polyaluminum sulphate solution is injected directly into the pressurized wastewater pipe following the 

pumping station (force main) immediately before being released to the first cell of the lagoon system. The 

yearly average treatment efficiency of cBOD5, total suspended solids, total phosphorus, total ammonia 

nitrogen, total Kjeldahl nitrogen and alkalinity is of 96.0%, 94.9%, 98.0%, 96.9%, 94.1% and 64.6% 

removal efficiency, respectively.  

Two locations were sampled for wastewater in the rural community: i) the upstream pumping 

station, which receives the same annual volumetric flow of wastewater as the wastewater treatment lagoon 

system itself, and ii) an access/sampling point situated between cells 1 and 2 of the lagoon treatment system 

(Figure 4-1). The wastewater travel time between the pumping station and the inlet of the lagoon is 

approximately 15 minutes, while the residence time of the wastewater at the sampling location between the 

two cells of the lagoon ranges significantly due to the annual discharge design of the system (approximated 

residence times ranging between 80 hours and 10 days during the period of the study). The typical 

wastewater characteristics at the pumping station and at the lagoon effluent are shown in Table 4-1. 
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Table 4-1. Yearly average wastewater characteristics at the pumping station and lagoon effluent. 

 
Yearly average pumping station 
wastewater characteristics  
(avg. ± standard dev.) 

Yearly average pumping lagoon 
wastewater characteristics  
(avg. ± standard dev.) 

cBOD5 (mg/L) 88.4 ± 80.3 3.5 ± 0.9 

Total suspended solids (mg/L) 224.3 ± 154.1 11.4 ± 6.1 

Total phosphorus (mg P/L) 8.0 ± 5.6 0.2 ± 0.1 

Total ammonia nitrogen (mg N/L) 34.2 ± 10.5 1.1 ± 1.1 

Total Kjeldahl nitrogen (mg N/L) 49.0 ± 20.9 2.9 ± 2.2 

Alkalinity (mg/L as CaCO3) 356.2 ± 60.4 126.2 ± 34.0 

 

  

Lagoon sampling point Lagoon 

Pumping station 

a) b) 

d) c) 

Automatic sampler location 

Sampling point 

Figure 4-1: Sampling locations and configurations: a) geographic locations of pumping station and lagoon, b) lagoon treatment 

system consisting of three cells, identification of sampling point, c) automatic sampler at pumping station, sampler dispenses samples 

into refrigerator, and d) automatic sampler under the solar panel at lagoon sampling point and sampling point. 
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4.4.2. Sample collection 

At the pumping station, 24-hr composite samples of wastewater were collected every 3 to 7 days 

from October 16th, 2020, to May 2nd, 2021, using an ISCO 6700 series automatic sampler (Teledyne ISCO, 

Lincoln, NE, USA). The autosampler located at the pumping station pumped the wastewater into a storage 

container located inside an adjacent refrigerator to maintain the samples at 4°C until collection (within 24 

hours). At the lagoon sampling point, 24-hr composite samples of wastewater were also collected every 3 

to 7 days from December 3rd, 2020, to January 11th, 2021. The autosampler located at the lagoon pumped 

the wastewater into a sealed bottle in an insulated foam container located adjacent to the autosampler. 

Outdoor temperatures at the lagoon during the study period (Dec. 3rd, 2020, to Jan. 11th, 2021) oscillated 

between -5.5°C and 1.3°C, hence allowing safe preservation of the samples between sampling and 

collection without additional refrigeration being required. Composite samples were comprised of twenty-

four 50 mL aliquots. During the pairwise comparison of both locations from Dec. 3rd, 2020, to Jan. 11th, 

2021), the automatic samplers were programmed to collect samples at the same time at both locations. After 

every sampling cycle ended, the composite samples were collected and were transported on ice to the 

laboratory for analysis. Once in the laboratory, samples were concentrated immediately, and the resulting 

pellets were frozen at -30°C and processed within 14 days. After January 11th, site access became difficult 

due to low outdoor temperatures, freezing of the lagoon, and snowing conditions, making access to the 

automatic sampler highly difficult, which led to the cessation of sampling at the lagoon. 

4.4.3. Sample concentration, extraction, and PCR quantification 

The composite samples were concentrated by allowing the samples to settle at 4°C for an hour, 

followed by the decantation of the supernatant to isolate the settled solids fraction. 40 mL of remaining 

solid fraction was then transferred to a 40 mL centrifuge tube and samples were then centrifuged for 45 

mins at 10,000 x g at 4°C to isolate the centrifuged pellet. Sample pellets which could not be immediately 

processed were frozen at -30°C for a period of up to 14 days before being extracted. RNA was extracted 

and purified from the resulting pellet using the RNeasy PowerMicrobiome kit (Qiagen, Germantown, MD, 

USA) using a QIAcube Connect automated extraction platform, with the protocol modifications specified 

in an earlier study (D’Aoust et al., 2021b). The SARS-CoV-2 signal in the samples was assayed using a 

singleplex one-step RT-qPCR targeting the N1 and N2 gene regions of SARS-CoV-2 genome. The signal 

of pepper mild mottle virus (PMMoV) was also measured in each of the samples (samples were diluted 

1/10 for measurements of PMMoV). In each PCR reaction, the reaction mix consisted of 1.5 µl of RNA 

template, 500 nM of each of forward and reverse primer (IDT, Kanata, Canada) in 4x TaqMan® Fast Virus 

1-step Mastermix (Thermo-Fisher, USA) with 125 nM probe (IDT, Kanata, Canada) in final volume of 10 
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µl. The samples were run in triplicates with non-template controls and were quantified using a five-point 

gradient of the EDX SARS-CoV-2 COV-19 RNA standard (Exact Diagnostics, USA). Reverse 

transcription (RT) was performed at 50°C for 5 minutes followed by RT inactivation and initial denaturation 

at 95°C for 20 seconds. This was followed by 45 cycles of denaturation at 95°C for 3 seconds and 

annealing/extension at 60°C for 30 seconds with a CFX Connect qPCR thermocycler (Bio-Rad, USA). The 

assay limit of detection (ALOD, ≥95% detection) was assessed (D’Aoust et al., 2021b) and determined to 

be approximately 2 copies/reaction for both N1 and N2 SARS-CoV-2 gene targets. The assay limit of 

quantification (ALOQ, CV=35%) was determined to be approximately 3.2 copies/reaction for N1 and 8.1 

copies/reaction for N2 SARS-CoV-2 gene targets. SARS-CoV-2 N1 and N2 gene region viral signals were 

normalized by dividing the N1 and N2 gene copies per reaction by the PMMoV gene copies per reaction, 

as a means of normalizing the N1 and N2 signal by the quantity of fecal matter in the sample (D’Aoust et 

al., 2021b, 2021a; Graham et al., 2020; Kitajima et al., 2018). Vesicular stomatitis virus (VSV) was used 

as an internal control to monitor the efficiency of the viral concentration and extraction processes and was 

spiked into the sample prior to extraction. The extraction efficiency quantified with the VSV spike-in was 

between 3-4.5%. All samples were checked for inhibition by diluting the samples by a factor of 4 and 10 

and measuring the corresponding drop in signal of PMMoV. 

4.4.4. Assessment of RNA integrity 

Samples were analysed for RNA integrity using an Agilent 2100 Bioanalyzer. RNA (2 µL) of each 

sample was loaded on an RNA 6000 Pico Chip (#5067-1513). Data analysis and RNA concentration 

calculations were performed using Agilent’s proprietary 2100 Expert software (version B.02.10.SI764). 

4.4.5. Collection of epidemiological data and correlation to wastewater viral signal 

Weekly epidemiological data was obtained from the ICES COVID-19 dashboard 

(https://www.ices.on.ca/DAS/AHRQ/COVID-19-Dashboard) and the Eastern Ontario Health Unit (EOHU) 

dashboard (https://eohu.ca/en/covid/covid-19-status-update-for-eohu-region). Correlation analyses were 

then performed between the PMMoV-normalized SARS-CoV-2 viral signal in wastewater and the available 

epidemiological data. 

4.5. Results & discussion 

During the pairwise comparison of samples collected from both locations at the same time-point, 

all samples (5/5) from the pumping station showed detectable signal for the N1 and N2 gene regions of 

SARS-CoV-2 (Figure 4-2), as well as for PMMoV. Measurements of viral signal for the N1 gene region of 

https://www.ices.on.ca/DAS/AHRQ/COVID-19-Dashboard
https://eohu.ca/en/covid/covid-19-status-update-for-eohu-region
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the samples collected from the pumping station ranged from 5.5 x 103 - 4.6 x 104 genomic copies/L while 

measurements for the N2 gene region ranged from 4.3 x 103 – 3.2 x 104 genomic copies/L. Meanwhile, all 

composite samples collected at the lagoon sampling point between cells #1 and #2 of the lagoon were below 

the ALOQ and the ALOD for the N1 and N2 gene, and 4 out of 5 samples had no detectable SARS-CoV-2 

viral signal altogether. During the same short span of side-by-side test period, PMMoV was only observed 

in three of the five lagoon samples.  

 In samples collected from the pumping station, measurements of PMMoV ranged from 1.4 x 105 

– 4.8 x 106 genomic copies/L, and in lagoon samples with PMMoV measurements, the PMMoV 

concentration ranged from 6.9 x 102 – 9.9 x 105 genomic copies/L. The lack of PMMoV signal in some of 

the lagoon samples could potentially signify that near complete RNA degradation of PMMoV RNA 

occurred in the lagoon. When comparing viral signal measurements from the RT-qPCR analyses for the N1 

and N2 SARS-CoV-2 gene regions and PMMoV between the pumping station and lagoon samples, pairwise 

comparisons clearly outline a stronger detection of both SARS-CoV-2 N gene regions and PMMoV viral 

signal in the samples collected from the pumping station (Figure 4-2). Furthermore, due to the ubiquity of 

PMMoV in wastewater, observing PMMoV measurements may allow to distinguish SARS-CoV-2 N1 and 

N2 gene region true non-detects from false-negatives caused by sample degradation or severe inhibition of 

the sample (Hong et al., 2021). 
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RNA of the SARS-CoV-2 and PMMoV targets in samples collected from the sampling location in 

the lagoon may have experienced more degradation due to extended residence times within the lagoon. 

Although temperature and storage time have been shown to affect SARS-CoV-2 viral signal degradation in 

wastewater (Hart and Halden, 2020), the similar storage temperature of the pumping station and lagoon 

samples during the pairwise study along with the short storage time until analysis enable this study to isolate 

the difference in signals to the conditions of the two sampling locations. Furthermore, due to the low 

temperature of the wastewater in the pumping station and within the lagoon during the study, viral 

degradation due to elevated temperatures is not a likely pathway of degradation. It is also possible that the 

RNA of the samples in the lagoon may have been subject to UV degradation once within the lagoon itself 

(Fongaro et al., 2012; Verbyla et al., 2017). Furthermore, as SARS-CoV-2 viral particles are believed to 

likely partition preferentially to wastewater solids in typical wastewater conditions (Arora et al., 2020; 

Chakraborty et al., 2021; D’Aoust et al., 2021a; Graham et al., 2020; McLellan et al., 2021), a significant 

portion of the viral RNA may have settled throughout the first lagoon cell as the flow velocity of the 

wastewater immediately decreases upon entering the lagoon system’s first cell. Additionally, this facility 

doses polyaluminum sulphate for phosphorus abatement, which likely contributes to a more rapid and 

pronounced settling of solids. It is believed that the polyaluminum may also help flocculate SARS-CoV-2 
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Figure 4-2: Comparison of genomic copies/L of pumping station samples and waste stabilization pond samples over 

time for the N1 and N2 SARS-CoV-2 gene regions, and PMMoV. Bars with a star (*) indicate that the sample signal 

was below the ALOQ. 
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genetic material, as evidenced by several studies employing aluminum-driven flocculation concentration 

methods (Barril et al., 2021; Randazzo et al., 2020). It is noted that all mechanisms contributing to potential 

degradation of viral signal in the lagoon are symptomatic of treatment of wastewater in the lagoon. Further 

investigations with a control location which does not use polyaluminum sulphate could be conducted to 

verify this hypothesis. 

Total RNA concentrations were measured in a series of samples collected from the pumping station 

and the lagoon sampling point. Results of the analyses are shown in Figure 4-3. RNA concentrations are 

distinctly lower in lagoon samples as compared to pumping station. 

The epidemiological data pertaining to this study were not available at the granulation of the studied 

community itself (pop.: ~4,000; ~5 km2), but rather for a larger geographical region (pop.: ~200,000; ~5,300 

km2) that includes the community. The lack of available epidemiological data for the small community 

itself is indicative of the need for additional resources for small, rural communities and the potential for the 

application of WEM in these communities as an effective indicator of incidence of infections at the 

granulation of the community. Further, the clinical metric that was available at the geographic region level 

was percent positivity as opposed to daily clinical new cases. As such, this study compares the SARS-CoV-

2 viral signal in wastewater to the percent positivity data acquired at the geographic region. The studied 

rural community (2,500-5,000 people) represents approximately 2% of the whole population within the 

health unit’s geographical boundaries for which epidemiological data are available. Although travel 

between communities in this geographic area is common, it is noted that presentation of the community 

SARS-CoV-2 viral signal against the epidemiological data at the geographic region level assumes that this 

town and its citizens behave similar to the residents of the larger region, which may not necessarily be a 

20 40 60

0

400

800

1200

1600

Time (s)

F
lu

o
re

s
c

e
n

c
e
 u

n
it

s
 (

F
U

)

Dec 3, '20
Dec 6, '20
Dec 13, '20

Avg. RNA conc.:

1.4 ± 1.2 x 10
3
 pg/µL

20 40 60

0

400

800

1200

1600

Time (s)

F
lu

o
re

s
c

e
n

c
e
 u

n
it

s
 (

F
U

)

Dec 3, '20
Dec 6, '20
Dec 13, '20

Avg. RNA conc.:

9.6 ± 2.7 x 10
3
 pg/µL

Figure 4-3: Electropherograms of samples from the a) pumping station and the b) lagoon, showing drastic differences in the RNA 

profiles. 



72 

correct assumption. However, due to the limitations of available epidemiological information no other data 

were available to perform a comparison. As outlined by these results, it appears that samples harvested 

from the pumping station of the community could provide similar viral signal trends to the clinical data sets, 

making the pumping station a suitable sampling location for rural communities that are serviced by 

wastewater treatment lagoons. It is hypothesized that samples collected from the last pumping station of a 

smaller rural community will have similar usability for wastewater surveillance to samples collected from 

influent of a larger mechanical wastewater treatment plant. 

When comparing the pumping station samples expressed as PMMoV-normalized viral genomic 

copies, viral genomic copies per gram of wastewater solids and viral genomic copies per L to available 

epidemiological data (clinical test percent positivity for the whole population) (Figure 4-4), a degree of 

visible agreement could be seen between the SARS-CoV-2 viral signal in wastewater and the reported 

percent positivity in the geographic region. However, this comparison may not be of significant relevance 

as the clinical data references a larger geographical zone than the sampled sewershed. It has been outlined 

in several studies that mass or volumetric normalization of SARS-CoV-2 viral signal alone may not truly 

capture sewershed dilution effects (Bivins et al., 2021; D’Aoust et al., 2021b; Wu et al., 2020). Furthermore, 

it is believed that while not observed or demonstrated with solid mass (copies/g) or volume (copies/L) 

normalized SARS-CoV-2 viral genomic copies, PMMoV-normalized viral genomic copies show a true 

change in community prevalence as the normalization with PMMoV helps account for the intrinsic quantity 

of fecal material in the wastewater (Graham et al., 2020; Kitamura et al., 2021; Wolfe et al., 2021; Wu et 

al., 2021). PMMoV normalization in WEM applications is believed to be particularly important in the 

context of surveillance of fecally shed pathogens as it allows to call true localized changes in prevalence 

which could otherwise be missed without normalizing for the quantity of fecal material in wastewater. 
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4.6. Conclusions and recommendations 

As many locations throughout the world have experienced new resurgence in COVID-19 cases due 

to the rapid spread of infectious variants of concern, it has become increasingly important for communities 

to implement effective COVID-19 wastewater monitoring programs that can rapidly detect and predict 

upcoming resurgences in COVID-19 cases. WEM programs may provide epidemiological information at a 

higher level of granularity to public health units than what is currently available in small, rural communities 

and low-income countries. Unfortunately, such programs are not frequently found in smaller, rural 
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Figure 4-4: Average SARS-CoV-2 signal in the pumping station wastewater samples expressed as a) PMMoV normalized 

SARS-CoV-2 viral genomic copies, b) SARS-CoV-2 viral copies/g and c) SARS-CoV-2 viral genomic copies/L, along with 

the weekly COVID-19 test percent positivity. 
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communities or low-income countries, and these communities often rely on low-cost, more passive 

treatment systems, compounding the gap of knowledge between the application of WEM to high-income, 

peri-urban and urban communities compared to low-income and rural communities. These smaller 

communities are particularly vulnerable to changes in funding or mandates as they may not have the 

resources to take over or start WEM initiatives on their own. 

In this study, it was observed that in municipalities with wastewater lagoons, surveillance of 

changes in incidence of COVID-19 in the general population is possible via sampling from an upstream 

pumping station within the sewershed. Measurements of N1 and N2 SARS-CoV-2 gene regions and 

PMMoV in wastewater demonstrate consistent strong detection in samples collected at the upstream 

pumping station, but not from samples collected in wastewater treatment lagoons. Preliminary results show 

that samples collected from the wastewater treatment lagoon dosing polyaluminum sulphate for phosphorus 

removal demonstrates significant weaker detection due to potential preferential partitioning of SARS-CoV-

2 viral particles to solids which rapidly settle upon entering the lagoon inlet structure. Furthermore, 

degradation of SARS-CoV-2 and PMMoV genetic material in the lagoon may be associated with the long 

retention time of the system. Finally, UV light exposure and degradation of the genetic material may also 

be a potentially significant mechanism of genetic material degradation. Even though SARS-CoV-2 genetic 

material is largely attached/associated to solids, the long retention time of the lagoon system may enable 

UV degradation of the solids partitioned material across a significant period of time. Additionally, it is 

observed that PMMoV-normalized viral signal may allow for detection of true increases in prevalence by 

normalizing measurements for the quantity of fecal material in wastewater. By observing PMMoV viral 

signal in wastewater, it may also be possible to distinguish SARS-CoV-2 N1 and N2 non-detects from 

false-negatives caused by sample degradation or severe inhibition. Finally, it is observed that wastewater-

acquired SARS-CoV-2 viral signal from the upstream pumping station can be measured without difficulty 

and as such, could be used effectively in tandem with local epidemiological data to help detect and track 

new and existing COVID-19 outbreaks, even where localized increases in COVID-19 prevalence would 

not be visible with low granularity publicly available weekly regional epidemiological information. 

4.7. Limitations and 2025 field updates 

This chapter underscores the development of sampling strategies for WEM in rural, sewered 

communities, showing that SARS-CoV-2 and PMMoV RNA can be reliably detected at upstream pumping 

stations. However, a few limitations to this study exist: 1) The selected experimental location had a 

relatively poor sampling location at the lagoon, which guaranteed a long wastewater retention time before 

sampling, which could have impacted results negatively (suppressing signal due to dilution, and UV-
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irradiation of the molecular targets) for the lagoon samples; and 2) The correlations between the wastewater 

measurements of SARS-CoV-2 RNA and the clinical metrics relied on regional epidemiological data rather 

than community-level metrics, reducing the precision of correlations. As of 2025, expanding WEM into 

rural and low-income settings, particularly in locations that are unsewered or with decentralized sewage 

systems, remains a global challenge, with appropriate sampling locations, cold-chain constraints, and 

analytical capacity being major barriers (Hamilton et al., 2024; Cohen et al., 2024; Delgado Vela et al., 

2024).  
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Insufficient Clinical Testing, Onset of New Variants of Concern and Population 

Immunity in Urban Communities 

5.1. Context 

The manuscript presented in this chapter of the doctoral dissertation is titled Wastewater to clinical 

case (WC) ratio of COVID-19 identifies insufficient clinical testing, onset of new variants of concern and 

population immunity in urban communities, by Patrick M. D’Aoust, Xin Tian, Syeda Tasneem Towhid, 

Amy Xiao, Élisabeth Mercier, Nada Hegazy, Jian-Jun Jia, Shen Wan, Md Pervez Kabir, Wanting Fang, 

Meghan Fuzzen, Maria Hasing, Minqing Ivy Yang, Jianxian Sun, Julio Plaza-Diaz, Zhihao Zhang, Aaron 

Cowan, Walaa Eid, Sean E. Stephenson, Mark R. Servos, Matthew J. Wade, Alex E. MacKenzie, Hui Peng, 
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published in Science of the Total Environment (December 2022). In this manuscript, a novel parameter, the 

wastewater to clinical case (WC) ratio of COVID-19 is investigated as a potential bellwether parameter to 

infer changes in disease dynamics such as the arrival of a novel variant in a community, a drastic difference 

in how clinical tests are performed, or if sufficient tests are performed to accurately portray the disease 

burden in a given urban community. 
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5.2. Abstract 

Clinical testing has been the cornerstone of public health monitoring and infection control efforts 

in communities throughout the COVID-19 pandemic. With the extent and anticipated reduction of clinical 

testing as the disease moves into an endemic state, SARS-CoV-2 wastewater and environmental monitoring 

(WEM) is likely to have greater value as an important diagnostic tool to inform public health. As the 

widespread adoption of WEM is relatively new at the scale employed for COVID-19, interpretation of data, 

including the relationship to clinical cases, has yet to be standardized. An in-depth analysis and 

understanding of the metrics derived from WEM is required for public health units/agencies to interpret 

and utilize WEM-acquired data effectively and efficiently, and of the most important challenges public 

health units/agencies are currently facing in regards to WEM are difficulties with interpretation of results 

(McClary-Gutierrez et al., 2021; O’Keeffe, 2021). In this study, the SARS-CoV-2 wastewater signal to 

clinical cases (WC) ratio was investigated across seven different cities in Canada over periods ranging from 

8 to 21 months. This preliminary work demonstrated that significant increases in the WC ratio occurred 

when clinical testing eligibility was modified to appointment-only testing, identifying a period of 

insufficient clinical testing (resulting in a reduction to testing access and a reduction in the number of daily 

tests) in these communities, despite increases in the wastewater signal. Furthermore, the WC ratio decreased 

significantly in 6 of the 7 studied locations, serving as a potential signal of the emergence of the Alpha 

variant of concern (VOC) in a relatively non-immunized community’s wastewater (40-60% allelic 

proportion), while a more muted decrease in the WC ratio signaled the emergence of the Delta VOC in a 

relatively well-immunized community’s wastewater (40-60% allelic proportion). Finally, a rapid and 

significant decrease in the WC ratio signaled the emergence of the Omicron VOC, likely because of the 

variant’s greater effectiveness at evading immunity, leading to a significant number of new reported clinical 

cases, even when vaccine-induced community immunity was high. The WC ratio, used as an additional 

monitoring metric, could complement clinical case counts and wastewater signals as individual metrics in 

its potential ability to identify important epidemiological occurrences, adding value to WEM as a diagnostic 

technology during the COVID-19 pandemic and likely for future pandemics. 

5.3. Introduction 

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has had profound effects around 

the world, claiming millions of lives and significantly impacting public health since its initial identification 

in December 2019 (World Health Organization, 2021). The virus is an enveloped, positive-sense RNA virus 

and, like other coronaviruses, predominantly causes respiratory and intestinal tract infections (Chen et al., 

2020; Xu et al., 2020; Zou et al., 2020). SARS-CoV-2 infections in humans can cause acute respiratory 
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illness leading to elevated mortality and morbidity rates (Challen et al., 2021; Fajnzylber et al., 2020; 

O’Driscoll et al., 2021). Early in the COVID-19 pandemic, molecular diagnostic assays based on the reverse 

transcription quantitative polymerase chain reaction (RT-qPCR) technology were rapidly developed (Zhu 

et al., 2020) and became the principal testing method used to determine if patients were infected with SARS-

CoV-2. Other testing methodologies and technologies, such as rapid antigen testing and LAMP RT-PCR, 

were also used globally. However, RT-qPCR testing remains the gold standard due to its sensitivity and 

specificity, particularly at lower viral loads (Hirotsu et al., 2020; Uhteg et al., 2020). Clinical testing in most 

jurisdictions around the world, including Canada, has predominantly targeted symptomatic individuals 

(Long et al., 2020; Oran and Topol, 2020; Rivett et al., 2020). The incubation period of SARS-CoV-2, 

together with the inherent lag associated with the RT-qPCR clinical testing and reporting pipeline (typically 

measured in days) generates a significant delay between infection incidence and the reporting of results, 

potentially delaying life-saving public health actions. Wastewater and environmental monitoring (WEM) 

has emerged as an exemplary early indicator of the incidence and disease burden of SARS-CoV-2 in the 

community (Ahmed et al., 2020; Al Huraimel et al., 2020; Balboa et al., 2021; Cao and Francis, 2021; 

Cavany et al., 2022; D’Aoust et al., 2021a; Medema et al., 2020; Randazzo et al., 2020). In the first year of 

the pandemic, research on the pathogenicity of SARS-CoV-2 revealed that fecal shedding of viral RNA is 

frequent, where approximately 30-90% of cases feature fecal shedding (Cheung et al., 2020; Fontana et al., 

2020; Hua et al., 2020; Huang et al., 2020; Jones et al., 2020; Ling et al., 2020; Parasa et al., 2020; Santos 

et al., 2020). Thus, community-level measurements of the viral signal in wastewater are thought to act as a 

proxy for community SARS-CoV-2 burden (Bibby et al., 2021a; D’Aoust et al., 2021a; Karthikeyan et al., 

2021; La Rosa et al., 2020; Olesen et al., 2021; Quilliam et al., 2020). In addition, following wastewater-

based viral signal over time provides near real-time information on the virus dynamics such as incidence, 

prevalence, and disease burden (Ahmed et al., 2020; Bivins et al., 2020; Chakraborty et al., 2021; D’Aoust 

et al., 2021c; Medema et al., 2020; Peccia et al., 2020; Randazzo et al., 2020; Sherchan et al., 2020; Wu et 

al., 2020). Furthermore, sequencing of wastewater or variant-specific RT-qPCR assays can also detect and 

track the emergence/re-emergence of variants of interest/variants under investigation/variants of concern 

(VOI/VUI/VOC) (Graber et al., 2021; Lee et al., 2021; Peterson et al., 2021; Yaniv et al., 2021).  

With the growing amount of data available from multiple locations and COVID-19 resurgences, 

there now exists an opportunity to explore the relationships between clinical reporting and WEM results to 

better understand and interpret patterns of both. With this data, there is clear potential for hypothesis-driven 

approaches to identify mechanisms underlying relationships between clinical testing patterns and observed 

SARS-CoV-2 viral signal in wastewater within and between communities and facilities (Bibby et al., 

2021b). It is hypothesized that analyzing the change in the intrinsic relationship existing between measured 
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SARS-CoV-2 viral signal in wastewater and reported daily new positive clinical tests may reveal additional 

information regarding testing strategy effectiveness in approximating true disease incidence in a community. 

This relationship, called the WC ratio, was first proposed by Xiao et al. (2022). As the ratio has the 

wastewater titers in the numerator and the reported new clinical cases in the denominator, Xiao et al. (2022) 

proposed that surveying the relative shifts in the WC ratio may yield information regarding clinical testing. 

They also reported that an increased WC ratio could be attributed to insufficient testing in the general 

population (i.e. testing not sufficient to capture the exponential growth of actual COVID-19 cases).  

In this study, the WC ratio was analyzed over periods of 8 to 21 months in the seven Canadian 

cities/regions to help identify occurrences of major epidemiological importance during the COVID-19 

pandemic. Four major epidemiological events were identified through retrospective analysis and were as 

follows: i) a period of insufficient clinical testing during a change in clinical testing strategy (i.e., walk-in 

testing changed to appointment-based testing); ii) the emergence of a more infectious VOC (Alpha) in the 

context of low vaccine- or naturally-acquired community immunity; iii) the emergence of a more 

transmissible and virulent VOC (Delta) in the context of high community immunity, and iv) the emergence 

of a more transmissible VOC (Omicron) in the context of immunity escape in a susceptible community. 

Furthermore, possible confounding factors such as the age, demographics, and vaccination/immunization 

rates of reported new clinical cases were also considered to assure that observed trends were not affected 

by these elements. The objective of this study was therefore to investigate and quantify the ability of the 

WC ratio to identify major epidemiological occurrences and further elucidate the relationship existing 

between WEM and reported clinical cases to complement and enhance the value of WEM and enhance its 

usefulness as an applied diagnostic technology. 

5.4. Materials and methods 

Analytical testing completed in this study occurred in four different laboratories throughout Canada, 

and as such specific methodologies, site-specific sampling schedules, sample processing, extraction, and 

quantification techniques differ slightly between the various cities/regions. Before starting, all employed 

methodologies were compared as part of a broader pan-Canadian interlaboratory study (Chik et al., 2021) 

and determined to be of similar performance under the tested conditions. A list of the testing periods 

included in this study and the major epidemiological events identified at each testing site is shown below 

in Table 5-1. The major epidemiological events selected for consideration as part of this study were selected 

on the basis of either: i) enactment or change in governmental policies impacting clinical testing, and ii) 

onset of a novel VOC in the community (as determined via an allelic proportionality in wastewater of 40-

60%). Furthermore, a summary of the characteristics of each water resource recovery facility (WRRF) is 
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shown in Supplementary Material (Table S1). The studied data sets for most locations stopped in August 

2021, however, the studied data set in Ottawa (most frequently sampled and tested) was chosen to be 

extended into the Omicron VOC onset. 

Table 5-1: Testing periods and analyzed major epidemiological events identified per studied site, which were selected for 

consideration as part of this study. If no dates are shown for a particular event at a particular location, the data for that specific 

event was not available (testing had not commenced) or was measured to infrequently for sufficient analyses and interpretation. 

Location Studied period 

Identified change 

in clinical testing 

strategy changed to 

appointment based 

only 

Identified onset of 

allelic 

proportionality of 

B.1.1.7 (Alpha) VOC 

reaching 40-60% 

Identified onset of 

allelic 

proportionality of 

B.1.617.2 (Delta) 

VOC reaching 40-

60% 

Identified onset of 

allelic 

proportionality of 

B.1.1.529 (Omicron) 

VOC reaching 40-

60% 

Ottawa 
06-04-2020 to  

09-01-2022 
06-10-2020 23-03-2021 31-07-2021 20-12-2021 

Toronto 
11-02-2021 to 

20-11-2021 
- 02-03-2021 22-06-2021 - 

Kitchener 
01-12-2020 to 

15-09-2021 
- 10-03-2021 06-06-2021 - 

Peel 
20-09-2020 to 

30-08-2021 
- 22-02-2021 28-05-2021 - 

Waterloo 
07-12-2020 to 

15-09-2021 
- 27-03-2021 14-06-2021 - 

Edmonton 
12-07-2020 to 

26-09-2021 
- 23-02-2021 18-07-2021 - 

Calgary 
09-07-2020 to 

21-09-2021 
- 22-03-2021 18-07-2021 - 

5.4.1. Sample collection, enrichment, concentration, and extraction 

5.4.1.1. Ottawa 

24-hour composite samples of primary clarified sludge were collected from the City of Ottawa’s 

sole WRRF, the Robert O. Pickard Environmental Centre (ROPEC), starting on Apr. 8th, 2020, with daily 

sample collection beginning on Sep. 10th, 2020. The WRRF services approximately 91% of households and 

individuals in the City of Ottawa (pop.: 1.1M). Composites (500 mL) were collected every morning and 

kept on ice until transported to the University of Ottawa for analysis. In this study, samples were analyzed 

from Apr. 8th, 2020, until Jan. 5th, 2022. Primary sludge samples were first homogenized well by mixing 

and then 40 mL of each sludge sample was concentrated by centrifugation for 45 minutes at 10,000 x g. 

The supernatant was discarded, and the wet pellet was centrifuged a second time at 10,000 x g for an 

additional 5 minutes. The resulting pellet (5 to 7 g) was then homogenized, and 0.250 g ± 0.05 g of the 

resulting solids pellet was extracted as previously described using Qiagen’s RNeasy PowerMicrobiome Kit 

(Qiagen, Germantown, MD) using a QIACube Connect automated extraction platform (D’Aoust et al., 

2021a, 2021c). RNA was finally eluted in 100 µL of RNase-free water. 

5.4.1.2. Toronto 
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24-hour composite samples (500 – 1,000 mL) of post-grit influent were collected from three water 

resource recovery facilities in the City of Toronto, including Ashbridge’s Bay (TAB), Highland Creek 

(THC), and North Toronto (TNT) at frequencies of three to five times per week between Feb. 11th, 2021, 

and Nov. 22nd, 2021. After arriving at the laboratory at the University of Toronto, two pseudo-biological 

replicates (80 mL for TAB and THC samples, and 120 mL for TNT samples) of fully mixed post-grit 

influent wastewater were centrifuged. The wastewater samples were then transferred to 50 mL centrifuge 

tubes in 40 mL aliquots and centrifuged at 10,000 x g for 45 minutes at 4°C. After removal of the 

supernatant, the remaining wet pellet was transferred to a 2 mL screw-cap microcentrifuge tube and further 

centrifuged at 13,000 x g for 1 minute. After completely decanting the supernatant, the final pellet and 

microcentrifuge tube was weighed. For pellets not exceeding 250 mg, RNA extraction was performed as 

previously described using Qiagen’s RNeasy PowerMicrobiome Kit (Qiagen, Germantown, MD) (D’Aoust 

et al., 2021a, 2021c)., with the following modifications to the protocol: 10 µL beta-mercaptoethanol and 

100 µL phenol:chloroform:isoamyl alcohol (25:24:1 v/v) mixtures (Invitrogen, CAT# 15593031, USA) 

were added to the bead beating tube along with the lysis buffer in the kit. For pellets exceeding 250 mg, 

each pellet was split into two portions to proceed with cell lysis and inhibition removal (IRS), and only half 

of the combined supernatant from the IRS step was used in the remaining extraction steps. Whole process 

controls, which included extraction blanks, positive controls and negative controls were included for each 

extraction. RNA was finally eluted in 100 µL of RNase-free water. 

5.4.1.3. Kitchener, Peel, and Waterloo 

24-hour composite samples (500 – 1,000 mL) of post-grit influent were collected from the 

following locations: (Kitchener) Region of Waterloo’s water resource recovery facility (Dec. 7th, 2020, to 

Sep. 15th, 2021), (Peel) Clarkson water resource recovery facility (Aug. 8th, 2020, to Sep. 15th, 2021) and 

G.E. Booth water resource recovery facility (Jul. 20th, 2020, to Aug. 30th, 2021), and (Waterloo) Waterloo 

water resource recovery facility (Dec. 7th, 2020, to Sep. 15th, 2021). Samples were collected at a frequency 

of three to five times per week. Samples were aliquoted into 250 mL HPDE bottles (Systems Plus, Baden, 

Canada) and transported on ice to the University of Waterloo. Upon arrival, the sample bottles were well 

mixed, and a 40 mL aliquot was poured into 50 mL centrifuge tubes containing 4 g PEG-8000 and 0.9 g 

NaCl and mixed on an orbital shaker at 4°C for 2 h before being stored at 4°C overnight. The samples were 

then centrifuged at 12,000 x g at 4°C for 90 minutes with no deceleration/brake applied. The majority of 

the supernatant was discarded, and the remaining sample was centrifuged again at 12,000 x g at 4°C for 5 

minutes with no deceleration/brake applied. The remaining supernatant was decanted/pipetted out and the 

wet weight of the resulting pellet was recorded. Up to 250 mg of the pellet was used for RNA extraction 

using the RNeasy PowerMicrobiome Kit (Qiagen, Germantown, MD) with the addition of 100 µL of TRIzol 
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(Thermo Fisher, Ottawa, Canada) to the pellet before bead beating. RNA was finally eluted in 100 µL of 

RNase-free water. 

5.4.1.4. Edmonton and Calgary 

24-hour composite samples (500 mL) of post-grit wastewater influent were collected from the 

following locations: (Edmonton) EPCOR Gold Bar Wastewater Treatment (May 18th, 2020, to Sep. 26th, 

2021) and the city of Calgary water resource recovery facility (May 17th, 2020, to Sep. 21st, 2021). Samples 

were collected at a frequency of three to five times per week. Wastewater concentration and RNA extraction 

were performed as previously described (Qiu et al., 2021). Briefly, 100 ml wastewater samples were spiked 

with 100 µl of a suspension of human coronavirus (HCoV) strain 229E (105 IU/ml titrated by TCID50) to 

monitor virus recovery. The spiked samples were adjusted to a pH of 9.6-10 using 5N NaOH, mixed 

vigorously for 30 seconds, and then centrifuged at 4,500 x g for 10 min to pellet solids. The liquid fraction 

was then transferred into a new container, adjusted to pH 7-7.5 using 1.2N HCl, and then concentrated by 

ultrafiltration using a Centricon Plus-70™ filter with a pore size or Nominal Molecular Weight Limit 

(NMWL) of 30 KDa (Merck Millipore, Carrigtwohill, Ireland) at 3000 x g for 10 minutes at 4°C. The 

concentrated sample was adjusted to a final volume of 1 ml by adding phosphate-buffered saline (PBS) and 

stored at −70°C until RNA extraction. Viral RNA was extracted from ultrafiltration wastewater 

concentrates using the MagMAX™-96 Viral RNA isolation kit (Thermo Fisher Scientific, Ottawa, Canada) 

and the King Fisher™ Flex Purification System (Thermo Fisher Scientific, Ottawa, Canada) using 400 µl 

of wastewater concentrate as input. RNA was finally eluted in 100 µL of elution buffer. 

5.4.2. RT-qPCR quantification of SARS-CoV-2, pepper mild mottle virus, Alpha, Delta, and 

Omicron VOCs in wastewater 

Singleplex RT-qPCR quantification of SARS-CoV-2 targets and Pepper Mild Mottle Virus 

(PMMoV) was performed in the four laboratories analyzing samples for this study. A summary of the 

targeted SARS-CoV-2 genes, RT-qPCR reaction characteristics, and QA/QC controls utilized in each 

laboratory during this study are shown below in Table 5-2. All probes and primers utilized in this study are 

included in the Supplementary Material (Table S2). For viral signal normalization, the copies of SARS-

CoV-2 (N1/N2) detected per reaction were normalized against the quantified copies of PMMoV from 

corresponding samples. Observed slight differences between the ALOQ in this study between labs is likely 

caused by standard material used, preparation of standards and differences in primer and probe 

concentrations, an issue previously outlined in the literature (Bivins et al., 2021). 
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Table 5-2: Summary of the RT-qPCR quantification of SARS-CoV-2 targets and PMMoV in all four laboratories which 

performed analyses for this study. 

 Ottawa Toronto Kitchener, Peel, and Waterloo Edmonton and Calgary 

Targeted SARS-

CoV-2 regions 

N1, N2, ND3L (Alpha), D63G 

(Delta), P13L (Omicron) 

N1, N2, ND3L (Alpha), 

D63G/N200 (Delta) 

N1, N2, ND3L (Alpha), 

D63G/N200 (Delta) 

N1, N2, E, ND3L (Alpha), D63G 

(Delta) 

Targeted biological 

normalizer 
PMMoV PMMoV PMMoV PMMoV 

RNA template 

volume (µL) 

3 (SARS-CoV-2 targets) / 1.5 

(PMMoV) 
4 5 5 

Total RT-qPCR 

reaction volume 

(µL) 

10 10 20 10 

Supermix used 
TaqManTM 1-Step Fast Virus 

Master Mix (ABI) 

TaqManTM 1-Step Fast Virus 

Master Mix (ABI) 

TaqPathTM 1-Step RT-qPCR 

Master Mix (ABI) 

TaqManTM 1-Step Fast Virus 

Master Mix (ABI) 

Standard utilized 
Exact Diagnostics SARS-CoV-2 

RNA standard (COV019) 

Custom concatenated plasmid 

containing N1, N2, and PMMoV 

gene regions 

Exact Diagnostics SARS-CoV-2 

RNA standard (COV019) 

Custom in-vitro transcribed 

gblock 

Standard curve 

points 
5-6 5-6 5-6 5-6 

Endogenous spike 

in 
VSV - 

HCoV-229E, zebrafish dsDNA, 

MS2 
- 

Corrected for 

recovery efficiency? 
No No No No 

Inhibition check? Yes, via dilution Yes, via dilution Yes, via zebrafish dsDNA Yes, via dilution 

Assay limit of 

detection (ALOQ) 

for N1, N2, PMMoV 

targets 

(copies/reaction) 

3.2 (N1), 8.1 (N2),  

7.6 (PMMoV) 
1.6 (N1), 1.6 (N2) - 1.6 (N1), 1.6 (N2) 

RT-qPCR 

conditions 

(All targets) 

Reverse trans.: 5 min. @ 50°C, 1 cycle 

Initial denat.: 20 sec. @ 95°C, 1 cycle 

Denaturation: 3 sec. @ 95°C, 45 cycles 
Anneal/ext.: 30 sec. @ 60°C, 45 cycles 

(All targets) 

Reverse trans.: 5 min. @ 50°C, 1 cycle 

Initial denat.: 20 sec. @ 95°C, 1 cycle 

Denaturation: 3 sec. @ 95°C, 45 cycles 
Anneal/ext.: 30 sec. @ 60°C, 45 cycles 

(N2, HCoV-229E, MS2) 

Reverse trans.: 15 min. @ 50°C, 1 cycle 

Initial denat.: 2 min. @ 95°C, 1 cycle 

Denaturation: 3 sec. @ 95°C, 45 cycles 

Anneal/ext.: 60 sec. @ 60°C, 45 cycles 

(N1, PMMoV) 

Reverse trans.: 15 min. @ 50°C, 1 cycle 

Initial denat.: 2 min. @ 95°C, 1 cycle 

Denaturation: 3 sec. @ 95°C, 45 cycles 

Anneal/ext.: 60 sec. @ 60°C, 45 cycles 

(N1, N2, E and ND3L) 

Reverse trans.: 5 min. @ 50°C, 1 cycle 

Initial denat.: 20 sec. @ 95°C, 1 cycle 

Denaturation: 3 sec. @ 95°C, 45 cycles 

Anneal/ext.: 30 sec. @ 60°C, 45 cycles 

(D63G) 
Reverse trans.: 5 min. @ 50°C, 1 cycle 

Initial denat.: 20 sec. @ 95°C, 1 cycle 

Denaturation: 3 sec. @ 95°C, 45 cycles 

Anneal/ext.: 30 sec. @ 55°C, 45 cycles 

Primer and probe 

concentrations 

500 µM (primers) 

125 µM (probes) 

500 µM (primers) 

125 µM (probes) 

500 µM (primers) 

125 µM (probes) 

800 nM (primers) and 200 nM 

(probes) (N1, N2, E) 

900 nM (primers) and 250 nM 

(probe) (ND3L) 

800 nM (primers) and 250 nM 

(probes) (D63G) 

Replicate exclusion 

threshold 
Ct ≥ 0.5 Ct ≥ 0.5 Ct ≥ 0.5 None 

Standard curve 

acceptance 

characteristics 

R2 ≥ 0.95,  

90% ≤ Eff. ≤ 120% 

R2 ≥ 0.99,  

95% ≤ Eff. ≤ 105% 

R2 ≥ 0.95,  

95% ≤ Eff. ≤ 105% 

External standard curve 

characteristics (data from 10 

separate RT-qPCR runs): 

R2 ≥ 0.99 

95% ≤ Eff. ≤ 103% (N1 and N2) 

R2 ≥ 0.99 

92% ≤ Eff ≤ 113% (ND3L) 

R2 ≥ 0.99 

90% ≤ Eff ≤ 109% (D63G) 

 

Other QA/QC 

performed 

Extraction blank, no 

extrapolation of values, negative 

controls 

Extraction blank, negative 

controls, positive controls 

Extraction blank, no 

extrapolation of values, negative 

controls, positive controls, no RT 

controls 

Extraction blank, negative 

controls. External standard curve 

was verified for each RT-qPCR 

run at two different standard 

dilutions; Ct values differences 

between standards in each run vs 

those from external standard 

curve should be within ± 1  

5.4.3. Epidemiological data 
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Daily epidemiological data including new daily testing, reported positive COVID-19 cases, and 

demographics of new infections were obtained throughout the study via Ottawa Public Health’s online 

portal (Ottawa Public Health, 2021), Public Health Ontario’s COVID-19 online data tool (Public Health 

Ontario, 2021), and the COVID-19 surveillance database of the Government of Alberta (Government of 

Alberta, 2021). The epidemiological data were provided per geographical area by the various public health 

units (known in certain jurisdictions as public health agencies) to best match the sewershed of each studied 

location. stratified by geographic areas or sites having wastewater-based SARS-CoV-2 surveillance 

included in this study. Vaccination information was obtained via Public Health Ontario’s COVID-19 online 

data tool (Public Health Ontario, 2021) for locations in Ontario, and from the Government of Canada’s 

COVID-19 vaccination coverage information page (Government of Canada, 2021). 
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5.4.4. Statistical analysis 

The Pearson’s product-moment correlation coefficient (Pearson’s r) was calculated to evaluate the 

strength of the relationship between PMMoV normalized SARS-CoV-2 viral signal measured in wastewater 

and reported clinical cases throughout the study. Furthermore, to establish if changes occurred in the WC 

ratio values during key epidemiological occurrences, the Mann-Whitney U test was performed on the 15-

day periods preceding and following the key epidemiological occurrences. A non-parametric test (Mann-

Whitney U test) was employed to establish significance in changes of the WC ratio during key 

epidemiological occurrences to remove distribution effects. In this study, due to the variance in distribution 

shape, the distribution means will carry more statistical significance than the p-value. A regression analysis 

and subsequent analysis of the residuals were also performed between the 7-day midpoint average daily 

new reported clinical cases and the 7-day midpoint average observed viral signal in wastewater to establish 

if any outliers existed. 

5.4.5. Calculations of the WC ratio 

The WC ratio in this study was calculated by using the PMMoV-normalized SARS-CoV-2 viral 

signal (arithmetic mean of the technical triplicates of the N1 and N2 gene region’s measured viral signal in 

wastewater, in copies/copies PMMoV) and dividing this value by the reported number of new COVID-19 

clinical cases on the same day (non-retrospective/corrected), similar to what was described previously in 

the literature (Xiao et al., 2022). No lead-lag correction was applied to the calculations of the WC ratio 

(Cavany et al., 2022; D’Aoust et al., 2021a; Galani et al., 2022; Olesen et al., 2021). 

5.4.6. Calculation of VOC allelic proportions 

The allelic proportions of different SARS-CoV-2 VOCs were calculated by dividing measured 

VOC-associated viral copies/g by the universal/non-mutated equivalent genomic region viral copies/g, to 

obtain a percentage/proportion, as previously described (Graber et al., 2021). This calculation allows to 

track what percentage of the viral signal observed in wastewater is attributable to the presence of circulating 

VOCs. 

5.4.7. Standardization of SARS-CoV-2 measurements for comparison of curves 

The viral signal was first standardized to be of a similar scale (on the same axis) by multiplying the 

PMMoV-normalized viral signal measurements in Ottawa and Toronto by 100,000, Kitchener by 300,000, 

Waterloo by 500,000, not modifying the measurement of Peel, and dividing the measurements of Edmonton 
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and Calgary by 1,000. This was performed to facilitate initial graphical comparison of results by community, 

and to aid with plotting/graphing. 

5.5. Results and discussion 

5.5.1. Overview of SARS-CoV-2 surveillance at studied sites 

Surveillance of SARS-CoV-2 viral signal at the studied sites began on different dates due to the 

different laboratories employed to support WEM across the study cities. Ottawa samples consisted of 

primary sludge, whereas samples for all other tested locations were post-grit influent wastewater. This could 

potentially influence the PMMoV quantification and the corresponding calculated WC ratio because of a 

higher weight-normalized concentration of PMMoV found in primary sludge solids as compared to post-

grit influent wastewater (D’Aoust et al., 2021b; LaTurner et al., 2021; Mercier et al., 2022; Nagarkar et al., 

2022; Verily Life Sciences, 2021; Wolfe et al., 2021). Additionally, other factors such as the intra-day 

variations of laboratory measurements, the inherent variations present due to the technology employed 

(PCR), and the various normalization techniques (or lack thereof) may also impact reported results. Finally, 

for the purpose of the analyses performed in this study, shedding rate was also assumed to be relatively 

constant throughout the analyzed periods, due to each period analyzed in this study corresponding to a 

single SARS-CoV-2 dominant strain/variant (Bertels et al., 2022; Crank et al., 2022). The measured viral 

signals (normalized with PMMoV for all locations in Ontario, non-normalized for locations in Alberta) are 

shown to have a relatively good visual agreement with clinical data throughout the studied periods (Figure 

5-1a.). The COVID-19 pandemic in Canada has so far has been characterized by a surge of COVID-19 

cases in the early pre-vaccination stage of the pandemic (March 2020) followed by four subsequent 

resurgences (Figure 5-1a.) in September 2020, December 2020, March 2021, and December 2021. The 

scale-standardized viral signal observed in wastewater at all seven tested sites demonstrates a good general 

agreement with the observed 7-day midpoint average for new COVID-19 clinical cases reported by their 

respective public health units over the separate resurgence periods, as determined via correlation analysis. 

An alternative version of Figure 5-1, with all viral signals reported in copies/L, is also included in the 

Supplementary Material (Figure S1). A summary of the Pearson’s r correlation analyses for the viral signal 

and clinical cases shown in Figure 5-1 is shown in the Supplementary Material (Table S3).  

Mass immunization campaigns began in Canada in December 2020 for essential healthcare workers 

and the most vulnerable in the community (elderly and the immunocompromised). Vaccine rollout was 

relatively limited in early 2021, but vaccination rates increased rapidly throughout spring and summer. 

Facemask mandates were present throughout almost the entirety of the studied period, and intermittent 
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gathering restrictions were also imposed intermittently. All studied communities reached a full 

immunization rate of at least 60% by Sept. 1st, 2021, and a full immunization rate (two approved vaccine 

doses) of at least 70% by Nov. 1st, 2021 (Figure 5-1b.).  
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Figure 5-1: Comparison of a. scale-standardized PMMoV-normalized (Ottawa, Toronto, Kitchener, Peel and Waterloo) and non-PMMoV normalized 

(Edmonton and Calgary) SARS-CoV-2 viral signal measured in wastewater to reported new daily COVID-19 cases in the communities, with the onset of events 

of high epidemiological importance outlined with vertical dashed lines, coupled with b. summary of the immunization status of the populations living within 

the studied communities. 
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When performing this particular analysis in all seven studied communities, significant changes in 

the WC ratio were hypothesized as being indicative of four major events: 1) a change in the clinical testing 

strategy that introduced the requirement to book a COVID-19 test appointment (5 out of 7 sites were in 

provinces that invoked this testing strategy); 2) the onset of the B.1.1.7 VOC during periods of low 

community immunity (all 7 sites were testing during this period), 3) the onset of the B.1.617.2 (Delta) VOC 

during periods of high community immunity (all 7 sites were testing during this period), and 4) the onset 

of the B.1.1.529 (Omicron) VOC during periods of high community immunization rates (75%+), with a 

VOC which has demonstrated immunity escape (a single site was testing during this period). 

5.5.3. Event #1: WC ratio as an indicator of change in clinical testing strategy 

Throughout the pandemic, public health units have adjusted their clinical testing strategies to better 

track the rate of incidence and prevalence of SARS-CoV-2 in their communities and help infer additional 

information, such as an approximate number of active disease cases and the pathogen’s reproduction rate 

(China Center for Disease Control, 2020; Hoseinpour Dehkordi et al., 2020; Hyafil and Moriña, 2020; 

Khailaie et al., 2021; Kolifarhood et al., 2020; Pan et al., 2020). PCR-based clinical testing methods have 

been the primary metric of COVID-19 rates of incidence and prevalence in communities for public health 

professionals. However, RT-PCR nucleic acid clinical tests are not without limitations; first, individuals 

may decline clinical testing or refuse to seek medical treatment during a pandemic despite being 

symptomatic, complicating both tracking of cases and contact tracing (Novoa et al., 2021), and second, RT-

PCR test results may suffer from a substantial false-negative rate, especially when considering the time of 

testing in relation to symptom onset and the type of sample collected (sputum, stool, nasopharyngeal, 

oropharyngeal, etc.) (da Rocha Araujo, 2020; Hatchette, 2009; Wikramaratna et al., 2020).  

An epidemiologically important event occurred when changes in clinical testing strategies were 

effected in the province of Ontario (affecting Ottawa, Kitchener, Toronto, Peel and Waterloo), Canada on 

October 6th, 2020. In response to an increasing backlog of tests, and to ensure individuals could get tested 

at a specific time with minimal wait (Crawlley et al., 2020), provincial guidelines and the framework for 

the initiation of SARS-CoV-2 RT-PCR clinical testing were changed from an open-access, walk-in format 

to one in which individuals were required to book an appointment before testing. This change in testing 

strategy presented a significant, if brief, barrier for Ontario residents wanting to be tested for COVID-19 

by necessitating online bookings, which made it more difficult for groups of the general population to access 

testing resources. Regular and consistent WEM had already been introduced in Ottawa during this period 

and, as such, a quantitative analysis of the effects of changes in testing strategies was performed. While the 

change occurred in 5 of the 7 locations, the effects of the change were only studied in Ottawa as other 
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locations either had not started their WEM, or were at the very beginning, and critical complementary data 

such as clinical testing information was missing. 

When comparing the preceding 15-day period (Sept. 21st, 2020 – Oct. 5th, 2020) before the testing 

strategy change and the next 15-day period after enactment of the change (Oct. 6th, 2020 – Oct. 21st, 2020) 

in Ottawa the number of clinical tests performed on the general population decreased by an average of 23.2% 

(Figure 5-2). Concurrently, the local public health units reported a corresponding decrease of 16.8% in 

detected new clinical cases of COVID-19 in Ottawa (Figure 5-2). During the same period, Ottawa’s 

normalized viral signal (average of N1-N2 viral copies/copies PMMoV) reported an increase of 55.9%, and 

the corresponding WC ratio increased by over 189% (Figure 5-2). The significant increase in the WC ratio 

in Ottawa occurred due to both increased wastewater signal and decreasing numbers of reported new 

clinical cases occurring simultaneously, thereby amplifying the increase in the WC ratio. During this period, 

variant testing in Ottawa’s wastewater confirmed that no known major VOC was circulating in the general 

population, and an analysis of the age demographic of new cases (Figure S2) showed no statistically 

significant difference during the 30-day sample set. Furthermore, no vaccines were available to the general 

public during this first studied period. Based on the observed increase (>50%) in the WC ratio observed in 

Ottawa, it is hypothesized that the WC ratio may be an indicator of issues, such as flawed or difficult to 

access clinical testing resources, or overall insufficient clinical testing in relation to wastewater viral signal. 

This agrees with the findings and observations presented by Xiao et al. (2022). To determine the statistical 

significance of the change in WC ratio in Ottawa during the studied period, a non-parametric Mann-

Whitney U test was performed, and the corresponding p-value was calculated. In Ottawa, the WC ratio 

before the change in strategy had a mean of 4.8 x 10-6 (IQR = 2.8 x 10-6 - 6.1 x 10-6), while the mean after 

the change in testing strategy was 1.4 x 10-5 (IQR = 8.2 x 10-6 - 1.4 x 10-5). As hypothesized, changes in the 

testing strategy correlated with an increase in WC ratio (p-value < 9 x 10-5). 
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While clinical testing currently remains the frontline measure of choice for the surveillance and 

tracking of COVID-19 incidence in the community, these findings strongly suggest that current and future 

disease surveillance efforts will benefit immensely from a multi-pronged surveillance approach 

incorporating more than the potentially biased case rates of clinically acquired diseases. COVID-19 and 

pandemic-potential diseases have been difficult to accurately track using traditional clinical testing methods 

as they are generally less effective at surveying disease burden due to many contributing factors, including 

testing capacity, the ability, and the desire of individuals to be tested (Gonsalves and Yamey, 2020; Jaiswal 

et al., 2020; Malinverni and Brigagão, 2020; Uscinski et al., 2020). It will continue to be difficult to conduct 

the widespread, mandatory disease surveillance of a population that is necessary to obtain information that 

could be interpreted as fully random and representative of the true rate of incidence of disease (McDermott 

and Newman, 2020; Pouwels et al., 2021; Rubin, 2020; Shao et al., 2020). In this context, it therefore 

appears highly useful to utilize WEM and the WC ratio to complement traditional clinical testing results. 

WEM and the resulting measured viral load can be used as a confirmatory measure of actual rates of disease 

burden in the community, while rapid changes in the WC ratio may help identify periods of inadequate or 
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Figure 5-2: Comparison of the number of daily SARS-CoV-2 RT-PCR nucleic acid clinical tests 

performed and corresponding daily new COVID-19 positive cases, the daily viral signal measured 

through a SARS-CoV-2 wastewater surveillance program and the corresponding wastewater/clinical 

cases ratio (WC) during the same period in Ottawa. 
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altered clinical testing. Specifically, observing changes in the relative WC ratio may allow for the detection 

of changes in reported clinical cases that are not linked to actual changes in viral load in the community but 

are instead linked to shifts in testing rules and regulations, testing strategies, or fundamental changes in the 

disease vector. It is however important to also consider potential variations and uncertainties present in 

WEM (Ahmed et al., 2022; Li et al., 2021; Wade et al., 2022), as these will also have an impact on the WC 

ratio. It is hypothesized that in this study, due to trends observed during the change in testing strategies, is 

it likely that reported clinical cases may have been underreported in Ottawa following the modification to 

the testing strategies applied in these communities.  

5.5.4. Event #2: WC ratio as an indicator of the onset of the B.1.1.7 (Alpha) variant of concern  

SARS-CoV-2, being an RNA virus, is susceptible to mutations that can cause changes in its 

epidemiological characteristics, such as increased infectivity and/or virulence in comparison to its ancestral 

lineages (Burki, 2021; Drake and Holland, 1999; Duffy, 2018; Holmes and Rambaut, 2004). Throughout 

the COVID-19 pandemic, mutations of the SARS-CoV-2 spike (S) protein, referred to colloquially as 

D614G and N501Y, became hallmarks of the B.1.1.7 VOC, now referred to as the Alpha VOC. The onset 

of the Alpha VOC resulted in increased transmission of COVID-19 in the community (Frampton et al., 

2021; Galloway et al., 2021; Graham et al., 2021), potentially affecting both observed viral load via WEM 

and new daily reported COVID-19 cases in the community by the public health unit. The period of onset 

of the Alpha VOC in the seven studied communities was confirmed via RT-qPCR allelic proportion 

determination (Figure 5-3) using a previously developed and validated assay (Graber et al., 2021). The 

onset of the Alpha VOC in a community was defined as such by determining when a consistent B.1.1.7 

VOC allelic proportionality of between 40-60% of the SARS-CoV-2 viral signal in wastewater was reached 

and subsequently exceeded. 

Using Ottawa as an initial test case, when comparing the average of the preceding 15-day period 

and the average of the next 15-day period after the period of onset of the B.1.1.7 VOC, the number of 

clinical tests performed on the general population increased by 19.6% (Figure 5-3a.) and the local public 

health team reported a corresponding increase of 188.3% in the detection of new daily clinical cases of 

COVID-19 (Figure 5-3b.). During the same period, normalized WEM reported a more modest increase of 

70.8% in measured viral signal (average of N1-N2 viral copies/copies PMMoV). Furthermore, the WC ratio 

decreased by 56.3% (Figure 5-3c.). During the studied period, the onset of the Alpha VOC led to an 

observed change in the relationship between the number of reported COVID-19 cases and the observed 

WEM viral signal, and its hypothesized that the Alpha VOC may have altered viral fecal shedding dynamics 

in terms of viral load in fecal matter over time (Miura et al., 2021). An analysis of the age demographic of 
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new cases and changes in community immunization (Figure S3) showed no statistically significant 

difference during the studied 30-day period. The percentage of the total population fully immunized (2 

doses +) increased from 2% to 2.3% during the studied 30-day period, but due to the time required for 

immuno-competence development and overall very low immunization rate, it is understood that vaccination 

was not likely to be an important factor in affecting reported clinical cases or viral fecal shedding dynamics 

during this period (Public Health Ontario, 2021). 

A summary of proportional observed changes in the preceding 15-day period and following 15-day 

period in reported clinical cases of COVID-19, measured viral signal in wastewater and WC ratio at all 

seven tested locations is shown in the Supplementary Material (Table S4). Individually, proportional 
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Figure 5-3: Comparison of a. the number of daily SARS-CoV-2 RT-PCR nucleic acid clinical tests performed and 

corresponding daily new COVID-19 positive cases in Ottawa, Canada, b. the daily viral signal measured through a 

SARS-CoV-2 wastewater surveillance program. 
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changes in reported clinical cases and measured SARS-CoV-2 viral signal in wastewater varied, however, 

in six of seven tested locations during this period, a marked decrease in the observed WC ratio (average 

decrease of 41.6%) was observed, which may signal the emergence of the B.1.1.7 VOC as the dominant 

source of new infections (Figure 5-4). Only in Calgary did the WC ratio increase (6.4%) during the onset 

of the B.1.1.7 VOC. This trend in the decrease of the WC ratio potentially signaling important chances in 

disease dynamics is consistent with observations by Xiao et al. (2022) for the Boston area during the period 

where the Alpha VOC became dominant in wastewater (Lee et al., 2021). It has been suggested in the 

literature that there may be increased viral loading in symptomatic individuals caused by the Alpha variant 

as compared to the wild type of SARS-CoV-2 based on data obtained from nonhuman primates (Rosenke 

et al., 2021). However, there is not yet a consensus on this matter for human subjects (Badu et al., 2021; 

Zhu et al., 2021). The decrease in the WC ratio could also have been caused by a greater increase in 

transmissibility of the disease without a corresponding increase in fecal shedding (unequal variance in viral 

load in tissue and secretions), increased awareness in the general population, or increased severity of 

symptoms thereby leading more infected individuals to seek clinical testing, resulting in a lower WC ratio 

after the onset.  

Mann-Whitney U tests were performed on each data set during the Alpha VOC onset to investigate 

the shifts in WC ratios in the studied locations. The results of the tests, along with accompanying 

interpretation, are shown below in Table 5-3. It is important to note that in this study, non-parametric Mann-

Whitney U tests were chosen as the preferred analysis method over other parametric tests to establish if a 
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Figure 5-4: Comparison of the WC ratio and B.1.1.7 allelic proportionality during the onset of the B.1.1.7 (Alpha) VOC in the 

additional 6 locations in Canada (Toronto, Kitchener, Peel, Waterloo, Edmonton, and Calgary). 
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statistical change occurred before and after the studied major epidemiological events. This choice was made 

due to the non-normal distribution of WC ratio values. However, the Mann-Whitney U test and the 

interpretation of the p-value may be limited as the shape of the analyzed distributions are unlikely to be 

similar (as observed with the observable changes in WC ratio values over time). In this instance, more 

weight should be given to the comparison of the mean rank over the p-value. 

Table 5-3: Mean WC ratio and interquartile ranges (1st and 3rd quartiles) before and after the Alpha VOC onset along with the 

results of Mann-Whitney U tests performed on the WC ratio data sets to evaluate the significance of shifts before and after the 

Alpha VOC 

Location 

Mean WC 

ratio 

(before)/(after) 

IQR  

(1st / 3rd quartiles) 

Mann-

Whitney 

U test p-

value 

Interpretation 

Ottawa 
1.4 x 10-5 /  

6.3 x 10-6 

4.5 x 10-6 – 2.4 x 10-5 / 

4.1 x 10-6 – 8.5 x 10-6 
0.254 

As hypothesized, decreases in the WC ratio 

occurred during the Alpha onset, however the 

Mann Whitney U test could not establish 

statistical significance (p < 0.1).  

Toronto 
2.9 x 10-6 /  

2.1 x 10-6 

2.4 x 10-6 – 3.6 x 10-6/ 

1.7 x 10-6 – 2.7 x 10-6 
0.165 

As hypothesized, decreases in the WC ratio 

occurred during the Alpha onset however the 

Mann Whitney U test could not establish 

statistical significance (p < 0.1). Lower 

frequency of testing could have had an impact 

on the test results. 

Kitchener 
4.7 x 10-6 /  

2.9 x 10-6 

1.6 x 10-6 – 6.3 x 10-6/ 

2.1 x 10-6 – 3.5 x 10-6 
0.886 

As hypothesized, decreases in the WC ratio 

occurred during the Alpha onset, however the 

Mann Whitney U test could not establish 

statistical significance (p < 0.1). Lower 

frequency of testing could have had an impact 

on the test results. 

Peel 
0.29 /  

0.14 

0.21 – 0.37 /  

0.10 – 0.16 
0.886 

As hypothesized, decreases in the WC ratio 

occurred during the Alpha onset, however the 

Mann Whitney U test could not establish 

statistical significance (p < 0.1). Lower 

frequency of testing could have had an impact 

on the test results. 

Waterloo 
3.6 x 10-6 /  

2.4 x 10-6 

2.0 x 10-6 – 3.7 x 10-6 / 

1.6 x 10-6 – 2.9 x 10-6 
0.223 

As hypothesized, decreases in the WC ratio 

occurred during the Alpha onset, however the 

Mann Whitney U test could not establish 

statistical significance (p < 0.1). Lower 

frequency of testing could have had an impact 

on the test results. 

Edmonton 
1.8 x 102 /  

1.5 x 102 

1.1 x 102 – 2.1 x 102 /  

1.9 x 102 – 3.0 x 102  
0.347 

As hypothesized, decreases in the WC ratio 

occurred during the Alpha onset, however the 

Mann Whitney U test could not establish 

statistical significance (p < 0.1). Lower 

frequency of testing or lack of normalization 

for flow/dilution effects could have had an 

impact on the test results. 

Calgary 
3.2 x 102 /  

3.4 x 102 

1.1 x 102 – 2.1 x 102 /  

1.9 x 102 – 3.0 x 102  
0.391 

Contrary to hypothesized, increases in the WC 

ratio occurred during the Alpha onset, however 

the Mann Whitney U test could not establish 

statistical significance (p < 0.1). Lower 

frequency of testing or lack of normalization 

for flow/dilution effects could have had an 

impact on the test results. 
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5.5.5. Event #3: WC ratio as an indicator of the onset of the B.1.617.2 (Delta) variant of concern  

Mutations in the SARS-CoV-2 genome at the N-terminal domain (NTD) and receptor-binding 

domain (RBD) locations led to the rise of the B.1.617 lineage first identified in October 2020 in India 

(Cherian et al., 2021; Yadav et al., 2021), culminating in the dominance of the Delta variant (B.1.617.2) in 

new COVID-19 infections in most locations in North America, including Canada. The Delta variant is 

characterized by increased transmissibility and virulence compared to the Alpha variant (Kannan et al., 

2021; Liu et al., 2021; Planas et al., 2021). The periods of onset of the Delta VOC in the four studied 

communities with available data (Ottawa, Kitchener, Peel, and Waterloo) were confirmed via RT-qPCR 

allelic proportion determination of the D63G portion of the genome using an assay developed and validated 

in-house. These periods of onset were defined as reaching a B.1.617.2 VOC allelic proportion of 40-60% 

of the SARS-CoV-2 viral signal in wastewater and subsequently exceeding this proportionality. 

Using Ottawa as an initial test case, when comparing the average of the preceding 15-day period 

and the average of the next 15-day period after the onset of the B.1.617.2 VOC a modest increase (14.0%) 

in clinical tests that were performed was observed (Figure 5-5a.). Meanwhile, during the same period, the 

reported new clinical cases of COVID-19 more than doubled, increasing by 121.1% of the original value. 

This trend was similar to what was observed during the onset of the Alpha variant for both the number of 

clinical tests performed and new daily COVID-19 cases in Ottawa. However, the total numbers of new 

reported COVID-19 cases per day were substantially lower by approximately one order of magnitude 

during the onset of the Delta variant. Specifically, a 15-day average of 9.1 new cases per day was observed 

during the onset of the Delta variant, while the 15-day average was 117.3 new cases per day during Alpha 

variant onset. These differences in observed new COVID-19 cases in the community were likely driven by 

immunization effects; as of Mar. 23th, 2021 (onset of Alpha variant), only 2.2% of the population in Ottawa 

was fully immunized, compared to 63.1% in Jul. 31st, 2021 (onset of the Delta variant) (Public Health 

Ontario, 2021). During the same period, the normalized WEM signal increased by 45.8% (average of N1-

N2 viral copies/copies PMMoV), which is similar to the trend observed during the onset of the Alpha 

variant (44.5% increase). These combined factors led to a slight decrease of only 18.7% in the WC ratio 

during the onset of the Delta variant, compared to a significantly larger decrease of 56.3% during the Alpha 

variant onset. An analysis of the age demographic of new cases and changes in community immunization 

(Figure S4) showed no statistically significant difference during the studied 30-day period. It is 

hypothesized that immunization impact dampened both increases in reported new COVID-19 cases and 

viral signal in wastewater, effectively dampening the expected effects of the onset of a new, more infectious 

variant of SARS-CoV-2 on the WC ratio. Accordingly, communities with lower rates of immunization 

could be expected to exhibit greater reductions of the WC ratio due to increased rates of infections resulting 
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in higher numbers of new daily COVID-19 cases. During the 30-day period where Delta emerged in Ottawa, 

full immunization in the total population (2 doses +) increased from 54.2% on Jul. 16th, 2021, to 66.9% on 

Aug. 14th, 2021), which likely limited the spread of the Delta variant within the community during this time, 

as attested by the observed viral load in wastewater and reported clinical cases (Figure 5-1a.). 
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Figure 5-5: Comparison of a. the number of daily SARS-CoV-2 RT-PCR nucleic acid clinical tests 

performed and corresponding daily new COVID-19 positive cases in Ottawa, Canada, b. the daily viral 

signal measured through a SARS-CoV-2 wastewater surveillance program. 
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A summary of proportional observed changes in the preceding 15-day period and following 15-day 

period in reported clinical cases of COVID-19, measured viral signal in wastewater, and WC ratio at the 

tested locations is shown in the Supplementary Material (Table S5). Individually, proportional changes in 

reported clinical cases and measured SARS-CoV-2 viral signal in wastewater varied, however in three of 

the five tested locations (Ottawa, Toronto and Waterloo), the WC ratio decreased by an average of 27.0% 

during the emergence of the B.1.617.2 VOC as the dominant source of new infections. Meanwhile, in the 

four other tested locations with data during the emergence of the B.1.617.2 VOC (Peel, Kitchener, 

Edmonton and Calgary), the WC ratio instead increased by an average of 53.8%. A visual comparison of 

the WC ratio changes during the onset of the B.1.617.2 VOC is shown below in Figure 5-6. Contrary to 

trends observed during the B.1.1.7 VOC, the overwhelming trend in the WC ratio was not a decrease. It is 

believed that this increase in WC ratio in some of the locations (Peel, Kitchener, Edmonton and Calgary) 

may have been indicative of a disconnect between reported clinical cases in the communities and observed 

viral signal, caused partly by community immunization (hypothesized to lead to lower viral loads in feces) 

and local clinical testing capacity being reached or exceeded, leading to elevated WC ratio values caused 

by artificially low reported clinical cases. It is likely that in immunized communities without VOCs capable 

of immune escape, the change in the observed WC ratio will be lessened. Under such circumstances, the 

WC ratio is less indicative of the onset of new VOCs entering the community. Mann-Whitney U tests were 
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Figure 5-6: Comparison of the WC ratio and B.1.617.2 allelic proportionality during the onset of the B.1.617.2 (Delta) VOC in 6 

additional locations in Canada (Toronto, Kitchener, Peel, Waterloo, Edmonton, and Calgary). 
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performed on each data set during the Delta VOC onset to investigate the shifts in WC ratios in the studied 

locations. The results of the tests, along with accompanying interpretation, are shown below in Table 5-4.  

 

Table 5-4: Mean WC ratio and interquartile ranges (1st and 3rd quartiles) before and after the Delta VOC onset along with the 

results of Mann-Whitney U tests performed on the WC ratio data sets to evaluate the significance of shifts before and after the 

Delta VOC. 

Location 
Mean WC ratio 

(before)/(after) 

IQR  

(1st / 3rd quartiles) 

Mann-

Whitney 

U test p-

value 

Interpretation 

Ottawa 
4.6 x 10-5 /  

3.8 x 10-5 

2.5 x 10-5 – 6.4 x 10-5 / 

1.5 x 10-5 – 4.3 x 10-5 
0.079 

As hypothesized, decreases in the WC 

ratio occurred during the Delta onset, and 

the Mann Whitney U test could establish 

statistical significance (p < 0.1).  

Toronto 
6.0 x 10-6 /  

3.5 x 10-6 

3.0 x 10-6 – 6.4 x 10-6/ 

2.1 x 10-6 – 3.5 x 10-6 
0.132 

As hypothesized, decreases in the WC 

ratio occurred during the Delta onset, 

however the Mann Whitney U test could 

not establish statistical significance (p < 

0.1). 

Kitchener 
1.2 x 10-5 /  

9.9 x 10-6 

8.1 x 10-6 – 1.8 x 10-5/ 

7.3 x 10-6 – 1.1 x 10-5 
0.409 

As hypothesized, decreases in the WC 

ratio occurred during the Delta onset, 

however the Mann Whitney U test could 

not establish statistical significance (p < 

0.1). Lower frequency of testing could 

have had an impact on the test results. 

Peel 
0.26 /  

0.28 

0.16 – 0.32 /  

0.24 – 0.45 
0.257 

Contrary to the emitted hypothesis, 

increases in the WC ratio occurred during 

the Delta onset, however the Mann 

Whitney U test could not establish 

statistical significance (p < 0.1). Lower 

frequency of testing could have had an 

impact on the test results. 

Waterloo 
2.7 x 10-5 /  

3.8 x 10-5 

6.1 x 10-6 – 2.7 x 10-5 / 2.2 x 

10-5 – 6.1 x 10-5 
0.065 

Contrary to the emitted hypothesis, 

increases in the WC ratio occurred during 

the Delta onset, and the Mann Whitney U 

test established statistical significance (p 

< 0.1). Lower frequency of testing could 

have had an impact on the test results. 

Edmonton 
5.4 x 102 /  

6.0 x 102 

4.1 x 102 – 8.4 x 102 /  

2.6 x 102 – 9.0 x 102  
0.201 

Contrary to hypothesized, increases in 

the WC ratio occurred during the Delta 

onset, however the Mann Whitney U test 

could not establish statistical significance 

(p < 0.1). Lower frequency of testing or 

lack of normalization for flow/dilution 

effects could have had an impact on the 

test results. 

Calgary 
4.7 x 102 /  

1.5 x 103 

3.5 x 102 – 5.8 x 102 /  

7.5 x 102 – 1.1 x 103  
0.624 

Contrary to hypothesized, increases in 

the WC ratio occurred during the Delta 

onset, however the Mann Whitney U test 

could not establish statistical significance 

(p < 0.1). Lower frequency of testing or 

lack of normalization for flow/dilution 

effects could have had an impact on the 

test results. 
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5.5.6. Event #4: WC ratio as an indicator of the onset of the B.1.1.529 (Omicron) variant of concern  

Later in the pandemic, further mutations on the S protein RBD locations resulted in a very 

genotypically different VOC, denoted B.1.1.529 (Omicron). The combination of several mutations 

observed previously in the C.37 (Lambda) variant and several new mutations on the S protein RBD resulted 

in a significantly more infectious yet symptomatically milder VOC (Halfmann et al., 2022; Shuai et al., 

2022), which spread rapidly around the world and replacing Delta as the main VOC in the majority of the 

location where it established. One of the important characteristics of Omicron is its ability to potentially 

evade neutralization in sera, even in vaccine-immunized individuals (He et al., 2021; Zhang et al., 2021). 

Using Ottawa as an initial test case, when comparing the average of the preceding 15-day period and the 

average of the next 15-day period after the period of onset of the B.1.1.529 VOC (December 20th, 2021), 

the number of clinical tests performed on the general population increased by 29.6% and the local public 

health reported a corresponding increase of 497.3% in the detection new clinical cases of COVID-19 

(Figure 5-7a.). During the same period, normalized WEM reported an important increase of 243.5% in 

measured viral signal (average of N1-N2 viral copies/copies PMMoV). At the same time, the WC ratio 

decreased by 41.9% (Figure 5-7c.). It is believed that significant decreases in the WC ratio are an indicator 

of the onset of new VOCs with immune escape abilities. An analysis of the age demographic of new cases 

and changes in community immunization (Figure S5) showed no statistically significant difference during 

the studied 30-day period. Daily vaccination rates during the studied 30-day period increased slightly over 
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time due to residents obtaining third-dose booster vaccinations, but due to the time required for immuno-

competence development, it is understood that vaccination was not likely to be a major factor influencing 

changes of the WC ratio. To determine the statistical significance of the change in WC ratio in Ottawa 

during the Omicron VOC onset, a non-parametric Mann-Whitney U test was performed, and the 

corresponding p-value was calculated. The WC ratio before the Omicron VOC onset had a mean of 1.7 x 

10-6 (IQR = 1.2 x 10-6 – 1.8 x 10-6), while the mean after the Omicron VOC onset was of 1.0 x 10-6 (IQR 

= 7.2 x 10-7 - 1.3 x 10-6). As hypothesized, the onset of a more infectious VOC (Omicron) corresponded 

with a decrease in WC ratio (p-value < 0.035). 
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Figure 5-7: Comparison of a. the number of daily SARS-CoV-2 RT-PCR nucleic acid clinical tests 

performed and corresponding daily new COVID-19 positive cases in Ottawa, Canada, b. the daily viral signal 

measured through a SARS-CoV-2 wastewater surveillance program. 
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The data sets demonstrate that the magnitude of change in the WC ratio correlates with the overall 

disease burden in the community (Figure 5-8). The largest changes in WC ratios are observed during the 

Alpha variant and Omicron variant within the city of Ottawa, which are the two epidemiological events 

responsible for the highest disease burden within the city. In particular, the magnitude of the WC ratio 

during the Alpha and Omicron variants were similar and distinct from the period corresponding to the 

spread of the Delta variant in Ottawa. A distinction between the magnitudes of the WC ratio during the 

Alpha variant compared to the Delta variant also exists in the cities of Toronto, Kitchener, Peel and 

Waterloo. The in-depth analysis of the WC ratio during several major epidemiological events (as described 

in the above sections) revealed several major trends and findings: First, performed alone, both traditional 

clinical testing and WEM sometimes provide limited information for public health units that are monitoring 

a major pandemic disease like COVID-19. Clinical testing appears to sometimes suffer from underreporting 

due to the limited reach of the clinical tests, coupled with the limits in the ability and the desire of individuals 

to be tested, especially if they do not feel unhealthy. Furthermore, a strong relationship exists between the 

number of clinical tests performed and the number of detected new cases in the community, particularly 

during periods of disease resurgence, where a high degree of community transmission occurs, potentially 

biasing interpretations of results. It is hypothesized that this weakness in traditional clinical testing is due 

to the difficulty in performing enough tests throughout the community to constitute testing rates that 

approximate a random distribution. In contrast, WEM effectively tests all individuals connected to the 

sewershed regardless of whether they are symptomatic or believe they have been exposed to the virus. 

Monitoring the WC ratio while performing RT-qPCR-based WEM can appears to provide accurate notice 

0 2×10 -5 4×10 -5 6×10 -5 8×10 -5

B.1.1.529
(Omicron)

B.1.617.2 
(Delta)

B.1.1.7 
(Alpha)

Wastewater/clinical cases (WC) ratio

0 5×10 -6 1×10 -5 1.5×10 -5 2×10 -5 2.5×10 -5

B.1.617.2 
(Delta)

B.1.1.7 
(Alpha)

Wastewater/clinical cases (WC) ratio

0 2×10 -1 4×10 -1 6×10 -1 8×10 -1

B.1.617.2 
(Delta)

B.1.1.7 
(Alpha)

Wastewater/clinical cases (WC) ratio

0 2×10 -5 4×10 -5 6×10 -5 8×10 -5

B.1.617.2 
(Delta)

B.1.1.7 
(Alpha)

Wastewater/clinical cases (WC) ratio

Ottawa Kitchener

Peel Waterloo

0 5×10 -6 1×10 -5

B.1.617.2 
(Delta)

B.1.1.7 
(Alpha)

Wastewater/clinical cases (WC) ratio

Toronto

Figure 5-8: Comparison of WC ratio amplitude during the 30-day periods of onset of the B.1.1.7 (Alpha), B.1.617.2 (Delta) 

and B.1.1.529 (Omicron) VOCs in Ottawa, Toronto, Kitchener, Peel and Waterloo. 
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of the time of arrival of new variants of concern in a community during a pandemic as quickly as traditional 

clinical testing and does not require infected individuals to seek clinical testing or enter the healthcare 

system. Throughout the study, it appears that a shift in the magnitude of change of the WC ratio and the 

relationship between reported clinical cases and observed WEM signal occurred for three reasons: (i) 

immunization may significantly reduce the number of individuals seeking COVID-19 testing due to a 

reduction of apparent symptoms caused by vaccination; (ii) as the pandemic progresses, disinterest may 

develop in the population, leading to a lower likelihood of symptomatic individuals seeking clinical testing, 

particularly if they have been immunized; and (iii) immunization may affect individual fecal shedding 

characteristics, impacting observed viral signal in wastewater. However, at present, it is still uncertain if 

this is the case, although preliminary results and unpublished data suggest this trend may exist (Bivins and 

Bibby, 2021). Furthermore, the effects of changes in tropism or to the ability of molecular tests to 

adequately detect SARS-CoV-2 or other surveyed pathogens would likely have impacts on the performance 

of the WC ratio as a tool. 

5.6. Conclusions 

This study strongly suggests that regular, daily monitoring of the WC ratio can reveal and detect 

the onset of changes in disease transmission patterns, and the arrival/onset and waning of more infectious 

variants or mutations of a pathogen or disease. When using traditional clinical case data and WEM, 

additional monitoring of the WC ratio may provide a greater understanding of the surveillance metrics 

during events of high epidemiological importance. The specific conclusions of this study are as follows: 

During periods of resurgence or increases in disease spread in a community, monitoring of reported clinical 

cases may provide a limited understanding of the true disease prevalence rates when community daily 

clinical testing is restricted or insufficient. The WC ratio will strongly increase when the disease burden 

increases in a community where an insufficient number of clinical tests are being performed to adequately 

approximate the disease burden in the community. Furthermore, if a community is not well immunized 

(less than 2.5% of individuals have received two doses of a COVID-19 vaccine), based on observed trends 

in this study, the onset of new, more infectious VOCs may lead to a decrease in the WC ratio. Meanwhile, 

if a community is well immunized (>60.0% of residents have received two doses of a COVID-19 vaccine), 

the onset of new, more infectious VOCs caused modest decreases in the WC ratio. Moreover, the onset of 

the Omicron VOC resulted in significant decreases in the WC ratio, as was observed during Alpha VOC 

dominance in early 2021, and this, irrespective of the immunization status of the community, is likely due 

to the immune escape capability of the Omicron VOC. It was observed that as a result, decreases in the WC 

can often be associated with the onset of a change in disease dynamics and the arrival of more infectious 

novel variants in the community and could be used as a tool to identify the emergence of new variants in 
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the future. Finally, it was determined that changes in the magnitude and inflection points in the WC ratio at 

a longitudinally surveyed location may be indicative of changes in disease burden and the ability of the 

pathogen to spread. These findings indicate that monitoring the WC ratio during the SARS-CoV-2 

pandemic and other, future pandemics, will yield additional insight into the disease burden in a community 

and should be performed where possible. 

5.7. Limitations and 2025 field updates 

This chapter supports the use of the WC ratio as an add-on metric to identify mismatches between 

clinical case data and WEM signals during major epidemiological shifts caused by changing clinical testing 

strategies or the onset of new VOCs. While this approach provides valuable insight, a few limitations persist: 

1) The usefulness and interpretability of the WC ratio relies on timely and geographically relevant clinical 

reporting (particularly important when sewersheds and health jurisdictions do not perfectly overlap). In 

cases where these two do not overlap well, the usefulness of the WC ratio may be diminished (Klaassen et 

al., 2023); and 2) If important differences in laboratory techniques (either methodological or sample type 

differences) between regions exist, the overall magnitude of the WC ratio may be significantly different 

and may complicate intra-region comparisons, requiring an across-the-board correction factor. As of 2025, 

the WC ratio isn’t currently a topic of active investigation but could see a resurgence for targets other than 

SARS-CoV-2 as the interest in using WEM for the detection and monitoring of influenza, RSV, norovirus, 

tuberculosis, measles, mpox and other pathogens has reinforced the need for simple metrics which can 

contextualize wastewater signals in relation to changes in disease dynamics (the onset of new variants) or 

clinical testing strategies (Holcomb et al., 2024).  
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Chapter 6 – From Plant Pathogen to Public Health Tool: A Review Of 

Tobamoviruses and Their Role in Wastewater & Environmental Surveillance 

6.1. Context 

The review manuscript presented in this chapter of the doctoral dissertation is titled From plant 

pathogen to public health tool: A review of tobamoviruses and their role in wastewater & environmental 

surveillance, by Patrick M. D’Aoust, Tram B. Nguyen, Chandler H. Wong, Nada Hegazy, Sean Stephenson, 

Elizabeth M. Renouf, Tyson E. Graber, and Robert Delatolla, and will be submitted to the journal Reviews 

in Environmental Science and Bio/Technology (January 2025). This review evaluates the potential of 43 

tobamoviruses as biomarkers for the normalization of WEM data. While PMMoV and ToBRFV are 

commonly used, other tobamoviruses remain underexplored. Performing a systematics review of over 240 

studies, we identify 15 promising tobamoviruses and discuss the challenges in normalizing biomarker 

measurements for accurate WEM. Our findings aim to enhance the standardization and effectiveness of 

global wastewater surveillance efforts. 

6.2. Abstract 

Wastewater and environmental monitoring (WEM) has been performed for decades to track 

diseases and population health. Since the COVID-19 pandemic, interest in tracking respiratory diseases has 

grown, driven by advancements in PCR techniques applied to wastewater, leading to several innovations 

to enhance WEM usability. Over time, it has been observed that normalization of WEM generally improved 

the interpretability, usability and reliability of WEM. One such method involves normalizing measured 

viral signals in wastewater using human-associated fecal biomarkers such as tobamoviruses. While Pepper 

mild mottle virus and Tomato brown rugose fruit virus have been extensively studied and utilized in 

hundreds of WEM studies, research on other members of the tobamovirus genus remains limited despite 

their promising attributes as biomarkers. We reviewed over 240 published studies, critically assessing the 

suitability of 43 tobamoviruses, for application as indicators of human fecal contamination or for 

normalization of population health signals in WEM applications. We also address challenges in normalizing 

biomarker measurements for accurate and reliable WEM. Our analysis identifies 15 tobamoviruses with 

significant potential as biomarkers across global wastewater contexts. This approach aims to pave the way 

for more robust environmental and fecal biomarker standardization and more efficient environmental health 

monitoring strategies. 
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6.3. Introduction 

Wastewater and environmental monitoring (WEM) has been successfully utilized by public health 

professionals to survey the emergence of disease outbreaks such as polio, measles or hepatitis, the use of 

pharmaceutical compounds or illicit drugs, or the emergence and prevalence of genes conferring potential 

antimicrobial resistance in communities (Been et al., 2014; Benschop et al., 2017; Castiglioni et al., 2013; 

Choi, 2012; Daughton, 2018; Feng et al., 2018; González-Mariño et al., 2020; Gushgari et al., 2018; 

Hellmér et al., 2014; Lorenzo and Picó, 2019; Metcalf et al., 1995; Pruden, 2014; Singer et al., 2013; Yang 

et al., 2017). As a direct result of the COVID-19 pandemic, polymerase chain reaction (PCR)-based WEM 

has seen unprecedented adoption and support, growing into a tool which allows public health units, 

governments, and businesses to obtain complementary intelligence about the presence and in some cases, 

trends in prevalence of COVID-19, influenza, mpox, respiratory syncytial virus infection, tuberculosis, 

poliomyelitis, measles, viral hepatitis, and other respiratory or enteric infectious diseases. Mechanistically, 

this is feasible given the deposition patterns of the etiologic pathogens including fragments of their nucleic 

acids (which are detectable by PCR methods) from bodily excreta such as urine and/or feces into 

wastewaters. It has been almost universally accepted that to better understand and utilize the results of 

WEM initiatives, normalization of the observed wastewater-acquired signal using either physico-chemical 

parameters or biomarkers is highly desirable (Hsu et al., 2022; Hutchison et al., 2022; Maal-Bared et al., 

2023; Mazumder et al., 2022). Normalization of wastewater-acquired nucleic acid signals using population 

metrics, physico-chemical parameters or biomarkers has been shown to often improve correlation between 

the measured nucleic acid signal and corresponding clinical health metrics (e.g. new daily clinical cases or 

new daily hospitalizations) (D’Aoust et al., 2021; Feng et al., 2021; Hsu et al., 2022; Maal-Bared et al., 

2023; Wolfe et al., 2021; Zhan et al., 2022). However, there are significant challenges in identifying 

appropriate and effective (i.e. improving correlation between the measured nucleic acid signal and clinical 

health metrics) normalizing biomarkers for WEM applications. Biomarkers used for normalization should 

at a minimum be: stable in the environment, have low and consistent variability (and not be subject to major 

variations in concentration over time or subject to seasonality effects), readily and universally detectable, 

and sufficiently specific to human activity and diet (Gracia-Lor et al., 2017). Ideally, biomarkers used for 

normalization would also have similar persistence and stability in the environment to the targets they are 

normalizing. As a result of the propensity for much of the nucleic acid signal to, in wastewater, aggregate 

in feces and fecal-associated solids (D’Aoust et al., 2021; Graham et al., 2021; Isaksson et al., 2022; Mercier 

et al., 2022; Roldan-Hernandez et al., 2022; Wolfe et al., 2021), a significant portion of the literature on 

this topic has focused on normalizing the measured concentrations of pathogens of interest to human-

associated fecal biomarkers. The following human-associated fecal biomarkers have historically been of 
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interest: bacteriophages of the order Crassvirales (also known as crAssphage), Bacteriodes BacHuman and 

HF183, wastewater physico-chemical parameters (ammonia, phosphorus, biological or chemical oxygen 

demand), caffeine, artificial sweeteners, several persistent chemical agents and tobamoviruses 

(Chettleburgh et al., 2023; Gracia-Lor et al., 2017; Polo et al., 2020; Vitale et al., 2021). As a direct result 

of the SARS-CoV-2 pandemic and ensuing growth in WEM initiatives, biomarkers that could easily be 

integrated (typically DNA or RNA targets) into the existing workflow of detecting SARS-CoV-2 in 

wastewater were highly attractive to researchers performing WEM. Due to their consistently high titers in 

wastewater, the following three human-associated fecal biomarkers have been the most popular in 

contemporary, respiratory virus-tracking WEM applications: Pepper mild mottle virus (PMMoV), Tomato 

brown rugose fruit virus (ToBRFV) and crAssphage. Of those three, the first two are tobamoviruses, a 

genus of plant-infecting viruses. Tobamoviruses are amongst the world’s most persistent plant pathogens 

in the environment; virions (infectious viral particles) are often found in soil, surface waters and wastewater 

(Fillhart et al., 1998; Haňcinský et al., 2020; Lanter, 1982). PMMoV and ToBRFV are used as human-

associated fecal biomarkers due to their almost universally high titers in wastewaters globally as the result 

of ingested virus via contaminated fresh and/or processed human foodstuffs, surviving the journey through 

the digestive tract (Aguado-García et al., 2020; Balique et al., 2015; Zhang et al., 2006). Despite the use of 

PMMoV and ToBRFV in WEM, little is known about other tobamoviruses and their suitability as 

environmental and fecal biomarkers or normalizers in WEM contexts. Faced with mounting evidence that 

normalizing biomarkers such as PMMoV and ToBRFV may have different prevalences in different 

sewersheds around the world (Brumfield et al., 2022; Rothman and Whiteson, 2022; Sherchan et al., 2023), 

it is critical to determine if other tobamoviruses, or a mixture of several tobamoviruses could be used as a 

universal normalizer to wastewater-acquired signals of pathogens of interest and improve their correlations 

to corresponding clinical health metrics. The present review article provides a critical review of the 43 

currently identified tobamoviruses, describes their characteristics and initial observations in the 

environment, and discusses their past, current and potential future uses for WEM initiatives. It is organized 

as follows: First, we give a brief summary of tobamoviruses, and we highlight the tobamoviruses which 

have already been used and/or monitored in wastewater or surface water streams as a biomarkers or 

indicator organisms. This is followed by tobamoviruses that have been detected in the human gut and/or 

human feces, but that have not been used as biomarkers or indicator organisms. We then follow with 

tobamoviruses that have been identified as having the potential to be used as biomarkers due to their 

distribution, possible hosts and characteristics. We then end with tobamoviruses that are unlikely to be used 

as biomarkers due to their distribution, hosts and characteristics, provide a summary table of all evaluated 

tobamoviruses and provide closing remarks on the future direction of tobamoviruses-as-biomarkers 

research. 
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6.4. Methodologies 

The systematic review involved querying the ICTV database 

(https://ictv.global/report/chapter/virgaviridae/virgaviridae/tobamovirus) to identify all recognized 

tobamoviruses, followed by an extensive literature review using Harzing’s Publish or Perish (version 8) 

(Harzing, 2021)  to trace their origins and ecological contexts. Additionally, a Google Scholar search was 

conducted to uncover novel or poorly characterized tobamoviruses not yet cataloged in the ICTV database, 

ensuring comprehensive coverage of both established and emerging tobamoviruses. 

We then compared the sequence identity at the RNA level of tobamoviruses of interest to all other 

identified and sequenced tobamoviruses. The GenBank accession numbers of the studied tobamoviruses (if 

available) in this study are provided below in Table 6-1. A second table focusing on tobamoviruses likely 

to be effective fecal biomarkers (Table 6-2) and delves into the details of their potential application. In 

some instances, sequence identity comparisons were previously performed and are cited. In instances where 

the comparisons were not previously performed, we used the Benchling Align Sequences Tool (Benchling, 

2024) to obtain the genetic similarity of tobamoviruses of interest to all other tobamoviruses. 

6.5. A brief overview of tobamoviruses 

Tobamoviruses are a significant group of (at the time of writing) 43 plant viruses characterized by 

a rod-shaped virions and positive-sensed, single-stranded RNA viruses belonging to the Virgaviridae family 

(Adams et al., 2017). Tobamoviruses are named after the type species, Tobacco mosaic virus (TMV), the 

first virus ever discovered and characterized in the late 19th century (Beijerinck, 1898; Ivanovsky, 1892). 

This discovery was pivotal in establishing virology as a scientific discipline (Okada, 2000; Scholthof, 2004). 

Infected plants often exhibit symptoms such as mosaic patterns, leaf distortion, and stunted growth, leading 

to substantial yield losses. The impact of tobamoviruses is significant, particularly in agriculture, as they 

infect a wide variety of crops, including tobacco, tomato, pepper, and cucumber, causing important damage 

to crops (Rao and Reddy, 2020; Scholthof et al., 2011). The genome organization of tobamoviruses is 

relatively simple, typically consisting of approximately 6,300-6,500 nucleotides with four open reading 

frames (ORFs) that encode four proteins.  

These include two large proteins involved in viral RNA production (ORF1, with a typical mass of 

~175-183 kDa, and ORF2, with a typical mass of ~123-128 kDa), a movement protein (ORF3, with a typical 

mass of ~28-30 kDa, often referred to simply as MP), and a capsid/coat protein (ORF4, with a typical mass 

of ~16-18 kDa, often referred to simply as CP) (Adams et al., 2017; Gibbs, 1999). The first two proteins 

https://ictv.global/report/chapter/virgaviridae/virgaviridae/tobamovirus
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are involved in replication, while the movement protein facilitates the cell-to-cell movement of the virus 

within the host plant. Meanwhile the capsid protein encapsulates the viral RNA, providing protection and 

stability to the viral particle, and appears to control much of the susceptibility or resistance of plant hosts 

to tobamoviruses (Bendahmane and Beachy, 1999; Hilf and Dawson, 1993).  

Tobamoviruses are known for their exceptional environmental stability, resilience and widespread 

distribution (Smith and Dombrovsky, 2020). This resilience is due to strong protein-protein interactions at 

the capsid level, giving inherent stability to the RNA genome. The capsids of tobamoviruses are arranged 

in a helical manner with numerous replicates of the capsid protein, giving the virus its distinctive rod-like 

shape. The helical arrangement of the capsid protein replicates allows for strong electrostatic interactions 

and hydrophobic girdles to form between the capsid proteins (Bloomer et al., 1978; Solovyev and Makarov, 

2016). These structural factors allow tobamovirus particles to remain infectious in soil (Fillhart et al., 1998; 

Pares et al., 1996), water (Kitajima et al., 2018; Mehle and Ravnikar, 2012), and on surfaces for extended 

periods, often surviving adverse conditions that would inactivate other viruses (Smith and Dombrovsky, 

2020). 

6.6. Tobacco mosaic virus (TMV) 

6.6.1. Characteristics and features 

TMV is a rod-shaped, positive-sensed single-stranded RNA virus, measuring approximately 300 

nm in length and 18 nm in width. It causes mosaic, mottling, necrosis, stunting, leaf curling, and yellowing 

of plant tissues in infected cultivars (Adams et al., 2017). TMV predominantly infects tobacco (Nicotiana 

spp.) cultivars (Scholthof, 2008). The full genome of TMV contains approximately 6,395 nucleotides 

encoding four proteins: ORF1: 183.3 kDa, ORF2: 126.1 kDa, ORF3: 30.0 kDa and ORF4: 17.6 kDa. 

Amongst tobamoviruses, TMV shows highest genetic similarity with Rehmannia mosaic virus, Tomato 

brown rugose fruit virus and Tomato mosaic virus (~83.9 %, 81.8 % and 79.2 % pairwise identity of 

nucleotides over the whole genome, respectively) (Adams et al., 2017). 

6.6.2. Initial observations and discovery 

TMV was the first virus discovered, initially studied by Russian microbiologist Dmitri Ivanovsky 

in 1892 (Bos, 1999; Ivanovsky, 1892). Interest in the disease began in 1877 when farmers in the Netherlands 

invited German plant biologist Adolf Mayer to investigate a mottling disease in local tobacco cultivars. 

Mayer and Ivanovsky both described the disease as a tobacco mottling disease transmitted by the sap of 

infected plants (Ivanovsky, 1892; Mayer, 1886). They initially thought the disease was caused by a microbe 
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or microbial toxin, which they were unable to isolate. In 1898, Dutch botanist Martinus Beijerinck 

published a study concluding that the infections and mottling in tobacco cultivars were caused by a non-

cellular entity, which he termed 'virus' (Beijerinck, 1898; Bos, 1999). TMV is one of the most well-studied 

viruses, infecting a wide range of hosts, including members of at least nine plant families and over 125 

identified species, such as tobacco, tomato, and pepper (Grant, 1934; Scholthof, 2023; Zamfir et al., 2023). 

6.6.3. Past, current and potential future uses 

There are several documented uses of TMV as an environmental and fecal biomarker. Due to TMV 

being the most well-understood tobamovirus and its exceptionally large host range, several studies have 

investigated its presence in wastewater (Shrestha et al., 2018; Tandukar et al., 2020). Despite routinely 

finding TMV in wastewater, it has received considerably less attention as a fecal biomarker, potentially due 

to lower observed concentrations in wastewater as compared to other tobamoviruses, or a higher plant 

pathogenicity, leading to less consumption. Nonetheless, TMV has sometimes been cited as being one of 

the most abundant viruses in wastewater (Shrestha et al., 2018; Tandukar et al., 2020). TMV’s presence in 

wastewater and link to human consumption of infected cultivars is also supported by studies that detected 

TMV in the gastrointestinal tracts of infants (Aguado-García et al., 2020; Taboada et al., 2021). 

6.7. Pepper mild mottle virus (PMMoV)  

6.7.1. Characteristics and features 

PMMoV is a rod-shaped, positive-sensed, single-stranded RNA virus, measuring approximately 

300 nm in length and 18 nm in width. It causes mottling, necrosis, and chlorosis of leaves and fruits in 

infected cultivars (Martelli and Quacquarelli, 1983; Ojinaga et al., 2022). This virus predominantly infects 

pepper cultivars and can infect most pepper species (Capsicum spp.). There are also reports of PMMoV 

causing systemic or localized infections in other members of the Solanaceae family, such as tomatoes 

(Mizumoto et al., 2014; Zhou et al., 2020). The PMMoV genome, approximately 6,357 nucleotides long, 

encoding four proteins: ORF1: 183.0 kDa, ORF2: 126.0 kDa, ORF3: 30.0 kDa and ORF4: 17.3 kDa. 

(Alonso et al., 1991). PMMoV shows the highest sequence identity at the RNA level with the Tropical soda 

apple mosaic virus, with approximately 79.3% pairwise identity of nucleotides over the whole genome. 

6.7.2. Initial observations and discovery  

The origins of PMMoV are unclear, but a study documented occurrences of Tobacco Mosaic Virus 

(TMV) or Tomato Mosaic Virus (ToMV) infections in pepper cultivars as early as 1952 (McKinney, 1952). 
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This trend was confirmed by several studies where TMV proteins were identified via antibody cross-

reactivity assays (Feldman and Oremianer, 1972; Rodríguez et al., 2004; Tóbiás et al., 1982; Wetter, 1984). 

However, mottling and necrosis-like symptoms in pepper cultivars, not attributable to TMV or ToMV 

infections, were formally reported in the United States in 1952. This TMV viral isolate, dubbed the ‘Samsun 

[tobacco] latent strain,’ was one of the first proto-PMMoV isolates collected in South Carolina, and possibly 

worldwide. This strain was of particular interest because it caused systemic mosaic-pattern mottling in 

pepper cultivars otherwise immune to TMV (McKinney, 1952). This same strain, or a close relative, this 

time isolated in pepper cultivars found in Alabama and Florida was further investigated in 1964 (Greenleaf 

et al., 1964). A similar strain isolated in Alabama and Florida in 1964 caused severe systemic disease in 

tabasco peppers (Capsicum frutescens) and sweet peppers (Capsicum annuum), while only causing local 

lesions in woodland tobacco (Nicotiana sylvestris) (Greenleaf et al., 1964). The name PMMoV was 

proposed by Wetter et al. in 1984 after the formal identification and isolation of the pepper-infecting 

tobamovirus (Wetter, 1984).  

6.7.3. Past, current and potential future uses 

PMMoV is the tobamovirus most documented for use as an environmental and fecal biomarker. Its 

mild symptoms have led to widespread integration of PMMoV-infected cultivars into human foodstuffs. A 

2006 study showed that PMMoV was the most abundant virus in human feces (Colson et al., 2010; Zhang 

et al., 2006) tested in three stool samples collected from two individuals over 18 months. Early discussions 

of PMMoV as an environmental surveillance tool began around 2008-2009 (Rosario et al., 2009b; Symonds 

et al., 2008) focusing on detecting wastewater contamination in surface waters due to PMMoV's high 

presence and persistence in human fecal material (Rosario et al., 2009a; Zhang et al., 2006). Its use as a 

source-tracking tool for fecal pollution gained rapid interest following these studies. A study comparing 

PMMoV, human picobirnaviruses (hPBV), and Torque teno virus (TTV) concluded that PMMoV was a 

promising indicator of human fecal contamination in surface waters (Hamza et al., 2011). It was also 

demonstrated that tobamoviruses such as ToMV and PMMoV remained infectious for at least six months 

in aqueous plant nutrient solutions, supporting their use as persistent biomarkers in aquatic environments 

(Mehle and Ravnikar, 2012). Recent PCR-based environmental surveys have confirmed PMMoV's 

presence and persistence in various water sources, including surface waters, wastewaters, marine waters, 

and treated drinking water (Haramoto et al., 2013; Kitajima et al., 2018; Lopez-Roblero et al., 2024). 

Despite the fact that PMMoV viral signal has been detected in seagull, chicken, cow and goose feces 

(Hamza et al., 2011; Zhang et al., 2006), this signal is not expected to represent a significant portion of the 

PMMoV signal observed in domestic, municipal wastewater streams, due to the common practice of strictly 

separating sanitary and storm sewers during construction. Between 2013 and 2019, PMMoV became a 
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prominent marker in microbial source tracking (MST) studies, used in over a hundred studies to identify 

and trace sewage contamination in surface waters, coastal regions, and drinking water sources (Bofill-Mas 

et al., 2016; Hata et al., 2018; Malla et al., 2019; Shirasaki et al., 2018; Xiaoqiong, 2018). A survey revealed 

that 91.4% of environmental samples tested positive for PMMoV (Kitajima et al., 2018). Owing to its 

ubiquitous presence in human sewage, researchers began using PMMoV as a biomarker to normalize 

SARS-CoV-2 RNA concentrations in wastewater at the onset of the COVID-19 pandemic in late 2019. 

Since 2020, over 750 studies have employed PMMoV as an environmental and fecal biomarker. 

6.8. Tomato brown rugose fruit virus (ToBRFV) 

6.8.1. Characteristics and features 

ToBRFV is a rod-shaped, positive-sensed single-stranded RNA virus, measuring approximately 

300 nm in length and 18 nm in width. It causes mosaic, mottling, necrosis, stunting, leaf curling, and rugose 

(wrinkling) symptoms in infected cultivars (Adams et al., 2017). This virus predominantly infects tomato 

(Solanum lycopersicum) (Luria et al., 2017; Salem et al., 2016) and pepper (Capsicum annuum) cultivars. 

The full genome of ToBRFV contains approximately 6,393 nucleotides, encoding four proteins: ORF1: 

183.3 kDa, ORF2: 126.2 kDa, ORF3: 29.8 kDa and ORF4: 17.5 kDa.. ToBRFV shows the highest genetic 

similarity with Tomato mottle mosaic virus, with about 86% pairwise identity of nucleotides over the whole 

genome (Adams et al., 2017; Salem et al., 2016). (Adams et al., 2017; Salem et al., 2016). 

6.8.2. Initial observations and discovery 

ToBRFV was first observed in several infected Solanum lycopersicum cultivars exhibiting mosaic 

and curling symptoms in Israel and Jordan in 2014 and 2015 (Luria et al., 2017; Salem et al., 2016). To 

identify the cause of the symptoms, isolates were observed under transmission electron microscopy, 

revealing rod-shaped particles, consistent with the presence of tobamoviruses. Genetic sequencing 

confirmed that the novel virus found in these infected cultivars was a new tobamovirus, which was named 

Tomato brown rugose fruit virus. Inoculation experiments in which numerous cultivars were exposed to 

isolated ToBRFV virions from cell lysates in an attempt to induce infection, revealed that ToBRFV has a 

wide host range, capable of causing symptomatic infections in the following cultivars: Chenopodium 

murale, Chenopodium amaranticolor, Chenopodium quinoa, Datura stramonium, and various cultivars of 

the Nicotiana family. ToBRFV did not cause significant symptomatic infection in the following cultivars: 

Petunia hybrida, Solanum tuberosum, Solanum nigrum and Solanum melongena. Further work revealed 
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that ToBRFV can infect at least 40 species of cultivars within 4 families of cultivars (Amaranthaceae, 

Apocynaceae, Asteraceae and Solanaceae) (Zhang et al., 2022). 

6.8.3. Past, current and potential future uses 

ToBRFV has been increasingly used as an environmental and fecal biomarker. First discovered in 

2014, its presence in wastewater was reported in 2017 (Bačnik et al., 2020). Further studies confirmed its 

presence in river water (Lopez-Roblero et al., 2024), an indication that wastewater treatment may not 

completely eliminate ToBRFV viral signal from wastewater effluent. During the COVID-19 pandemic, the 

growth of wastewater-based surveillance for SARS-CoV-2 heightened interest in developing environmental 

and fecal biomarkers to normalize measured SARS-CoV-2 viral loads (Verma et al., 2023). Over the next 

four years, hundreds of studies investigated ToBRFV in wastewater. Due to its relatively mild symptoms 

in many cultivars and its wide host range of commonly consumed fruits and vegetables, ToBRFV is likely 

to continue being used as an environmental and fecal biomarker. Studies by Aguado-Garcia and Taboada 

highlighted the presence of ToBRFV in the gastrointestinal tracts of young infants (Aguado-García et al., 

2020; Taboada et al., 2021).  

6.9. Cucumber green mottle mosaic virus (CGMMV) 

6.9.1. Characteristics and features 

CGMMV is a rod-shaped, positive-sensed single-stranded RNA virus, measuring approximately 

300 nm in length and 18 nm in width. It primarily infects cultivars of the Cucurbitaceae family, causing 

mild chlorosis and distortion of the leaves and fruits (Antignus et al., 2001). The full genome of CGMMV 

consists of approximately 6,421 nucleotides, encoding four proteins: ORF1: 186.0 kDa, ORF2: 129.0 kDa, 

ORF3: 29.0 kDa and ORF4: 17.2 kDa. (Ugaki et al., 1991). CGMMV shows high genetic similarity with 

related viruses such as Zucchini green mottle mosaic virus, Cucumber fruit mottle mosaic virus, Cucumber 

mottle virus and Kyuri green mottle mosaic virus (~83.4%, ~83.9%, ~84.0% and ~83.7% pairwise identity 

of nucleotides over the whole genome, respectively). 

6.9.2. Initial observations and discovery 

CGMMV was first identified in the United Kingdom in 1935, initially referred to as Cucumber 

virus 3 (CV3) and Cucumber virus 4 (CV4) (Ainsworth, 1935). Infected plants exhibited symptoms such 

as vein clearing, light mottling, and blistering of leaves, along with light stunting. These symptoms were 
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more pronounced in juvenile plants compared to mature ones. Typically, the fruit remained unmarked or 

only lightly mottled (Dombrovsky et al., 2017). 

6.9.3. Past, current and potential future uses 

CGMMV has been investigated as an environmental biomarker and a process indicator organism 

for assessing enteric virus removal through membrane treatment (Yasui et al., 2021). Studies have 

confirmed its presence in wastewater and river water, indicating that CGMMV could serve as a useful 

environmental and fecal biomarker for wastewater epidemiology (Bačnik et al., 2020; Lopez-Roblero et al., 

2024; Rothman and Whiteson, 2022). This potential is further supported by findings that detected CGMMV 

in the gastrointestinal tracts of young infants (Aguado-García et al., 2020; Taboada et al., 2021).  

6.10. Cactus mild mottle virus (CMMoV) 

6.10.1. Characteristics and features 

CMMoV is a rod-shaped, positive-sensed single-stranded RNA virus. It measures approximately 

300 nm in length and 18 nm in width. This virus causes mild mottling and very mild mosaic symptoms in 

infected cactus cultivars. Despite predominantly affecting cacti, CMMoV is serologically distinct from 

other known viruses that infect cacti (Min et al., 2006). The full genome of CMMoV contains 6,449 

nucleotides, encoding four proteins: ORF1: 186.0 kDa, ORF2: 120.0 kDa, ORF3: 33.0 kDa and ORF4: 17.6 

kDa. (Min et al., 2009). From a genetic standpoint, CMMoV is distantly related to other tobamoviruses, 

sharing approximately 62% pairwise identity of nucleotides with the Rattail cactus necrosis-associated virus. 

(Min et al., 2009). 

6.10.2. Initial observations and discovery 

CMMoV was first observed in Suwon, South Korea, in 2001 as a distantly related tobamovirus 

primarily infecting cactus plants (Min et al., 2006). The virus was initially isolated from a diseased 

Gymnocalycium mihanovichii cactus cultivar. Originally believed to be caused by the Saguaro Virus (SOV), 

serological tests, often used in the detection of plant viruses by reacting virus-specific antibodies with 

antigens present in serum, revealed this diseased cultivar was not afflicted by SOV. Initial genetic 

sequencing analyses of the viral capsid revealed between 25.8 – 49.2% pairwise identity of nucleotides with 

the viral capsid of other tobamoviruses (Min et al., 2006). 

6.10.3. Past, current and potential future uses 
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There are no documented uses of CMMoV as an environmental and fecal biomarker currently 

available. Uses of cacti as a primary food source for humans is limited but exists, primarily as food 

components and as ingredients in soups. However, the hardiness of cacti is leading to renewed interest in 

investigating edible cacti such as Prickly Pear Cactus (Opuntia spp.) as alternative food sources to combat 

food insecurity induced by climate change trends (Nefzaoui, 2009; Ranjan et al., 2016). As a result, it is 

plausible that CMMoV could become a target of interest as a fecal biomarker for WEM in the future due 

to its use in edible foodstuff in arid regions where cacti are commonly consumed. This hypothesis is also 

supported by the findings of Aguado-Garcia and Taboada, which described the presence of CMMoV in the 

gastrointestinal tract of young infants (Aguado-García et al., 2020; Taboada et al., 2021), proving that 

CMMoV-infected foodstuffs, be it cacti in origin or not, are periodically consumed by humans. 

6.11. Paprika mild mottle virus (PaMMV) 

6.11.1. Characteristics and features 

PaMMV is a rod-shaped, positive-sensed single-stranded RNA virus, measuring approximately 300 

nm in length and 18 nm in width (Hamada et al., 2003). It causes mild mosaic and mottling of the leaves, 

flowers, and fruits of infected cultivars. The full genome of PaMMV contains approximately 6,524 

nucleotides, encoding four proteins: ORF1: 183.0 kDa, ORF2: 126.1 kDa, ORF3: 30.1 kDa and ORF4: 17.8 

kDa. (Hamada et al., 2003). Amongst tobamoviruses, PaMMV shows highest genetic similarity with Obuda 

pepper virus (~78.2 % pairwise identity of nucleotides over the whole genome). 

6.11.2. Initial observations and discovery 

PaMMV is a rod-shaped, positive-sensed single-stranded RNA virus, measuring approximately 300 

nm in length and 18 nm in width (Hamada et al., 2003). It causes mild mosaic and mottling of the leaves, 

flowers, and fruits of infected cultivars. The full genome of PaMMV contains approximately 6,524 

nucleotides, encoding four proteins: ORF1: 183.0 kDa, ORF2: 126.1 kDa, ORF3: 30.1 kDa and ORF4: 17.8 

kDa. (Hamada et al., 2003). Amongst tobamoviruses, PaMMV shows highest genetic similarity with Obuda 

pepper virus (~78.2 % pairwise identity of nucleotides over the whole genome). 

6.11.3. Past, current and potential future uses 

As a pathogen which only causes mild mottling in Capsicum spp. Cultivars (Luria et al., 2018), its 

likely that PaMMV will be found in some transformed products containing peppers. PaMMV may be 

present in transformed products containing peppers, as diseased fruits might be discarded or used in the 
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production of edible sauces or pastes. Consequently, PaMMV could be employed as an environmental and 

fecal biomarker for WEM. PaMMV’s presence in wastewater was confirmed in Mexico (Wang et al., 2019). 

This is further supported by the findings of Aguado-Garcia and Taboada, which outlined the presence of 

PaMMV in the gastrointestinal tract of young infants (Aguado-García et al., 2020; Taboada et al., 2021). 

6.12. Streptocarpus flower break virus (SBFV) 

6.12.1. Characteristics and features 

SBFV is a rod-shaped, positive-sensed single-stranded RNA virus, measuring approximately 300 

nm in length and 18 nm in width. It causes flower color breakage and chlorotic spotting in infected cultivars 

(Adams et al., 2017; Tang et al., 2024; Verhoeven et al., 1995). SBFV primarily infects Streptocarpus spp. 

cultivars. The full genome of SBFV contains approximately 6,279 nucleotides, encoding four proteins: 

ORF1: 181.7 kDa, ORF2: 125.1 kDa, ORF3: 31.6 kDa and ORF4: 15.0 kDa. (Heinze et al., 2006). Amongst 

tobamoviruses, SBFV shows highest genetic similarity with Turnip vein-clearing virus and Youcai mosaic 

virus (~61.5 % and 62.0 % pairwise identity of nucleotides over the whole genome, respectively) (Adams 

et al., 2017). 

6.12.2. Initial observations and discovery 

SBFV was first observed in the Netherlands in 1995 in infected cultivars displaying color breaking 

symptoms (Verhoeven et al., 1995). SBFV does not typically cause significant symptoms in the leaves of 

Streptocarpus spp.. Symptoms are also not always present in the flowers of cultivars, despite the presence 

of a systemic infection. Inoculation experiments with SBFV revealed that SBFV caused localized, 

symptomatic infections in the following cultivars: Chenopodium quinoa, Cucumis sativus, Datura 

stramonium, Nicotiana glutinosa, Nicotiana rustica, Nicotiana tabacum and Petunia hybrida. SBFV also 

caused latent infections in Capsicum annuum, Lycopersicum esculentum and Nicotiana clevelandii, and 

systemic mottle in Nicotiana benthamiana, Nicotiana clevelandii and Nicotiana occidentalis (Pappu and 

Druffel, 2007; Tang et al., 2024; Verhoeven et al., 1995) 

6.12.3. Past, current and potential future uses 

There are no documented uses of SBFV as an environmental and fecal biomarker. However, due 

to its multiple possible hosts and relatively mild symptoms in cultivars, it is possible that infected cultivars 

and fruits could be processed for human consumption. Consequently, SBFV might be considered as a 
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potential environmental and fecal biomarker for WEM. This potential is supported by findings that detected 

SBFV in the gastrointestinal tracts of young infants (Aguado-García et al., 2020; Taboada et al., 2021). 

6.13. Tobacco mild green mosaic virus (TMGMV) 

6.13.1. Characteristics and features 

TMGMV is a rod-shaped, positive-sensed single-stranded RNA virus, measuring approximately 

300 nm in length and 18 nm in width. It causes yellowing, mosaic, mottling, and lesions on the leaves of 

infected cultivars (Adams et al., 2017). This virus predominantly infects tobacco (Nicotiana spp.) cultivars. 

The full genome of TMGMV contains approximately 6,355 nucleotides, encoding four proteins: ORF1: 

182.7 kDa, ORF2: 125.8kDa, ORF3: 28.4 kDa and ORF4: 17.6 kDa. (García-Arenal, 1988; Solis and 

Garcia-Arenal, 1990). Amongst tobamoviruses, TMGMV shows highest genetic similarity with Tobacco 

mosaic virus and Tomato mosaic virus (~64.4 % and 66.0 % pairwise identity of nucleotides over the whole 

genome, respectively) (Adams et al., 2017). 

6.13.2. Initial observations and discovery 

TMGMV was first observed in several infected cultivars exhibiting mosaic symptoms during the 

1926-1927 expedition of A.V. Armour in the Canary Islands, West Africa, and Gibraltar (McKinney, 1929). 

Over the years, TMGMV was known by several different names due to repeated encounters worldwide: 

Mild dark-green tobacco mosaic virus (Knight, 1942; Svobodová, 1959), Para-tobacco mosaic virus 

(Köhler and Hauschild, 1947), Mild strain of tobacco mosaic virus (Johnson, 1947), South Carolina mild 

mottling strain of tobacco mosaic (H. H. McKinney, 1952) virus , Strains U2 and U5 of tobacco mosaic 

virus (Bald and Solberg, 1961) and Green-tomato atypical mosaic virus (Magne et al., 1977). The virus was 

eventually named Tobacco mild green mosaic virus to encompass all previous names. TMGMV typically 

causes mild symptoms, including dark green mosaic patterns in infected cultivars. It is often found in 

transformed tobacco products like cigarettes (Wetter, 1975), but it has also been identified in other cultivars 

worldwide, such as Solanum lycopersicum (Ong et al., 2020), Solanum melongena (Chai et al., 2018) and 

Capsicum annuum (Choi et al., 2002; Herrera‐Vásquez et al., 2009; Salem et al., 2020). 

6.13.3. Past, current and potential future uses 

There are no documented uses of TMGMV as an environmental and fecal biomarker. However, 

due to the mild symptoms caused by the virus in cultivars and its global dissemination and wide host range 

in common food staples, it is plausible that TMGMV could be encountered in processed food products. 
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This is supported by findings that detected TMGMV in the gastrointestinal tracts of young infants (Aguado-

García et al., 2020; Taboada et al., 2021). Of particular interest for wastewater surveillance is the use of the 

TMGMV U2 strain as a bioherbicide for controlling certain weeds, such as the tropical soda apple (Solanum 

viarum) (Charudattan et al., 2024). This could lead to high viral loads of TMGMV in wastewater that are 

unrelated to human consumption of infected cultivars, making its use as a fecal biomarker challenging in 

areas where it is employed to control noxious weeds. 

6.14. Youcai mosaic virus (YMoV) 

6.14.1. Characteristics and features 

YMoV is a rod-shaped, positive-sensed single-stranded RNA virus, measuring approximately 300 

nm in length and 18 nm in width. It causes rugose and mottling symptoms on the leaves and fruits of infected 

cultivars (Aguilar et al., 1996). YMoV can exhibit a wide range of symptoms in its hosts, from mild to 

severe, potentially leading to plant death. This virus predominantly infects Brassica napus cultivars but has 

a broad host range. The full genome of YMoV contains approximately 6,303 nucleotides, encoding four 

proteins: ORF1: 181.4 kDa, ORF2: 124.8 kDa, ORF3: 29.9 kDa and ORF4: 17.7 kDa. (Aguilar et al., 1996). 

YMoV shows highest genetic similarity Ribgrass mosaic virus (RiMV) and Turnip vein clearing virus 

(TVCV) (~84% and ~82% pairwise identity of nucleotides over the whole genome, respectively) (Adams 

et al., 2017; Aguilar et al., 1996). 

6.14.2. Initial observations and discovery 

YMoV was first observed and isolated in infected Brassica napus cultivars by Aguilar et al. in 1996 

in China (Aguilar et al., 1996). Initially referred to as Chinese rape mosaic virus or Oilseed rape mosaic 

virus, the name was later changed to Youcai mosaic virus following virological naming conventions. 

YMoV has been reported to cause a range of effects on its hosts, from mild symptoms to severe cases 

resulting in plant death. It has been observed to infect a variety of hosts, including several Nicotiana spp. 

Cultivars, Brassica pekinensis, Brassica chinensis, Brassica juncea (Aguilar et al., 1996), and has more 

recently been observed causing infections in Capsicum annuum (Zhang et al., 2015), Solanum nigrum (Gu 

et al., 2024), Digitalis lanata (Dong et al., 2017) and Rehmannia glutinosa (Kwon et al., 2017). 

6.14.3. Past, current and potential future uses 

There are no documented uses of YMoV as an environmental and fecal biomarker. However, given 

the widespread use of Brassica napus as a source for rapeseed oil (also known as Canola oil), it is plausible 
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that YMoV could potentially be used as an environmental and fecal biomarker due to rapeseed oil being 

the third most consumed culinary oil globally (Shen et al., 2023). As a result, it is likely that YMoV could 

be used as an environmental and fecal biomarker for WEM. This is supported by the findings of Aguado-

Garcia and Taboada, which outlined the presence of YMoV in the gastrointestinal tract of young infants 

(Aguado-García et al., 2020; Taboada et al., 2021). 

6.15. Bell pepper mottle virus (BPeMV) 

6.15.1. Characteristics and features 

BPeMV is a rod-shaped, positive-sensed single-stranded RNA virus, measuring approximately 300 

nm in length and 18 nm in width. It causes mottling, necrosis, chlorosis, and can lead to plant death in 

infected cultivars. BPeMV exclusively infects pepper cultivars (Capsicum spp.). The full genome of 

BPeMV contains 6,357 nucleotides, encoding four proteins: ORF1: 181.0 kDa, ORF2: 126.0 kDa, ORF3: 

30.0 kDa and ORF4: 18.0 kDa. (Rhie et al., 2007). BPeMV shows high genetic similarity to Tomato Mosaic 

Virus (ToMV) with ~76% pairwise identity of nucleotides over the whole genome (Adams et al., 2017). 

6.15.2. Initial observations and discovery 

BPeMV was first observed in 1987 after serological tests on isolates originating from samples 

collected in Argentina in 1968 (Gracia et al., 1968; Wetter et al., 1987). Wetter distinguished BPeMV from 

related tobamoviruses such as Tobacco mosaic virus, Tomato mosaic virus, Opuntia chlorotic ringspot virus 

and PMMoV via serological and inoculation experiments. Specifically, serological tests revealed that 

BPeMV reacted strongly with PMMoV antibodies, but inversely PMMoV showed little reactivity with 

BPeMV antibodies (Adams et al., 2017). Since BPeMV primarily infects bell peppers (Capsicum annuum), 

the name Bell pepper mottle virus was proposed to differentiate it from other tobamoviruses. 

6.15.3. Past, current and potential future uses 

No documented uses of BPeMV as an environmental and fecal biomarker could be identified. 

Wetter noted in 1987 that BPeMV appeared to have a higher degree of lethality in infected cultivars than 

some other tobamoviruses (Wetter et al., 1987). BPeMV has been detected in wastewater at low 

concentrations (Rothman and Whiteson, 2022), but its low abundance in wastewater may limit its use as an 

environmental and fecal biomarker. The higher lethality of BPeMV likely reduces its presence in the human 

food chain, as infected plants are less likely to reach maturity and be harvested, thus limiting its signature 

in wastewater. Despite this, BPeMV might still be considered as an environmental and fecal biomarker for 
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WEM. Support for the theory that BPeMV observed in wastewater is caused by the ingestion of infected 

cultivars is found in the findings of Aguado-Garcia and Taboada, which outlined the presence of BPeMV 

in the gastrointestinal tract of young infants (Aguado-García et al., 2020; Taboada et al., 2021).  

6.16. Opuntia chlorotic ringspot virus (OCRV) 

6.16.1. Characteristics and features 

OCRV is a rod-shaped, positive-sensed single-stranded RNA virus, measuring approximately 300 

nm in length and 18 nm in width (Wetter and Paul, 1967). It causes mottling, yellowing, mosaic patterns, 

and necrotic lesions on the trunk and flowers of infected cultivars. This virus predominantly infects cultivars 

of the Opuntia genus. The full genome of OCRV has not yet been sequenced but is expected to contain 

approximately ~6,400 nucleotides and have 4 ORFs, in typical tobamovirus organization (ORF1: ~182 kDa, 

ORF2: ~126 kDa, ORF3: ~30 kDa and ORF4: ~18 kDa).  

6.16.2. Initial observations and discovery 

OCRV was first observed in Arizona, United States, in 1961 (Sammons and Chessin, 1961). It was 

initially described as causing 'cigar-shaped spindles' within cells of Opuntia spp. pads (Sammons and 

Chessin, 1961). Inoculation experiments demonstrated that OCRV caused local lesions in Chenopodium 

quinoa, but would not cause apparent infections in Nicotiana tabacum and Nicotiana glutinosa (Milbrath, 

1971). Originally named Sammons’s Opuntia virus, it was renamed Opuntia chlorotic ringspot virus in 

2017. 

6.16.3. Past, current and potential future uses 

There are no documented uses of OCRV as an environmental and fecal biomarker that could be 

identified. While the typical hosts (cultivars of the Opuntia genus) of OCRV are considered edible, it’s 

unclear how much infected foodstuff is encountered in human foodstuffs. Despite this, due to the relatively 

large host range of the OCRV, it is likely that OCRV could be used as an environmental and fecal biomarker 

for WEM. Despite these doubts, the theory of consumption of OCRV-infected cultivars is supported by the 

findings of Aguado-Garcia and Taboada, which outlined the presence of OCRV in the gastrointestinal tract 

of young infants (Aguado-García et al., 2020; Taboada et al., 2021). 

6.17. Rattail cactus necrosis-associated virus (RCNaV) 
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6.17.1. Characteristics and features 

RCNaV is a rod-shaped, positive-sensed single-stranded RNA virus, measuring approximately 300 

nm in length and 18 nm in width. It causes necrotic lesions on infected cultivars (Adams et al., 2017; Kim 

et al., 2012; Murcia Bermudez et al., 2024). This virus predominantly infects Opuntia (O. albicarpa) 

cultivars. The full genome of RCNaV contains approximately 6,506 nucleotides, encoding four proteins: 

ORF1: 185.0 kDa, ORF2: 128.0 kDa, ORF3: 36.0 kDa and ORF4: 19.0 kDa. (Kim et al., 2012). Amongst 

tobamoviruses, RCNaV shows highest genetic similarity with Cactus mild mottle virus (~62.0 % pairwise 

identity of nucleotides over the whole genome) (Adams et al., 2017; Kim et al., 2012). 

6.17.2. Initial observations and discovery 

RCNaV was first observed in Korea in 2012 in infected Aporocactus flagelliformis cultivars which 

were showing symptoms of disease (necrotic lesions) (Kim et al., 2012). Inoculation experiments conducted 

by Min et al. showed that RCNaV caused symptomatic infections in Nicotiana benthamiana (systemic leaf 

crinkling and mosaic), Nicotiana tabacum (localized necrotic lesions), and asymptomatic infections in 

Nicotiana glutinosa, Nicotiana rustica, Cucumis sativus, Vigna unguiculata and Chenopodium 

amaranticolor (Kim et al., 2012; Min et al., 2006). 

6.17.3. Past, current and potential future uses 

There are no documented uses of RCNaV as an environmental and fecal biomarker that could be 

identified. However, the asymptomatic host range of the virus is significant, suggesting that RCNaV could 

potentially be used as an environmental and fecal biomarker for WEM due to the human consumption of 

RCNaV-infected foodstuffs. This theory is supported by the findings of Aguado-Garcia and Taboada, which 

outlined the presence of RCNaV in the gastrointestinal tract of young infants (Aguado-García et al., 2020; 

Taboada et al., 2021). 

6.18. Clitoria yellow mottle virus (CYMV) 

6.18.1. Characteristics and features 

CYMV is a rod-shaped, positive-sensed single-stranded RNA virus, measuring approximately 300 

nm in length and 18 nm in width. It causes localized chlorosis, pale necrotic lesions, and dark spreading 

halos on the leaves of infected cultivars. This virus predominantly infects legumes and leafy cultivars such 

as Chenopodium quinoa, Pisum sativum and various strains of tobacco, but does not appear to infect 
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Brasicca chinensis, Lactuca sativa, Lycopersicon esculentum, Ocimum basilicum or Zinnia elegans (Wei 

et al., 2012). The full genome of CYMV contains 6,514 nucleotides, encoding four proteins: ORF1: 186.0 

kDa, ORF2: 128.0 kDa, ORF3: 32.7 kDa and ORF4: 18.0 kDa.. CYMV shows high genetic similarity with 

Sunn-hemp mosaic virus (~64% pairwise identity of nucleotides over the whole genome) (Wei et al., 2012).  

6.18.2. Initial observations and discovery 

In 1995, a disease afflicting an African forage legume (Clitoria ternatea) in Australia was causing 

chlorosis and visible lesions to leaves of the cultivar. Samples of the affected cultivar, which showed 

chlorosis and vein clearing, were harvested and a sample was extracted from the cultivar to perform 

inoculation experiments, which identified several cultivars that could be infected by the novel virion 

(Chenopodium quinoa, Pisum sativum and various strains of tobacco). Due to the symptoms caused by the 

novel virus in Clitoria ternatea, the virus was named Clitoria yellow mottle virus (Wei et al., 2012). 

6.18.3. Past, current and potential future uses 

There are no documented uses of CYMV as an environmental and fecal biomarker. However, given 

the types of cultivars CYMV can infect and the significant role of legumes such as quinoa and beans in 

human nutrition, it is possible that CYMV could enter human foodstuffs. If infected cultivars are not culled 

and are transformed into food products, CYMV could potentially serve as a biomarker in communities and 

regions where legumes are consumed in large quantities. This potential use should be investigated further. 

6.19. Cucumber mottle virus (CMoV) 

6.19.1. Characteristics and features 

CMoV is a rod-shaped, positive-sensed single-stranded RNA virus, measuring approximately 300 

nm in length and 18 nm in width. It causes mottling on the leaves and fruits of infected cultivars (Orita et 

al., 2007). This virus predominantly infects cucurbits of the Cucumis genus. The full genome of CMoV 

contains 6,485 nucleotides, encoding four proteins: ORF1: 188.0 kDa, ORF2: 130.0 kDa, ORF3: 28.0 kDa 

and ORF4: 18.0 kDa. (Orita et al., 2007). CMoV, unsurprisingly, shows high genetic similarity with other 

cucurbit infecting tobamoviruses such as Cucumber green mottle mosaic virus (~63.5% pairwise identity 

of nucleotides over the whole genome) (Adams et al., 2017; Orita et al., 2007). 

6.19.2. Initial observations and discovery 
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CMoV was first observed in Southern Japan in 2006 after the discovery of a novel tobamovirus-

like virus causing systemic infection and mottling in greenhouse-grown cucumbers. Initial identification 

attempts included serological experiments, which revealed poor reactivity between extracts from infected 

cultivars and existing assays for Cucumber Green Mottle Mosaic Virus and Kyuri Green Mottle Mosaic 

Virus, hinting at the presence of a new virus. Inoculation experiments revealed that this novel virus could 

lead to lesions when infecting Chenopodium amaranticolor, but not when infecting Datura stramonum, a 

behavior also observed with Cucumber Green Mottle Mosaic Virus (Orita et al., 2007).  

6.19.3. Past, current and potential future uses 

There are no documented uses of CMoV as an environmental and fecal biomarker that could be 

identified. However, given the significant role of cucurbits, particularly cultivars of the Cucumis genus, in 

human nutrition (McCreight, 2017; Vänninen, 2019), CMoV could have significant uses as a fecal 

biomarker. This potential relies on the assumption that infected cultivars are not immediately culled and 

could enter the human food chain through transformed food products containing infected cucumbers. 

Therefore, the use of CMoV as a fecal biomarker is plausible and should be investigated further. 

6.20. Hibiscus latent Fort Pierce virus (HLFPV) 

6.20.1. Characteristics and features 

HLFPV is a rod-shaped, positive-sensed single-stranded RNA virus, measuring approximately 300 

nm in length and 18 nm in width. It causes diffuse chlorosis and mottling on the leaves, fruits, and flowers 

of infected cultivars (Adkins et al., 2003). This virus predominantly infects Hisbiscus spp. cultivars. The 

full genome of HLFPV contains approximately 6,431 nucleotides, encoding four proteins: ORF1: 187.0 

kDa, ORF2: 128.0 kDa, ORF3: 31.0 kDa and ORF4: 18.0 kDa. (Yoshida et al., 2014). Amongst 

tobamoviruses, HLFPV shows highest genetic similarity with Hibiscus Latent Singapore Virus (~70.3% 

pairwise identity of nucleotides over the whole genome) (Adams et al., 2017). 

6.20.2. Initial observations and discovery 

HLFPV was first observed in 2003 in Fort Pierce, United States, described as an unusual strain of 

tobacco mosaic virus causing virus-like symptoms in Hibiscus cultivars (Adkins et al., 2003). It was 

observed in hibiscus across the southeastern portion of the state of Florida, USA. This novel tobamovirus, 

discovered shortly after reports of the discovery of another hibiscus-infecting tobamovirus, Hibiscus latent 

Singapore virus (HLSV), differed from HLSV due to different symptomology in infected cultivars, and 
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differing coat protein sequence, clearly establishing HLFPV as a separate and distinct tobamovirus (Adkins 

et al., 2003). Sap extracts from infected cultivars were used to inoculate Chenopodium quinoa cultivars to 

increase viral load before performing widespread inoculation experiments across 51 individual species of 

cultivars. Out of the 51 inoculated cultivars, 11 were successfully infected (but showed no symptoms), 35 

were not successfully infected and only 5 developed symptomatic infection (Adkins et al., 2003). Cultivars 

that developed symptomatic infection are as follow: Chenopodium amaranticolor, Chenopodium quinoa, 

Nicotiana glutinosa, Nicotiana rustica and Petunia x hybrida (Adkins et al., 2003). Asymptomatic infections 

were observed in the following cultivars: Gomphrena globosa, Abelmoshus esculentus (cv. Clemon 

Spineless + North and South hybrid), Gossypium hirsutum cv. DES 607, Hibiscus cannabinus, Hibiscus 

rosa-sinensis, Malvaviscus arboreus, Nicotiana benthamiana, Nicotiana debneyi, Nicotiana excelsior and 

Nicotiana occidentalis (Adkins et al., 2003).  

6.20.3. Past, current and potential future uses 

There are no documented uses of HLFPV as an environmental and fecal biomarker. However, due 

to the wide range of hosts HLFPV can infect without producing symptoms, it is plausible that HLFPV may 

be observed in some wastewater samples and could have relevance in WEM, particularly due to its ability 

to infect okra (Abelmoshus esculentus). 

6.21. Hibiscus latent Singapore virus (HLSV) 

6.21.1. Characteristics and features 

HLSV s a rod-shaped, positive-sensed single-stranded RNA virus, measuring approximately 300 

nm in length and 18 nm in width. It causes diffuse chlorosis and mottling on the leaves, fruits, and flowers 

of infected cultivars. This virus predominantly infects. This virus predominantly infects Hibiscus spp. 

cultivars. The full genome of HLSV contains approximately 6,486 nucleotides, encoding four proteins: 

ORF1: 186.0 kDa, ORF2: 128.0 kDa, ORF3: 30.9 kDa and ORF4: 18.2 kDa. (Srinivasan et al., 2005). 

Amongst tobamoviruses, HLSV shows highest genetic similarity with Hibiscus Latent Singapore Virus 

(~70.3% pairwise identity of nucleotides over the whole genome). 

6.21.2. Initial observations and discovery 

HLSV was first observed in 1982 in Japan and was described as a disease infecting Hibiscus rosa-

sinensis, causing yellowing of the veins and mosaic mottling (Kashiwazaki et al., 1982). Phylogenetic 

analyses of the coat and movement proteins revealed it belonged to a subgroup of tobamoviruses, leading 
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to the novel virus being tentatively named Hibiscus yellow mosaic tobamovirus. Sequencing of the coat 

and movement protein genes revealed that this virus was novel and sufficiently distinct from other existing 

tobamoviruses to be considered a novel tobamovirus. As a result, the novel virus was tentatively renamed 

Hibiscus virus S (HVS) by Srinivasan et al. in 2002. Inoculation experiments revealed mild or no symptoms 

in many cultivars, and similarly to HLFPV, a wide host range. The name Hibiscus virus S did not meet the 

current naming convention and in an attempt to differentiate it from another tobamovirus infecting hibiscus 

in Florida (HLFPV), naming conventions typically attempt to incorporate the city or country where a virus 

is first discovered, leading to the renaming of HVS to Hibiscus latent Singapore virus, to highlight the 

origin of this particular species where it was first observed (Singapore) (Adams et al., 2017). 

6.21.3. Past, current and potential future uses 

There are no documented uses of HLSV as an environmental and fecal biomarker. However, due 

to the wide range of hosts HLSV can infect without producing symptoms, it is plausible that HLSV may be 

observed in some wastewater samples and could have relevance in WEM. 

6.22. Kyuri green mottle mosaic virus (KGMMV) 

6.22.1. Characteristics and features 

KGMMV is a rod-shaped, positive-sensed single-stranded RNA virus, measuring approximately 

300 nm in length and 18 nm in width. It causes round, ring-patterned chlorosis and mottling on the leaves 

and flowers of infected cultivars. This virus predominantly infects cultivars of the family Cucurbitacea. The 

full genome of KGMMV contains approximately 6,514 nucleotides, encoding four proteins: ORF1: 189.0 

kDa, ORF2: 131.5 kDa, ORF3: 28.3 kDa and ORF4: 17.2 kDa. (Yoon et al., 2001). Amongst tobamoviruses, 

KGMMV shows highest genetic similarity with Zucchini green mottle mosaic virus (~83.8% pairwise 

identity of nucleotides over the whole genome). 

6.22.2. Initial observations and discovery 

KGMMV was first observed in the Kansai region of Japan in 1966 and was described as a disease 

infecting greenhouse cucumbers (Inouye et al., 1967). Infections caused green vein banding and a dark 

mosaic in the leaves of infected cucurbit cultivars, and the authors described the symptoms as significantly 

different from symptoms caused by Cucumber mosaic virus and Watermelon mosaic virus. The virus was 

also reported to cause severe chlorosis, warping and distortions of the fruits of infected cultivars (Inouye et 

al., 1967). This virus was at the time designated as the ‘cucumber strain’ of the cucumber green mottle 
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mosaic virus, to distinguish it from the ‘watermelon strain’ of the same virus (Inouye et al., 1967), due to 

differences in host tropism and symptoms on infected cultivars. Further work by Francki et al. in 1986 

demonstrated via a series of serological and hybridization analyses that the cucumber green mottle mosaic 

virus was in fact closely related or the same as the CV3 virus Ainsworth described 50 years earlier 

(Ainsworth, 1935; Francki et al., 1986). Francki et al.’s findings led to the retention of the name cucumber 

green mottle mosaic virus to encompass CV3, CV4 and the ‘watermelon strain’ of cucumber green mottle 

mosaic virus, and proposal of a new name, kyuri green mottle mosaic virus as the name for the virus 

formally known as the ‘cucumber strain’ of cucumber green mottle mosaic virus (Francki et al., 1986). 

Further studies on KGMMV revealed that the virus had an extensive host range, as inoculation experiments 

in 30 different hosts in the Amaranthaceae, Chenopodiaceae, Cucurbitaceae, Leguminosae and Solanaceae 

families demonstrated that KGMMV caused symptoms in 26, and infections in 28 of the 30 host cultivars. 

Only cultivars in the Leguminosae family were not susceptible to infection (Daryono et al., 2005; Yoon et 

al., 2001). 

6.22.3. Past, current and potential future uses 

There are no documented uses of KGMMV as an environmental and fecal biomarker that could be 

identified. However, due to the wide range of hosts KGMMV is capable of infecting, despite intense and 

severe symptoms in some of the hosts, it is plausible to expect that KGMMV could one day be observed in 

some wastewater and therefore have some relevance in WEM. 

6.23. Maracuja mosaic virus (MarMV) 

6.23.1. Characteristics and features 

The Maracuja mosaic virus (MarMV) is a rod-shaped, positive-sensed single-stranded RNA virus, 

measuring approximately 300 nm in length and 18 nm in width. It causes localized necrotic lesions on the 

leaves and flowers of infected cultivars. This virus predominantly infects cultivars of the family 

Passifloraceae. The full genome of MarMV contains approximately 6,794 nucleotides, encoding four 

proteins: ORF1: 180.8 kDa, ORF2: 126.0 kDa, ORF3: 34.0 kDa and ORF4: 18.2 kDa. (Song et al., 2006). 

Amongst tobamoviruses, MarMV shows highest genetic similarity with Passionfruit mosaic virus (~73.7% 

pairwise identity of nucleotides over the whole genome) (Adams et al., 2017). 

6.23.2. Initial observations and discovery 
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MarMV was first observed in northern Peru in 1982. Passiflora edulis Sims cultivars displayed 

symptoms of disease in the form of leaf mosaic and mottling of the leaves and fruits of the infected cultivars 

(Fribourg et al., 1987). Inoculation experiments revealed that MarMV was also capable of infecting 

Chenopodium amaranticolor, Chenopodium quinoa and Nicotiana benthamiana (Adams et al., 2017; Song 

et al., 2006). Inoculation experiments in 27 different species of cultivars revealed that mechanical 

inoculation led to systemic infections in only 2 of the species: Passiflora edulis and Nicotiana benthamiana. 

In the other 25 tested species, mechanical inoculation only led to localized MarMV infection (Fribourg et 

al., 1987).  

6.23.3. Past, current and potential future uses 

There are no documented uses of MarMV as an environmental and fecal biomarker that could be 

identified. It is however important to note that MarMV, despite a large host range, tends to cause only 

localized infections and not systemic infections, therefore potentially limiting its use as an environmental 

and fecal biomarker. Despite this, it is plausible to expect that MarMV could one day be observed in some 

wastewater and therefore have some relevance in WEM. 

6.24. Obuda pepper virus (ObPV) 

6.24.1. Characteristics and features 

ObPV is a rod-shaped, positive-sensed single-stranded RNA virus, measuring approximately 300 

nm in length and 18 nm in width. It causes yellowing and spotting on the leaves, fruits and flowers of 

infected cultivars. This virus predominantly infects cultivars of the genus Capsicum. The full genome of 

ObPV contains approximately 6,507 nucleotides, encoding four proteins: ORF1: 182.9 kDa, ORF2: 126.0 

kDa, ORF3: 30.6 kDa and ORF4: 18.0 kDa. (Csilléry et al., 1983; Ikeda et al., 1993). Amongst 

tobamoviruses, ObPV shows highest genetic similarity with Paprika mild mottle virus (~78.2% pairwise 

identity of nucleotides over the whole genome). 

6.24.2. Initial observations and discovery 

ObPV was first observed in Óbuda, Hungary in 1978. The virus was described as a novel disease 

showing typical tobamovirus symptoms in Capsicum annuum, causing yellowing and yellow spotting in 

the upper leaves of infected cultivars (Csilléry et al., 1983; Csilléry and Ruskó, 1980). As a result of the 

symptoms and early inoculation experiments, the virus was initially called “new strain of tomato mosaic 

virus (ToMV-Ob)”. Inoculation experiments made with crude leaf extracts revealed that ObPV was also 



147 

capable of infecting several other cultivars: Chenopodium quinoa, Datura stramonium, Plantago major, 

Nicotiana sylvestris, Nicotiana glutinosa, Nicotiana tabacum, Nicotiana rustica, Petunia hybrida, 

Lycopersicon esculentem, and Capsicum spp.. Systemic infections were observed only in cultivars of genus 

Nicotiana and Capsicum (Csilléry et al., 1983). 

6.24.3. Past, current and potential future uses 

There are no documented uses of ObPV as an environmental and fecal biomarker that could be 

identified. It is however important to note that ObPV, despite a large host range, tends to cause only 

localized infections and not systemic infections, therefore potentially limiting its use as an environmental 

and fecal biomarker. Despite this, it is plausible to expect that ObPV could one day be observed in some 

wastewater and therefore have some relevance in WEM. 

6.25. Passion fruit mosaic virus (PafMV) 

6.25.1. Characteristics and features 

PafMV is a rod-shaped plant virus, approximately 300 nm in length and 18 nm in width. It causes 

mottling and virus-like symptoms on the leaves and fruits of infected plants (Lewandowski and Dawson, 

2000; Song et al., 2006). This virus predominately infects Passiflora spp. and was first identified in this 

specific host. The full genome of PafMV contains 6,791 nucleotides, encoding four proteins: ORF1: 184.0 

kDa, ORF2: 125.0 kDa, ORF3: 40.0 kDa and ORF4: 18.0 kDa.(Song and Ryu, 2011). Amongst 

tobamoviruses, PafMV shows the highest genetic similarity with the Peru isolate of maracuja mosaic virus 

(68.1% to 77.9% at the nucleotide level of the ORFs) (Song and Ryu, 2011). 

6.25.2. Initial observations and discovery 

PafMV was first observed in Florida in 2000 and was initially misidentified as an isolate of 

maracuja mosaic virus (MarMV-FL) in Passiflora incarnate L. cultivars (Song and Ryu, 2011). Following 

genomic sequencing analysis, it was discovered that the isolate should be a new species due to its significant 

phylogenic differences and thus was named PafMV. Inoculation experiments revealed that PafMV could 

cause systemic mosaic on Nicotiana benthamiana and local lesions on N. tabacum, N. glutinosa and 

Gomphrena globosa (Song and Ryu, 2011).  

6.25.3. Past, current and potential future uses 
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There are no documented uses of PafMV as an environmental and fecal biomarker that could be 

identified. Hosts of PafMV include Passiflora edulis, also known as yellow passion fruit (Song and Ryu, 

2011). P. edulis is native to South America and the fruit is usually eaten fresh (Lim, 2012) and is also known 

to be used as traditional folk medicine in many countries for the treatment of coughing and constipation. 

Like many other imported fruits, the importation of fresh passion fruit is commonly limited in certain 

countries due to quarantine restrictions preventing the spread of insects (Canada Food Inspection Agency, 

2020; USDA, 2022). It is therefore unlikely that PafMV-infected cultivars will be commonly consumed by 

humans, limiting PafMV’s potential for use as a fecal biomarker. 

6.26. Ribgrass mosaic virus (RiMV) 

6.26.1. Characteristics and features 

RiMV is a rod-shaped, positive-sensed single-stranded RNA virus, measuring approximately 300 

nm in length and 18 nm in width. It causes vein banding, mosaic, and mottling in infected cultivars (Adams 

et al., 2017; Chavan et al., 2012; Chessin et al., 1980; Wetter, 1986). This virus predominantly infects 

Plantago spp. cultivars. The full genome of RiMV contains approximately 6,311 nucleotides, encoding four 

proteins: ORF1: 182.1 kDa, ORF2: 125.4 kDa, ORF3: 30.1 kDa and ORF4: 19.0 kDa. (Chavan et al., 2012). 

Amongst tobamoviruses, RiMV shows highest genetic similarity with Turnip vein-clearing virus, Youcai 

mosaic virus and Wasabi mottle virus (~86.7 %, 80.8 % and 81.9 % pairwise identity of nucleotides over 

the whole genome, respectively) (Adams et al., 2017). 

6.26.2. Initial observations and discovery 

RiMV was first observed in the United States in 1941 as a novel virus infecting Plantago lanceolata 

and Plantago major cultivars (Holmes, 1941). Initially named TMV-ribgrass strain, RiMV was also known 

as Holmes’ ribgrass, Crucifer TMV, Turnip vein clearing virus (incorrectly), and TMV-wasabi (Chavan et 

al., 2012; Gibbs, 1999). The virus was for almost three decades thought to simply be a specific strain of 

Tobacco mosaic virus before being recognized as its own unique virus (Chessin et al., 1980; Harrison et al., 

1971; Oshima and Harrison, 1975). RiMV has a notably large host range (50+ host species), which likely 

contributed to its misidentification in the wild for over 30 years.  

6.26.3. Past, current and potential future uses 
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There are no documented uses of RiMV as an environmental and fecal biomarker that could be 

identified. RiMV has a very large host range, and as a result it is plausible that infected cultivars could be 

consumed in transformed products, but no evidence of this yet exists. 

6.27. Sunn-hemp mosaic virus (SHMV) 

6.27.1. Characteristics and features 

SHMV is a rod-shaped, positive-sensed single-stranded RNA virus, measuring approximately 300 

nm in length and 18 nm in width. It causes mosaic, necrotic spots, and banding on the leaves, fruits, and 

flowers of infected cultivars (Crotalaria juncea spp.) cultivars. The full genome of SHMV contains 

approximately 6,483 nucleotides, encoding four proteins: ORF1: 186.3 kDa, ORF2: 128.6 kDa, ORF3: 31.0 

kDa and ORF4: 18.4 kDa. (Mise et al., 1996; Silver et al., 1996). Amongst tobamoviruses, SHMV shows 

highest genetic similarity with Clitoria yellow mottle virus (~64.4 % pairwise identity of nucleotides over 

the whole genome) (Adams et al., 2017). 

6.27.2. Initial observations and discovery 

SHMV was first observed by Capoor et al. in 1942 in India in infected Vigna unguiculata cultivars 

showing dwarfed leaves, mosaic and chlorosis symptoms (Capoor et al., 1947). Over the years, SHMV has 

also been referred to as the Cowpea mosaic virus (Lister and Thresh, 1955), Catjang mosaic virus (Capoor 

et al., 1947), Dolichos enation mosaic virus (Capoor and Varma, 1948), Southern sunn-hemp mosaic virus 

(Capoor, 1962, 1950) and Crotalaria mucronata mosaic virus (Raychaudhuri and Pathanian, 1950). The 

name Sunn-hemp mosaic virus became the generally accepted name due to sunn-hemp being the mainly 

infected cultivar of this particular tobamovirus (Van Regenmortel and Fraenkel-Conrat, 1996). Inoculation 

experiments demonstrated that SHMV has a wide host range: over 40 individual species, including 

Nicotiana tabacum, Pisum sativum, Lycopersicon esculentum, Datura strumonium and Cyamopsis 

tetragonoloba (Deb et al., 2023). 

6.27.3. Past, current and potential future uses 

There are no documented uses of SHMV as an environmental and fecal biomarker that could be 

identified. Despite this, SHMV has a very large host range and as a result it is possible that it could 

consumed in transformed foodstuffs. 

6.28. Tomato mosaic virus (ToMV) 
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6.28.1. Characteristics and features 

ToMV is a rod-shaped, positive-sensed single-stranded RNA virus. It measures approximately 300 

nm in length and 18 nm in width. This virus causes mosaic, mottling, chlorosis, and discoloration of leaves 

and fruits in infected tomato (Adams et al., 2017). This virus predominantly infects tomato (Solanum 

lycopersicum) cultivars (Allard, 1916; Clinton, 1909). The full genome of ToMV contains approximately 

6,383 nucleotides, encoding four proteins: ORF1: 183.5 kDa, ORF2: 126.4 kDa, ORF3: 29.3 kDa and ORF4: 

17.8 kDa.. Amongst tobamoviruses, ToMV shows highest genetic similarity with the Tomato mottle mosaic 

virus and the Tomato brown rugose fruit virus (~84.2 and ~81.0% pairwise identity of nucleotides over the 

whole genome, respectively) (Adams et al., 2017). 

6.28.2. Initial observations and discovery 

ToMV was first observed in infected Solanum lycopersicum cultivars exhibiting mosaic and 

chlorosis in the United States in 1909 (Allard, 1916; Clinton, 1909). Serological tests show strong cross-

reactivity between ToMV and TMV, and ToMV was largely considered only a strain of TMV until the 

1980s by many eminent scientists in the field. However, with the advent of modern molecular tools such as 

high throughput sequencing and a distinct host range, ToMV was accepted as a tobamovirus species of its 

own (Gibbs et al., 1970; Martelli and Quacquarelli, 1983). ToMV has a wide host range and inoculation 

tests revealed that ToMV also causes infection in the following cultivars: Capsicum spp., Solanum 

tuberosum, Prunus avium, Pyrus communis, Malus sylvestris, Vitis vinifera, Chenopodium murale and 

even Picea rubens (Fillhart et al., 1997; Gibbs, 1986). 

6.28.3. Past, current and potential future uses 

There are no recent documented uses of ToMV as an environmental and fecal biomarker that could 

be identified. However, it is important to note that infectious ToMV has been detected in greenhouse 

wastewater (Liu et al., 1999), clouds (Castello et al., 1995), surface water bodies (Koenig, 1986) and trees 

(Fillhart et al., 1998, 1997). Due to the exceptionally large host range of ToMV, it’s likely that it could be 

encountered in wastewater. As a result, it is likely that ToMV could be used as an environmental and fecal 

biomarker.  

6.29. Tomato mottle mosaic virus (ToMMV) 

6.29.1. Characteristics and features 
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ToMMV is a rod-shaped, positive-sensed single-stranded RNA virus. It measures approximately 

300 nm in length and 18 nm in width. This virus causes severe leaf distortion, discoloration, and necrosis 

in infected cultivars (Adams et al., 2017). ToMMV predominantly infects tomato (Solanum lycopersicum) 

and Capsicum annuum cultivars (Li et al., 2013). The full genome of ToMMV contains approximately 

6,398 nucleotides, encoding four proteins: ORF1: 183.3 kDa, ORF2: 126.3 kDa, ORF3: 29.9 kDa and ORF4: 

17.7 kDa.. Amongst tobamoviruses, ToMMV shows highest genetic similarity with Tomato mosaic virus 

and Tomato brown rugose fruit virus (~84.2 and ~80.8% pairwise identity of nucleotides over the whole 

genome, respectively) (Adams et al., 2017). 

6.29.2. Initial observations and discovery 

ToMMV was first observed in diseased greenhouse tomatoes in Mexico and Jordan in 2009 and 

2015, respectively (Li et al., 2013; Salem et al., 2016). Initial efforts to diagnose the source of the disease 

in cultivars via antibody assays revealed that the symptoms were caused by a tobamovirus. Subsequent 

genomic sequencing revealed that the virus infecting the cultivars was a novel tobamovirus, and not simply 

a strain of ToMV nor TMV. This led to the coining of the name Tomato mottle mosaic virus. Inoculation 

experiments revealed that ToMMV was capable of infecting at least 16 different cultivars including 

common food staples including Solanum lycopersicum, Capsicum annuum, various cultivars of the 

Nicotiana genus, Brassica pekinensis, Brassica chinensis, and Raphanus sativus (Li et al., 2017).  

6.29.3. Past, current and potential future uses 

There are no documented uses of ToMMV as an environmental and fecal biomarker that could be 

identified. Despite ToMMV having a wide host range, ToMMV infections typically cause severe symptoms 

and as a result it is less likely that ToMMV-infected cultivars would be consumed in transformed products.  

6.30. Tropical soda apple mosaic virus (TSAMV) 

6.30.1. Characteristics and features 

TSAMV is a rod-shaped, positive-sensed single-stranded RNA virus, measuring approximately 300 

nm in length and 18 nm in width. It causes leaf mosaic, mottling, and yellowing of plant tissues and fruits 

in infected cultivars (Adams et al., 2017; Fillmer et al., 2016). This virus predominantly infects tomato 

(Solanum lycopersicum) cultivars (Fillmer et al., 2016). The full genome of TSAMV contains 

approximately 6,350 nucleotides, encoding four proteins: ORF1: 182.8 kDa, ORF2: 126.1 kDa, ORF3: 28.3 
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kDa and ORF4: 17.7 kDa. Amongst tobamoviruses, TSAMV shows highest genetic similarity with Pepper 

mild mottle virus (~79.3 % pairwise identity of nucleotides over the whole genome). 

6.30.2. Initial observations and discovery 

TSAMV was first observed in infected in infected Solanum viarum weeds in Florida in 2007. 

Nicotiana benthamiana cultivars were mechanically inoculated with sap from the weeds showing symptoms 

and it was observed by microscopy that rod-shaped virions, typical of tobamoviruses, were present. Genetic 

sequencing revealed that this tobamovirus was novel, and as a result of its discovery in Solanum viarum 

weeds (Tropical soda apple), the name Tropical soda apple mosaic virus was coined (Adkins et al., 2007). 

Inoculation experiments with TSAMV revealed a large host range, capable of infecting 16 different species 

within the Solanaceae family (Fillmer et al., 2016). 

6.30.3. Past, current and potential future uses 

There are no documented uses of TSAMV as an environmental and fecal biomarker that could be 

identified. However, TSAMV has a large host range, and as a result it is plausible that infected cultivars 

could be consumed in transformed products. Evidence of this exists as a recent study has determined that 

TSAMV was found in river water, wastewater and primary sludge in several sites in Mexico (Lopez-

Roblero et al., 2024).  

6.31. Turnip vein-clearing virus (TVCV) 

6.31.1. Characteristics and features 

TVCV is a rod-shaped, positive-sensed single stranded RNA virus, measuring approximately 300 

nm in length and 18 nm in width, which causes mosaic, mottling, and vein clearing of plant tissues in 

infected cultivars (Adams et al., 2017). This virus predominantly infects turnips (Brassica spp.) cultivars 

(Lartey et al., 1995, 1994). The full genome of TVCV contains approximately 6,311 nucleotides, encoding 

four proteins: ORF1: 182.0 kDa, ORF2: 125.2 kDa, ORF3: 30.1 kDa and ORF4: 17.6 kDa.. Amongst 

tobamoviruses, TVCV shows highest genetic similarity with Ribgrass mosaic virus, Plantago tobamovirus 

1, Wasabi mottle virus and Youcai mosaic virus (~86.7, ~85.6, ~82.7 and ~82.4% pairwise identity of 

nucleotides over the whole genome). 

6.31.2. Initial observations and discovery 
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TVCV was first observed in Brasicca rapa cultivars showing in the United States in 1993 (Lartey 

et al., 1993). The virus was discovered when unexpected nucleic acid bands were observed during routine 

gel electrophoresis experiments were performed to investigate a lower-than-expected total nucleic acid 

concentration in a plant DNA preparation. Initial inoculation experiments revealed that in tobacco cultivars, 

the etiologic agent caused TMV-like symptoms, however in Brassica rapa cultivars the main (and often 

only) symptom was vein clearing (Lartey et al., 1993). Further inoculation experiments revealed that TVCV 

caused symptomatic infections in several cultivars: Nicotiana clevelandii, Nicotiana tabacum, Capsicum 

annuum, Capsicum frutenscens, Datura stramonium, Plantago major, Pixum sativum and Chenopodium 

amaranticolor. TVCV also cause asymptomatic infections in several cultivars including Brassica oleracea, 

Mamium maculatum and Abutilon theophrastii (Lockhart et al., 2008). 

6.31.3. Past, current and potential future uses 

There are no documented uses of TVCV as an environmental and fecal biomarker that could be 

identified. Due to the small number of cultivars TVCV infects asymptomatically, and the rather apparent 

symptoms it causes in many other commonly consumed cultivars, it is unlikely that TVCV will be 

consumed or transformed into foodstuffs. 

6.32. Ullucus mild mottle virus (UMMV) 

6.32.1. Characteristics and features 

UMMV is a rod-shaped, positive-sensed single stranded RNA virus, measuring approximately 300 

nm in length and 18 nm in width. UMMV induces mild mottle, distortion of leaves, and symptomless or 

near-symptomless infections of the roots in Ullucus tuberosus (Brunt et al., 1982a). This virus 

predominantly infects Ullucus tuberosus, a cultivar endogenous to the Andean region, consumed 

predominantly as a root vegetable. The genome of UMMV has not been fully sequenced but in typical 

tobamovirus organization, it is expected to have 4 ORFs, and be approximately 6,350-6,500 nucleotides 

long. The 4 ORFs are expected to be as follows: ORF1: ~184-186 kDa, ORF2: ~126-128 kDa, ORF3: ~30 

kDa and ORF4: ~18 kDa (Gibbs, 1999, 1986; Offei et al., 1995). As UMMV’s full genome is not yet 

available in literature, it is impossible to affirm with full certainty which other tobamovirus UMMV shows 

highest genetic similarity, however serological experiments performed by Brunt et al. in 1982 revealed a 

distant relationship between UMMV, Ribgrass mosaic virus, Tobacco mosaic virus and Tomato mosaic 

virus (Brunt et al., 1982b). 

6.32.2. Initial observations and discovery 
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UMMV was first proposed by Brunt et al. in 1982 and was described as a virus found co-infecting 

Ullucus tuberosus in Peru, which caused mild mottle and distortion of leaves, while causing mostly 

asymptomatic infections in the potato-like roots of the cultivars. UMMV was not reported to be found in 

cultivars not also co-infected with at least another virus, and cultivar inoculation experiments showed that 

UMMV was capable of infecting at least 21 different species of cultivars (out of 30 total tested) (Brunt et 

al., 1982b). Infections in the 21 different species ranged from very apparent to almost asymptomatic, 

causing chlorotic and necrotic lesions in some Nicotiana cultivars and mild but systemic mosaic in 

Nicotiana clevelandii, Nicotiana benthamiana and Datura metel. UMMV caused asymptomatic infections 

in Nicotiana debneyi, Petunia hybrida and Lycopersicon esculentem. Importantly, UMMV was unable to 

infect Capsicum frutenscens and Solanum tuberosum (Brunt et al., 1982b). A novel tobamovirus infecting 

Ullucus tuberosus was also reported in 2018 and referred to as Ullucus tobamovirus 1 (UTobV1) but 

because UMMV has not been sequenced previously, it’s currently impossible to assert if these two viruses 

are the same entity.  

6.32.3. Past, current and potential future uses 

There are no documented uses of UMMV as an environmental and fecal biomarker that could be 

identified. The relatively constrained native geographical cultivation zones for Ullucus tuberosus (Andean 

highlands of Peru and Bolivia) limit the reach of UMMV, however due to the wide range of hosts UMMV 

is capable of infecting while producing no symptoms (particularly Lycopersicon esculentem (tomato)), it 

is plausible to expect that UMMV may be observed in some wastewaters and therefore have some relevance 

in WEM. 

6.33. Wasabi mottle virus (WMoV) 

6.33.1. Characteristics and features 

WMoV is a rod-shaped, positive-sensed single stranded RNA virus, measuring approximately 300 

nm in length and 18 nm in width, which causes rugose and mottle of the leaves and fruits of infected 

cultivars (Kashiwazaki et al., 1990). This virus predominantly infects Eutrema japonicum (wasabi/Japanese 

horseradish) cultivars. The full genome of WMoV contains approximately 6,298 nucleotides, encoding four 

proteins: ORF1: 181.2 kDa, ORF2: 124.6 kDa, ORF3: 30.0 kDa and ORF4: 17.6 kDa.. WMoV shows 

highest genetic similarity Youcai mosaic virus (YoMV) and Turnip vein clearing virus (TVCV) (~84% and 

~82% pairwise identity of nucleotides over the whole genome, respectively) (Adams et al., 2017; Orita et 

al., 2007). 
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6.33.2. Initial observations and discovery 

WMoV was first observed by Kashiwazaki et al. in 1985 and was initially referred to the Wasabi 

strain of tobacco mosaic virus (Kashiwazaki et al., 1990), as it was first isolated from Eutrema japonicum 

cultivars. An analysis of the host range and amino acids in the coat protein of virus led to researschers then 

believing that WMoV should instead be considered as a strain of Ribgrass mosaic virus (Kashiwazaki et 

al., 1990; Oshima and Harrison, 1975). As a result of further serological studies on the virus performed by 

Kashiwazaki in 1990, a new name for WMoV was proposed: Wasabi strain of crucifer tobamovirus. This 

new name was chosen due to host tropism, whereas the virus was observed to not only being able to infect 

Eutrema japonicum cultivars, but also various tobacco plants, and some species of Cruciferae such as 

Arabidopsis thaliana (Kashiwazaki et al., 1990). The name of the virus would change once more to Wasabi 

mottle virus to conform with viral nomenclature rules. 

6.33.3. Past, current and potential future uses 

There are no documented uses of WMoV as an environmental and fecal biomarker that could be 

identified. Due to the relative limited reach of Eutrema japonicum as an everyday food source, it is unlikely 

that WMoV will be used as an environmental and fecal biomarker. However, it is to be noted that WMoV 

in theory could be used as such. 

6.34. Brugmansia latent virus (BrLV) 

6.34.1. Characteristics and features 

BrLV is a rod-shaped, positive-sensed stranded RNA virus, measuring approximately 300 nm in 

length and 18 nm in width, and does not appear to cause obvious disease on Brugmansia cultivars 

(Brugmansia spp.). The full genome of BrLV contains 6,397 nucleotides, encoding four proteins: ORF1: 

183.0 kDa, ORF2: 126.0 kDa, ORF3: 31.0 kDa and ORF4: 18.0 kDa. (Scott-Brown et al., 2020a). BrLV 

shows high genetic similary with BMMV (69.7% pairwise identity of nucleotides over the whole genome) 

(Scott-Brown et al., 2020b). 

6.34.2. Initial observations and discovery 

BrLV was first observed in the United Kingdom in 2020 (Scott-Brown et al., 2020b). While 

screening several ornamental Brugmansia spp. cultivars held in the Royal Botanic Gardens, Kew (United 

Kingdom) for suspected infections caused by Colombian datura virus (CDV), general screening for 
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tobamoviruses using a degenerate primer assay for the detection of tobamoviruses (Adkins et al., 2018) was 

also performed. Despite cultivars not showing any obvious signs of disease, two specific cultivars tested 

positive for both CDV and a tobamovirus. High-throughput genetic sequencing revealed that this 

tobamovirus, previously unidentified, had traditional tobamovirus genomic organization, but only had 69.7% 

pairwise identity of nucleotides with BMMV, meeting the definition of >10% deviation in pairwise identity 

of nucleotides from other known tobamoviruses to be considered a novel specie. Due to the lack of obvious 

symptoms caused by the novel virus identified in the Brugmansia spp. held at the Royal Botanical Gardens, 

Kew, the name Brugmansia latent virus (BrLV) was proposed. 

6.34.3. Past, current and potential future uses 

There are no documented uses of BrLV as an environmental and fecal biomarker that could be 

identified. As with other viruses capable of infecting Brugmansia spp., due to the toxic nature of cultivars 

belong to the Brugmansia genus, it is unlikely that they will willingly be consumed or ingested (Algradi et 

al., 2021; Kerchner and Farkas, 2020a). 

6.35. Brugmansia mild mottle virus (BMMV) 

6.35.1. Characteristics and features 

BMMV is a rod-shaped, positive-sensed single stranded RNA virus, measuring approximately 300 

nm in length and 18 nm in width, which causes mottling and necrosis in infected cultivars. This virus 

predominantly infects ornamental cultivars within Brugmansia spp.. The full genome of BMMV contains 

6,381 nucleotides, encoding four proteins: ORF1: 182.0 kDa, ORF2: 125.0 kDa, ORF3: 30.0 kDa and ORF4: 

17.6 kDa. (Ilmberger et al., 2007). BMMV shows high genetic similarity with ToMV (~74% pairwise 

identity of nucleotides over the whole genome) (Adams et al., 2017; Ilmberger et al., 2007). 

6.35.2. Initial observations and discovery 

BMMV was first observed in 2006 (Ilmberger et al., 2007) from Brugmansia sp. cultivars. While 

performing inoculation experiments with TMV, TVCV and a novel tobamovirus, isolated from Brugmansia 

sp. (Pride of Hannover), it was observed that when inoculating Nicotiana rustica the two former viruses 

induced chlorosis and the novel virus induced vein necrosis, hinting at fundamental differences in the 

etiologic agent. This led to further characterization of the genome, finding that the novel virus had >10% 

deviation in pairwise identity of nucleotides from other known tobamoviruses. Due to the symptoms caused 

by the novel virus in Brugmansia sp., the name Brugmansia mild mottle virus was proposed. 
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6.35.3. Past, current and potential future uses 

There are no documented uses of BMMV as an environmental and fecal biomarker that could be 

identified. BMMV is known to be capable of infecting all seven species within the Brugmansia genus. Due 

to the production of natural toxic tropane alkaloid compounds in many of these species belonging to the 

Brugmansia genus, it is unlikely that they will willingly be consumed or transformed as foodstuff due to 

the health risks associated with their ingestion or use (Algradi et al., 2021; Kerchner and Farkas, 2020b; 

Preissel and Preissel, 2002). Furthermore, all seven Brugmansia species no longer exist outside of human 

cultivation activities or only exist in the wild as the odd escapee and are listed as Extinct in the Wild (EW) 

according to the International Union for Conservation of Nature (IUCN) (Preissel and Preissel, 2002). As 

a result, the use of BMMV as an environmental and/or fecal biomarker is unlikely to occur due to the 

aforementioned health risks associated with the consumption of cultivars belonging to the Brugmansia 

genus. 

6.36. Cucumber fruit mottle mosaic virus (CFMMV) 

6.36.1. Characteristics and features 

CFMMV is a rod-shaped, positive-sensed single stranded RNA virus, measuring approximately 

300 nm in length and 18 nm in width, which causes severe chlorosis, distortion and necrotic lesions in the 

leaves and fruits of infected cultivars. This virus predominantly infects cultivars of the family Cucurbitacea 

(Antignus et al., 2001; Rhee et al., 2014). The full genome of CFMMV contains approximately 6,562 

nucleotides, encoding four proteins: ORF1: 188.6 kDa, ORF2: 131.0 kDa, ORF3: 27.8 kDa and ORF4: 17.4 

kDa.. CFMMV shows high genetic similarity with Zucchini green mottle mosaic virus (~87.3% pairwise 

identity of nucleotides over the whole genome). 

6.36.2. Initial observations and discovery 

CFMMV was first observed in Israel in 1992 following the discovery of diseased Cucumis sativus 

cv. Hassan cultivars in a greenhouse. The infected cultivars showed bright mottling and mosaic on the fruits, 

and severe mottling and mosaic on the leaves. Some of the cultivars also showed wilting and plant collapse 

(Antignus et al., 2001). Inoculation experiments performed with CFMMV revealed a wide range of hosts, 

causing symptoms in Chenopodium amaranticolor, Citrullus vulgaris, Cucumis sativus, Cucumis melo, 

Curcubita pepo, Datura stramonium, and Nicotiana bethamiana, and also caused symptomless infection in 

Chenopodium quinoa. These tests also revealed that Capsicum annuum and Lycopersicon esculentum were 

not hosts for CFMMV (Antignus et al., 2001). 
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6.36.3. Past, current and potential future uses 

There are no documented uses of CFMMV as an environmental and fecal biomarker that could be 

identified. Low recovery of the virus in wastewater is expected, as the higher lethality of the virus to 

cultivars likely reduces its ability to enter the human food-chain (cultivars and fruits not making it to 

maturity, hence not being harvested), greatly limiting its signature in wastewaters. 

6.37. Frangipani mosaic virus (FrMV) 

6.37.1. Characteristics and features 

FrMV is a rod-shaped, positive-sensed single stranded RNA virus, measuring approximately 300 

nm in length and 18 nm in width, which causes mottling, vein banding, bronzing and ringspots and virus-

like symptoms on the leaves and fruits of infected cultivars (Francki et al., 1971a; Gibbs et al., 1970). This 

virus predominantly infects Plumeria acutifolia and was the first virus identified to infect this specific host. 

The full genome of FrMV contains 6,643 nucleotides, encoding four proteins: ORF1: 186.0 kDa, ORF2: 

128.0 kDa, ORF3: 30.0 kDa and ORF4: 18.0 kDa. (Lim et al., 2010). Amongst tobamoviruses, FrMV shows 

highest genetic similarity with Cactus Mild Mottle Virus (~47.7% pairwise identity of nucleotides over the 

whole genome) (Adams et al., 2017). 

6.37.2. Initial observations and discovery 

FrMV was first observed in Australia in 1971 and describes an unusual strain of tobacco mosaic 

virus causing virus-like symptoms on leaves of frangipani (Plumeria acutifolia Poir) cultivars (Francki et 

al., 1971a). Inoculation experiments with extracts from leaves of the infected frangipani specimens caused 

systemic infection and chlorosis and sometimes necrotic lesions in Datura stramonium and wet, blotchy 

lesions in Nicotiana glutinosa. However, Nicotiana tabacum appeared immune to the virus, showing no 

symptoms post inoculation. Further observations led Francki to determine that the novel virus showed all 

hallmark signs of Tobacco mosaic virus infections but had an unusual host range and significantly varied 

symptomology in infected cultivars (Francki et al., 1971b). 

6.37.3. Past, current and potential future uses 

There are no documented uses of FrMV as an environmental and fecal biomarker that could be 

identified. Most hosts of FrMV are not readily edible and rarely encountered in human foodstuffs. Some 

cultivars within the plumeria genus are considered to have edible leaves, but other (Plumeria Rubra, for 
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example) are known to contain toxic, naturally occurring alkaloid compounds. It is therefore unlikely that 

FrMV-infected cultivars will be consumed by humans, limiting its potential for use as a fecal biomarker. 

6.38. Hoya chlorotic spot virus (HoCSV) 

6.38.1. Characteristics and features 

HoCSV is a rod-shaped, positive-sensed single stranded RNA virus, measuring approximately 300 

nm in length and 18 nm in width, which causes round, ring-patterned chlorosis and mottle on the leaves 

and flowers of infected cultivars. This virus predominantly infects Hoya spp. cultivars. The full genome of 

HoCSV contains approximately 6,386 nucleotides, encoding four proteins: ORF1: 184.4 kDa, ORF2: 126.4 

kDa, ORF3: 30.4 kDa and ORF4: 17.9 kDa. (Adkins et al., 2018). Amongst tobamoviruses, HoCSV shows 

highest genetic similarity with Ribgrass mosaic virus (~81.8% pairwise identity of nucleotides over the 

whole genome). 

6.38.2. Initial observations and discovery 

HoCSV was first observed in infected Hoya spp. Cultivars in a plant nursery located in Florida, 

USA (Adkins et al., 2018). Propagation of the virus revealed that HoCSV was also capable of infecting C 

quinoa and Nicotiana benthamiana. Further inoculation experiments in 18 different species of cultivars 

revealed that mechanical inoculation led to systemic infections in only 4 of the species: Adenium obesum, 

Hoya spp. Krimson Queen, Hoya spp. Indian Rope, and Nicotiana benthamiana. In addition to these species, 

mechanical inoculation also led to localized HoCSV infection in Datura stramonium and Petunia x hybrida 

‘Red Supercascade’ (Adkins et al., 2018). 

6.38.3. Past, current and potential future uses 

There are no documented uses of HoCSV as an environmental and fecal biomarker that could be 

identified. Due to the limited range of hosts HoCSV is capable of infecting while producing no symptoms, 

it is unlikely that HoCSV will be observed in wastewater and environmental surveillance. 

6.39. Odontoglossum ringspot virus (ORSV) 

6.39.1. Characteristics and features 

ORSV is a rod-shaped, positive-sensed single stranded RNA virus, measuring approximately 300 

nm in length and 18 nm in width, which causes mottling, ringspot and necrotic lesions on the leaves and 
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flowers of infected cultivars (Jensen and Gold, 1951). This virus predominantly infects monocotyledonous 

cultivars of the Orchidaceae family. The full genome of OSRV contains approximately 6,618 nucleotides, 

encoding four proteins: ORF1: 181.6 kDa, ORF2: 126.5 kDa, ORF3: 33.6 kDa and ORF4: 17.8 kDa. (Ryu 

and Park, 1995). Amongst tobamoviruses, ORSV shows highest genetic similarity with Youcai mosaic 

virus and Tropical soda apple mosaic virus (~60.0% and ~59.9% pairwise identity of nucleotides over the 

whole genome, respectively). 

6.39.2. Initial observations and discovery 

ORSV was first observed in California, United States, in 1951 in Odontoglossum grande cultivars. 

This occurrence of Tobacco mosaic virus-like infections in cultivars of the Orchidaceae family was again 

reported in 1954 (Zaitlin et al., 1954). This virus has also been referred to as various other diseases in 

literature (Edwardson and Zettler, 1986): “orchid strain” of Tobacco mosaic virus, Cymbidium diamond 

mottle (Jensen, 1951), Cattleya infectious blossom necrosis (Izadpanah et al., 1968), Cattleya mild flow 

break (Jensen, 1949) and Cattleya color break (Murakishi, 1958). The name Odontoglossum ringspot virus 

would be first employed by Murakishi in 1958 and would be ratified in 1971 by the International Committee 

on Taxonomy of Viruses (ICTV). ORSV is one of the most destructive pathogens of orchids in Korea (Kado 

et al., 1968), Taiwan (Inouye and Leu, 1983; Ko, 1982), China (Liu et al., 2013), Japan (Zheng et al., 2010) 

and the United States (Hu, J.S., Ferreira, S., Wang, M., Xu, 1993; Hu et al., 1994; Ishii and Martinez, 1973; 

Zaitlin et al., 1954). Inoculations tests revealed that in addition to causing systemic infections in cultivars 

of the Orchidaceae family, ORSV also caused localized lesions in Gomphrena spp., Chenopodium spp., 

Nicotiana tabacum and Tetragonia spp. (Jensen, 1970). 

6.39.3. Past, current and potential future uses 

There are no documented uses of ORSV as an environmental and fecal biomarker that could be 

identified. While the typical hosts (cultivars of the Orchidaceae family) of ORSV are edible, the lethality 

of ORSV to cultivars likely limits the rate at which ORSV is encountered in human foodstuffs. It is therefore 

unlikely that ORSV-infected cultivars will be consumed by humans, limiting its potential for use as a fecal 

biomarker. 

6.40. Plumeria mosaic virus (PluMV) 

6.40.1. Characteristics and features 
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PluMV is a rod-shaped, positive-sensed single stranded RNA virus, measuring approximately 300 

nm in length and 18 nm in width, which causes mosaic, necrotic lesions, bronzing and banding on the leaves, 

flowers and stems of infected cultivars (Adams et al., 2017; Kumar et al., 2013; Lutgen et al., 2023). This 

virus predominantly infects frangipani (Plumeria spp.) cultivars. The full genome of PluMV contains 

approximately 6,688 nucleotides , encoding four proteins: ORF1: 188.3 kDa, ORF2: 130.5 kDa, ORF3: 

28.6 kDa and ORF4: 19.0 kDa. (Kumar and Mandal, 2014). Amongst tobamoviruses, PluMV shows highest 

genetic similarity with Frangipani mosaic virus (~71.3% pairwise identity of nucleotides over the whole 

genome) (Adams et al., 2017). 

6.40.2. Initial observations and discovery 

PluMV was first observed in India in 2010 in diseased Plumeria spp. cultivars (Kumar et al., 2017). 

Inoculation experiments determined that this virus had a significantly different host range and 

symptomatology as compared to Frangipani mosaic virus, and was therefore named Plumeria mosaic virus 

(Kumar et al., 2017). Further inoculation experiments revealed that PluMV, in addition to infecting cultivars 

of the Plumeria genus, could infect and cause symptomatic infections in Nicotiana tabacum (localized white 

necrotic lesions), Nicotiana benthamiana (systemic white ringspots and blistering), Datura stramonium 

(systemic chlorosis), Gomphrena globose (localized red spotting), and could cause asymptomatic infections 

in Solanum melongena and Capsicum annuum cultivars (Kumar et al., 2022). 

6.40.3. Past, current and potential future uses 

There are no documented uses of PluMV as an environmental and fecal biomarker that could be 

identified. The typical hosts of PluMV are non-edible plants (flowers/trees) and as a result it is unlikely that 

PluMV-infected cultivars will be consumed by humans. However, the virus is also capable of causing 

localized, asymptomatic infections in Capsicum annuum cultivars, which could be consumed by humans. 

Overall, it is unlikely that PluMV could be used as a fecal biomarker.  

6.41. Rehmannia mosaic virus (ReMV) 

6.41.1. Characteristics and features 

ReMV is a rod-shaped, positive-sensed single stranded RNA virus, measuring approximately 300 

nm in length and 18 nm in width, which causes flowering of the leaves, rolling of the leaves, and wilting of 

infected cultivars (Adams et al., 2017; J. Chen et al., 2022). This virus predominantly infects rehmannia 

(Rhemannia glutinosa) cultivars, but is also found in several other hosts. The full genome of ReMV contains 
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approximately 6,395 nucleotides, encoding four proteins: ORF1: 183.5 kDa, ORF2: 126.2 kDa, ORF3: 29.9 

kDa and ORF4: 17.6 kDa. (Zhang et al., 2008). Amongst tobamoviruses, ReMV shows highest genetic 

similarity with Tomato mosaic virus, Tobacco mosaic virus and Tomato brown rugose fruit virus (~78.1 %, 

83.9 % and 80.7 % pairwise identity of nucleotides over the whole genome, respectively) (Adams et al., 

2017). 

6.41.2. Initial observations and discovery 

ReMV was first observed in China in 2004 (Zhenchen et al., 2004) as a novel virus infecting 

Rehmannia glutinosa cultivars. Originally identified as a potential strain of Tobacco mosaic virus, genomic 

sequencing revealed that the novel virus shared less than 90% pairwise identity of nucleotides with Tobacco 

mosaic virus, indicating that the novel virus was in fact a new species which predominantly infected 

Rehmannia spp. cultivars. As a result, Zhenchen et al. proposed the name Rehmannia mosaic virus as a 

name for the novel virus (Zhenchen et al., 2004). Inoculation experiments revealed that ReMV was capable 

of symptomatically infecting at least 10 individual plant species. It caused necrotic/chlorotic lesions in the 

following cultivars: Nicotiana glutinosa, Nicotiana rustica, Datura stramonium, Chenopodium quinoa, 

Capsicum annuum (Kubota et al., 2012), Chenopodium amaranticolor and Tetragonia expensa (Zhenchen 

et al., 2004). It also caused systemic mosaic Nicotiana benthamiana, Nicotiana tabacum, Lycopersicon 

esculentum and Brassica pekinensis (Adams et al., 2017; Zhenchen et al., 2004). 

6.41.3. Past, current and potential future uses 

There are no documented uses of ReMV as an environmental and fecal biomarker that could be 

identified. The typical host of ReMV is not edible and despite ReMV having a wide host range, ReMV 

infections typically cause severe symptoms and as a result it is unlikely that ReMV-infected cultivars would 

be consumed in transformed products. 

6.42. Tobacco latent virus (TLV) 

6.42.1. Characteristics and features 

TLV is a rod-shaped, positive-sensed single stranded RNA virus, measuring approximately 300 nm 

in length and 18 nm in width, which causes chlorotic mottling and vein banding (Adams et al., 2017; Ladipo 

et al., 2003) in infected cultivars. This virus predominantly infects tobacco (Nicotiana spp.) cultivars. The 

genome of TLV has not been fully sequenced but in typical tobamovirus organization, it is expected to have 

4 ORFs, and be approximately 6,350-6,500 nucleotides long. The 4 ORFs are expected to be as follow: 
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ORF1: ~184-186 kDa, ORF2: ~126-128 kDa, ORF3: ~30 kDa and ORF4: ~18 kDa (Gibbs, 1999, 1986; 

Offei et al., 1995). As TLV’s full genome is not yet available in literature, it is impossible to affirm with 

full certainty which other tobamovirus TLV shows highest genetic similarity, however it is expected that 

TLV will share some genomic similarities with Tobacco mosaic virus. 

6.42.2. Initial observations and discovery 

TLV was first observed in infected Nicotiana spp. cultivars in Nigeria in 2003 (Ladipo et al., 2003). 

At the time of discovery, few known viruses were infecting Nicotiana spp. cultivars in Nigeria, and 

inoculation experiments revealed that a potentially novel tobamovirus was present in cultivars showing 

chlorotic mottling and veinbanding in certain cultivars (Ladipo et al., 2003). The novel virus was initially 

coined Nigerian tobacco latent virus, which eventually became simply Tobacco latent virus. Inoculation 

experiments revealed that this tobamovirus could cause symptomless infections in Antirrhinum majus, 

Gomphrena globose, and symptomatic infections in most species of Nicotiana spp. cultivars (Ladipo et al., 

2003). 

6.42.3. Past, current and potential future uses 

There are no documented uses of TLV as an environmental and fecal biomarker that could be 

identified. Because the full genome has not yet been fully elucidated (only part of ORF4 (capsid protein) 

has been sequenced), no diagnostic RT-qPCR assays specific to TLV have so far been developed. As a 

result, it’s currently unlikely that TLV will be used as an environmental/fecal biomarker for WEM 

applications in the near future. 

6.43. Yellow tailflower mild mottle virus (YTMMoV) 

6.43.1. Characteristics and features 

YTMMoV is a rod-shaped, positive-sensed single stranded RNA virus, measuring approximately 

300 nm in lenght and 18 nm in width, which causes mild mottling and chlorosis of plant tissues in infected 

cultivars (Adams et al., 2017). This virus predominantly infects turnips (Brassica spp.) cultivars (Wylie et 

al., 2014). The full genome of YTMMoV contains approximately 6,379 nucleotides, encoding four proteins: 

ORF1: 183.2 kDa, ORF2: 126.5 kDa, ORF3: 30.1 kDa and ORF4: 17.8 kDa.. Amongst tobamoviruses, 

YTMMoV shows highest genetic similarity with Obuda pepper virus and Brugmansia mild mottle virus 

(~66.73 and 64.46% pairwise identity of nucleotides over the whole genome). 
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6.43.2. Initial observations and discovery 

YTMMoV was first observed and isolated in Anthocercis littorea cultivars in Australia in 2014 

(Wylie et al., 2014). Inoculation experiments demonstrated that while YTMMoV only causes mild 

symptoms in Anthocercis littorea cultivars, YTMMoV causes necrotic lesions in Chenopodium 

amaranticolor and Chenopodium quinoa, and severe symptoms in Solanum lycopersicum, Solanum 

betaceum, Solanum melongena, Solanum nigrum, Capsicum annuum and 19 different cultivars of the 

Nicotiana genus (Koh et al., 2018; Li et al., 2016; Wylie et al., 2015, 2014). 

6.43.3. Past, current and potential future uses 

There are no documented uses of YTMMoV as an environmental and fecal biomarker that could 

be identified. Because of the severity of symptoms in infected cultivars, it is unlikely that YTMMoV will 

be consumed in human foodstuffs. 

6.44. Zucchini green mottle mosaic virus (ZGMMV) 

6.44.1. Characteristics and features 

ZGMMV is a rod-shaped, positive-sensed single stranded RNA virus, measuring approximately 

300 nm in length and 18 nm in width, which causes mosaic, mottling, necrosis, stunting, leaf curling, and 

yellowing of plant tissues in infected cultivars (Adams et al., 2017). This virus predominantly infects 

cultivars of the cucurbits family (Ju et al., 2002). The full genome of ZGMMV contains approximately 

6,513 nucleotides, encoding four proteins: ORF1: 188.6 kDa, ORF2: 131.2 kDa, ORF3: 28.2 kDa and ORF4: 

17.2 kDa.. Amongst tobamoviruses, ZGMMV shows highest genetic similarity with Turnip vein-clearing 

virus and Kyuri green mottle mosaic virus (~85.3 and 83.8% pairwise identity of nucleotides over the whole 

genome, respectively). 

6.44.2. Initial observations and discovery 

ZGMMV was first observed and identified in infected Cucurbita pepo cultivars in Korea in 1999 

(Ryu et al., 2000). Originally thought to simply be a novel strain of the Cucumber green mottle mosaic 

virus or the Kyuri green mottle mosaic virus, serological analyses and sequencing revealed that this novel 

virus was instead a novel tobamovirus (Francki et al., 1986; Ryu et al., 2000). Inoculation experiments 

revealed that ZGMMV could cause local necrotic lesions in Chenopodium amaranticolor and Datura 
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stramonium cultivars, and systemic infections in Nicotiana benthamiana, Cucumis stativus, Cucurbita 

moschata, Cucurbita pepo and Lagenaria siceraria cultivars (Li et al., 2018; Ryu et al., 2000). 

6.44.3. Past, current and potential future uses 

There are no documented uses of ZGMMV as an environmental and fecal biomarker that could be 

identified. ZGMMV in cultivars appear to almost always be symptomatic and quite severe, and as a result 

it is less likely that ZGMMV will be used as an environmental/fecal biomarker for WEM applications in 

the future. 
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Recently described tobamovirus 

The increasing accessibility of advanced next-generation sequencing technologies, primarily driven 

by decreasing costs, will likely accelerate the discovery of viruses in the environment. This review primarily 

discusses tobamoviruses officially recognized by the International Committee on Taxonomy of Viruses 

(Adams et al., 2017). However, it also considers several recently discovered tobamoviruses that could 

potentially serve as environmental and fecal biomarkers in WEM. Below is an overview of these emerging 

tobamoviruses, along with a brief description of their possible future applications. 

6.45. African eggplant-associated virus (AEaV) 

AEaV was first observed in Solanum macrocarpon cultivars imported from Mexico into the 

Netherlands in 2018 (Giesbers et al., 2023). Genomic sequencing revealed that the new virus had highest 

genetic similarity with Pepper mild mottle virus (~75% pairwise identity of nucleotides over the whole 

genome). Because this virus shares less than 90% of its genomic identity with other tobamoviruses, the 

name African eggplant-associated virus was proposed. AEaV was shown to infect several cultivars of the 

Solanaceae family, including Solanum lycopersicum, Capsicum annuum, Solanum macrocarpon and 

Petunia integrifolia. AEaV sometimes caused local chlorotic lesions, growth inhibition, rugose, and/or vein 

banding in infected cultivars, and occasionally caused latent or asymptomatic infections. Therefore, AEaV-

infected cultivars or their fruits may be inadvertently introduced or consumed in foodstuffs. As a result, 

AEaV could potentially be used as an environmental and fecal biomarker in WEM initiatives in the future 

(Giesbers et al., 2023). 

6.46. Hibiscus latent Hawaii virus (HLHV) 

HLHV was first observed in Hibiscus spp. cultivars in Hawaii, United States, in 2020 (Wang et al., 

2023). Genetic sequencing revealed highest genetic similarity with Hibiscus latent Fort Pierce virus – Japan 

isolate (~68.1% pairwise identity of nucleotides over the whole genome). Because this virus shares less 

than 90% of its genomic identity with other tobamoviruses, the name Hibiscus latent Hawaii virus was 

proposed. Inoculation experiments, where hosts were exposed to numerous different viruses to evaluate 

infection potential revealed that HLHV could also infect Nicotiana benthamiana (Wang et al., 2023). HLHV 

is believed to cause mild mosaic, ringspot, and chlorosis, although this is unverified, as HLHV typically 

appears alongside other viruses infecting Hibiscus spp. cultivars. Insufficient information on this virus is 

currently available and it is therefore impossible to accurately determine if it could be used as an 
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environmental/fecal biomarker in WEM initiatives. Further environmental surveillance in wastewaters and 

foodstuffs would be required to determine the distribution of the virus. 

6.47. Plantago tobamovirus 1 (PTV1) 

PTV1 was first observed in Plantago major cultivars in Slovenia in 2019 (Rivarez et al., 2023). 

This novel tobamovirus was discovered during a high-throughput-sequencing (HTS) survey study of 

cultivars in Slovenia. PTV1 has the highest genetic similarity with Ribgrass mosaic virus and Turnip vein-

clearing virus (~85.7 and 85.3% pairwise identity of nucleotides over the whole genome, respectively). 

Because this novel virus shares less than 90% of its genomic identity with other existing tobamoviruses, 

the name Plantago tobamovirus 1 was proposed. Inoculation experiments demonstrated that PTV1 could 

cause symptomatic infections in Nicotiana benthamiana and Nicotiana clevelandii, and asymptomatic 

infections in Lycopersicon esculentum cultivars (Rivarez et al., 2023). Due to PTV1's ability to 

asymptomatically infect Lycopersicon esculentum cultivars, it is plausible that PTV1 could be relevant as 

an environmental/fecal biomarker in WEM initiatives. 

6.48. Trichosanthes mottle mosaic virus (TrMMV) 

TrMMV was first observed in Trichosanthes kirilowii cultivars in China in 2021 (C. Chen et al., 

2022). Genomic sequencing of the new virus revealed highest genetic similarity with Zucchini green mottle 

mosaic virus (~87.8% pairwise identity of nucleotides over the whole genome). Because this novel virus 

shares less than 90% of its genomic identity with other existing tobamoviruses, the name Trichosanthes 

mottle mosaic virus was proposed. It was demonstrated that in addition to infecting Trichosanthes kirilowii 

cultivars, TrMMV was also capable of infecting Nicotiana benthamiana and the following cucurbis: 

Cucumis sativus, Cucumis melo, Cucumis pepo, Citrulus lanatus and Luffa aegyptiaca. TrMMV was 

observed to cause mottling and mosaic symptoms in infected cultivars (C. Chen et al., 2022). Due to the 

relatively wide host range of readily consumable cultivars, it is possible that TrMMV could have relevance 

as an environmental/fecal biomarker in WEM initiatives. 
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Table 6-1:This table categorizes 43 tobamoviruses based on their likelihood (L = Likely, P = Possible, U = Unlikely) of use and current status (NIU = Not In Use, AIU = Already In Use) in WEM 

applications, with annotations on their suitability. This table also provides the GenBank accession numbers of tobamoviruses which were studied. 

Virus  Usability as a WEM 

fecal biomarker 

Usage notes 

NCBI GenBank 

accession number  

 

Possible to use? 

 

L – likely 

P – possible 

U – unlikely 

Has it been used?  

 

Y – Yes 

N – No 

1. Tobacco mosaic virus* NC_001367 L Y Virus has exceptionally wide host range and infected cultivars likely to be consumed.  

2. Pepper mild mottle virus* NC_003630 L Y Infected fruit products are common. Most common tobamovirus in WES.  

3. Tomato brown rugose fruit virus* NC_028478 L Y Virus has very common host range and infected cultivars likely to be consumed.  

4. Cucumber green mottle mosaic virus* NC_001801 L Y Virus causes very few symptoms to fruits, likely to be consumed.  

5. Cactus mild mottle virus* NC_011803 L N Limited reach as cacti as a food item is limited.  

6. Paprika mild mottle virus* NC_004106 L N Virus causes few symptoms and fruits are likely to be consumed.  

7. Streptocarpus flower break virus* NC_008365 L N Virus causes latent infections and could be consumed unknowingly.  

8. Tobacco mild green mosaic virus* NC_001556 L N Virus has wide host range and infected cultivars likely to be consumed.  

9. Youcai mosaic virus* NC_004422 L N Virus’ host is one of the most common sources of cooking oil.  

10. Bell pepper mottle virus* NC_009642 P N Infections cause high mortality in cultivars. 

11. Opuntia chlorotic ringspot virus* NC_040685 P N Virus has few hosts and is unclear how it is consumed. 

12. Rattail cactus necrosis-associated virus* NC_016442 P N Virus can cause some asymptomatic infections in consumed cultivars.  

13. Clitoria yellow mottle virus NC_016519 P N Virus mostly constrained to ornamental plants 

14. Cucumber mottle virus NC_008614 P N Virus causes very few symptoms to fruits, likely to be consumed. 

15. Hibiscus latent Fort Pierce virus NC_025381 P N Virus has multiple potential hosts and produces few symptoms. Likely to be consumed. 

16. Hibiscus latent Singapore virus NC_008310 P N Virus has multiple potential hosts and produces few symptoms. Likely to be consumed. 

17. Kyuri green mottle mosaic virus NC_003610 P N Virus causes severe symptoms – likely to only be found in products with transformed fruits. 

18. Maracuja mosaic virus NC_008716 P N Virus causes few systemic infections, but has wide host range, Possible to be consumed. 

19. Obuda pepper virus NC_003852 P N Virus causes few systemic infections, but has wide host range. Possible to be consumed. 

20. Passion fruit mosaic virus NC_015552 P N Virus’ hosts are regularly consumed, however symptoms of infection visible may limit ingestion. 

21. Ribgrass mosaic virus NC_002792 P N Virus has a very large host range. It is plausible that infected cultivars could be consumed. 

22. Sunn-hemp mosaic virus D84000 P N Virus has a very large host range and could possible be consumed unknowingly. 

23. Tomato mosaic virus NC_002692 P N Virus has exceptionally wide host range and infected cultivars likely to be consumed. 

24. Tomato mottle mosaic virus NC_022230 P N Virus has very large host range but infected cultivars are severely affected. Unlikely to be consumed. 

25. Tropical soda apple mosaic virus NC_030229 P N Virus has a very large host range. It is plausible that infected cultivars could be consumed. 

26. Turnip vein-clearing virus NC_001873 P N Virus has a large host range. It is plausible that infected cultivars could be consumed. 

27. Ullucus mild mottle virus MH645158†    P N Virus causes few symptoms and fruits are likely to be consumed. 

28. Wasabi mottle virus NC_003355 P N Virus has limited host range but affected cultivars may still be transformed and consumed. 

29. Brugmansia latent virus MK012556 U N Most susceptible cultivars are moderately-to-acutely toxic to humans. 

30. Brugmansia mild mottle virus NC_010944 U N Most susceptible cultivars are moderately-to-acutely toxic to humans. 

31. Cucumber fruit mottle mosaic virus NC_002633 U N Virus causes high crop damage and may be avoided in human foodstuffs by culling. 

32. Frangipani mosaic virus NC_014546 U N Most susceptible cultivars are not readily edible, and some are toxic to humans. 

33. Hoya chlorotic spot virus NC_034509 U N Virus mostly constrained to ornamental plants. 

34. Odontoglossum ringspot virus NC_001728 U N Very limited human consumption of cultivars of the Orchidaceae family. 

35. Plumeria mosaic virus NC_026816 U N Virus mostly constrained to ornamental plants but can asymptomatically infect Capsicum annuum. 

36. Rehmannia mosaic virus NC_009041 U N Virus has several possible hosts but infections cause severe symptoms. Unlikely to be consumed. 

37. Tobacco latent virus NC_038703 U N Causes some asymptomatic infections, but genome not fully sequenced and no RT-qPCR assays currently exist. 

38. Yellow tailflower mild mottle virus NC_022801 U N Infected cultivars are severely affected, and may be avoided in human foodstuffs. 

39. Zucchini green mottle mosaic virus NC_003878 U N Virus causes high crop damage and may be avoided in human foodstuffs by culling. 

40. African eggplant-associated virus OP729508.1 P N Recently described virus. Virus causes mild or asymptomatic infections. Closest genomically to PMMoV. Infected fruits may be consumed. 

41. Hibiscus latent Hawaii virus ON614664.1 U N Recently described virus. Limited information on the virus’ host range is available. Causes mild symptoms. Infected fruits may be consumed. 

42. Plantago tobamovirus 1 PRJNA772045 P N Recently described virus. Virus appears able to asymptomatically infect tomatoes, which may lead to human consumption. 

43. Trichosanthes mottle mosaic virus OL404963 P N Recently described virus. Virus appears to symptomatically infect cultivars of the Cucurbit 

* indicates that the virus has previously been identified in the human gut. / † the NCBI Genbank accession number is tentative because identification is not confirmed. 
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Table 6-2: Tobamoviruses proposed as fecal biomarkers for WEM, with feasibility, food system relevance, and key limitations for each. 

Virus Feasibility as Fecal Biomarker  

(Strengths & Weaknesses) 

Geographic/Food System Relevance Key Unknowns or Limitations 

44. Tobacco mosaic virus • TMV is highly stable in the environment, capable of surviving harsh 

conditions. 

• However, it is infrequently ingested by humans since it is not part of 

the regular diet. 

• As a result, detection in feces is rare and considered incidental, 

limiting its reliability as a biomarker. 

• TMV is cultivated globally for tobacco production. 

• It is not a part of human diet but may contaminate crops. 

• Human exposure likely comes from indirect contact or 

tobacco use. 

• Sparse data on TMV fecal detection. 

• May reflect incidental contamination rather than dietary intake. 

• Not reliable or consistent across populations. 

45. Pepper mild mottle virus • PMMoV is exceptionally stable and abundant in fecal samples, 

making it a strong candidate for monitoring. 

• It is consistently shed in high quantities following the consumption 

of pepper products.  

• While diet-dependent, its widespread presence in global cuisine 

minimizes variability. 

• PMMoV is present in diverse global cuisines that use 

peppers. 

• Found in fresh, dried, and processed pepper products. 

• It is nearly universally ingested due to widespread use of 

Capsicum. 

• PMMoV is well-studied with minimal limitations. 

• Some variability may occur with reduced pepper intake in specific diets. 

• Otherwise consistent across cultures and seasons. 

46. Tomato brown rugose fruit 

virus 

• ToBRFV has a robust structure and is increasingly detected in 

wastewater and fecal samples. 

• It has shown high concentrations in some regions, indicating strong 

potential as a biomarker. 

• However, as a recently discovered virus, more studies are needed to 

confirm its long-term reliability. 

• ToBRFV is linked to tomato and pepper trade across 

many countries. 

• Exposure is more likely in regions that consume raw or 

lightly processed tomatoes and peppers. 

• Its prevalence is increasing globally due to agricultural 

spread. 

• ToBRFV's reliability as a biomarker is still being validated. 

• Prevalence depends on agricultural outbreaks and contamination. 

• Long-term fecal shedding trends remain unclear. 

47. Cucumber green mottle mosaic 

virus 

• CGMMV is a highly stable virus capable of withstanding food 

processing and digestion. 

• It is detectable in human stool following raw consumption of 

cucurbit crops like cucumbers and melons. 

• Its utility may vary seasonally and with cultural dietary habits. 

• CGMMV is found in cucurbit crops like cucumbers and 

melons worldwide. 

• Frequently consumed raw in salads and fresh dishes. 

• Its relevance depends on regional and seasonal dietary 

patterns. 

• CGMMV may not be present outside cucurbit growing or consuming seasons. 

• Underrepresented in current wastewater studies. 

• Dietary influence can lead to inconsistent detection. 

48. Cactus mild mottle virus • CaMMV has been confirmed in the feces of individuals from 

cactus-consuming regions. 

• Its stable viral structure suggests potential as a niche biomarker. 

• However, its global relevance is limited due to restricted dietary 

exposure. 

• CaMMV has dietary relevance primarily in cactus-

consuming regions. 

• Found in cultures that eat prickly pear or cactus pads. 

• Limited to arid and semi-arid regions where such foods 

are consumed. 

• CaMMV has limited detection studies and is mostly niche. 

• Relevance is constrained to specific populations and food habits. 

• Generalizability is limited outside cactus-consuming regions. 

49. Paprika mild mottle virus • PaMMV is structurally similar to PMMoV and is likely present in 

foods containing paprika or chili peppers. 

• Its presence in human feces is supported by emerging evidence. 

• Despite this, it remains less prevalent and less studied, warranting 

further investigation. 

• PaMMV is most relevant in cuisines that use paprika and 

chili peppers. 

• Detected in spice-heavy diets particularly in Asia and 

parts of Europe. 

• May be found in sauces, powders, and processed pepper 

products. 

• PaMMV is often overshadowed by PMMoV in detection efforts. 

• Difficult to distinguish without targeted assays. 

• Requires more prevalence and stability studies. 

50. Streptocarpus flower break 

virus 

• SFBV is a tobamovirus with a stable capsid, allowing it to survive 

digestion in theory. 

• However, it is not linked to human food systems and likely enters 

the gut incidentally. 

• As such, it has low feasibility as a consistent fecal biomarker. 

• SFBV infects ornamental plants and is not associated 

with any food source. 

• Human exposure is likely environmental or incidental. 

• It is globally distributed in home gardening contexts 

• SFBV's fecal presence is likely incidental or environmental. 

• No known dietary exposure route. 

• Lacks the consistency required for reliable monitoring. 

51. Tobacco mild green mosaic 

virus 

• TMGMV has been occasionally detected in feces, potentially due to 

indirect tobacco exposure. 

• While structurally stable, it is not commonly found in food products. 

• This limits its practicality as a routine biomarker. 

• TMGMV is primarily linked to tobacco use or 

contamination. 

• Not a part of typical food systems. 

• Exposure may occur through indirect ingestion of 

residues. 

• TMGMV is rarely detected in wastewater or stool. 

• Exposure sources are unclear and likely not dietary. 

• Insufficient evidence supports its use as a biomarker. 

52. Youcai mosaic virus • YoMV has demonstrated strong stability and has been found in 

individuals consuming Brassica-rich diets. 

• It may serve as a biomarker in populations with frequent intake of 

leafy greens. 

• However, its use remains regionally specific and underexplored. 

• YoMV is found in Brassica vegetables common in Asian 

cuisine. 

• Linked to consumption of bok choy, mustard greens, and 

similar crops. 

• Geographically limited to regions with Brassica-rich 

diets. 

• YoMV is geographically specific and not well-studied globally. 

• May be overlooked in fecal surveys without targeted detection. 

• More data are needed to confirm consistency across regions. 
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6.49. Remarks and conclusions on the use of tobamoviruses as human fecal biomarkers 

Normalization is an essential component of pathogen wastewater surveillance programs. Evidence 

consistently supports the use of matrix-endogenous biomarkers over alternative methods such as flow 

measurement, pharmaceuticals, or wastewater constituents like ammonia, particularly for highly 

transmissible diseases (e.g., SARS-CoV-2, Influenza A & B, RSV, mpox, etc.). The use of highly persistent, 

high-concentration non-human pathogens such as tobamoviruses appears preferable for WEM applications 

instead of phage, bacteria, or non-human-specific biomarkers, which may be subject to poorly understood 

environmental, seasonal, or geographical dynamics. Even in the case of bacteria or phages strongly 

associated with human microbiomes, the risk of the biomarkers undergoing growth or multiplication during 

their hours- to day-long transit time in centralized wastewater conveyance systems risks muddying the 

signal and making interpretation of measured pathogen signals normalized by these sub-optimal biomarkers 

exceedingly difficult or even impossible. 

While tobamoviruses are not without their flaws, until an alternative, globally validated 

normalization biomarker are identified and thoroughly investigated, PMMoV and TBRFV will continue to 

be major components of numerous impactful and influential wastewater surveillance programs throughout 

the world. Despite the extreme environmental robustness and resilience of tobamoviruses being an 

advantage in the WEM context, there have been some concerns concerning their usefulness as a pathogen 

surrogate in studies investigating the effectiveness of disinfection and sanitation performance, particularly 

for drinking water disinfection and wastewater treatment, as researchers have argued that tobamoviruses 

may in fact be more conserved and stable than any pathogenic virion of interest (Canh et al., 2022; Fauquet 

et al., 2005; Hill, 2023; Kuroda et al., 2015; Momba et al., 2019; Wang et al., 2022). Some evidence exists 

that tobamoviruses and PMMoV-associated RNA may survive free chlorine-based drinking water 

disinfection processes (Shirakawa et al., 2023; Shirasaki et al., 2020), however the measured concentrations 

are significantly lower than those measured in wastewaters (Canh et al., 2022). As a result, while it is 

possible that tobamoviruses may enter the human body via drinking water, unless the water consumed is 

raw (untreated), the ingested tobamovirus RNA will represent a negligeable contribution (<0.1 – 0.5%) of 

the measured viral concentration in wastewaters. However, if raw water that has been agriculturally 

impacted was the only available drinking water source (either surface water or groundwater), it’s possible 

that tobamovirus RNA or full virions could be ingested, leading to larger contribution to the measured viral 

concentration in wastewaters (Canh et al., 2019; Sassi et al., 2018). Additionally, it’s important to note that 

due to the robustness and survival of PMMoV RNA to wastewater treatment, tobamoviruses in general are 

likely to be poor choices as human-associated biomarkers in any WEM program investigating pathogenic 

bacteria or viruses because of the ubiquitous nature of tobamoviruses in the natural environment (Haramoto 
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et al., 2013; Rosario et al., 2009c), breaking any link to human-associated shedding of DNA or RNA 

corresponding to pathogenic bacteria or viruses. 

Of the surveyed tobamoviruses, a total of four (TMV, PMMoV, TBRFV and CGMMV) have 

documented uses as environmental and fecal biomarkers. However, the potential of other tobamovirus 

targets, primarily identified through their presence in human feces and wastewater is high. Based on the 

findings, it is highly recommended that future research be performed on the following 11 tobamoviruses to 

systematically establish their global prevalence in wastewater streams to adequately evaluate their potential 

use as environmental and fecal biomarkers: TMV, PMMoV, TBRFV, CGMMV, CMMoV, PMMV, SFBV, 

TMGMV, BPMM, YMoV and RCNaV. It is also possible that a new, specially designed RT-qPCR probe-

based assay with degenerate bases in the forward and reverse primers, focusing on the tobamoviruses of 

interest (as identified by their presence in human feces) may also improve the seasonal and geographical 

stability and overall prevalence of tobamoviruses as human-associated normalization biomarkers for WEM 

applications. Of the 15 tobamoviruses identified as potentially useful as environmental and fecal biomarkers, 

two key characteristics permeate: i) the viruses must cause mild or asymptomatic infections in cultivars to 

avoid culling or causing too much damage to the cultivars to limit its consumption, and ii) the viruses must 

infect cultivars which are of nutritional and/or economic value and have a significant role in human 

consumption. Future research efforts should be aimed at better understanding the seasonality and 

geographic distribution of tobamoviruses of interest as potential environmental and fecal biomarkers. 

Studies investigating the distribution of different tobamoviruses in stool should also be performed to better 

grasp the global distribution of tobamoviruses in foodstuffs, as limited studies exist on this topic. This 

would in turn help further elucidate if the presence of certain tobamoviruses are biased towards a smaller 

subset of the population due to its presence in a limited number of high-titer foodstuffs attributable to a 

specific cultural group or restricted food distribution network, or instead if they are representative of the 

population at large, characterized by an abundance of diverse, widely-available commercial foodstuffs. 

6.50. Limitations and 2025 field updates 

This chapter presents a scoping review of tobamoviruses and their potential role as human-

associated fecal biomarkers for use as WEM normalization. Since the time of writing, a few limitations 

were identified: 1) The ICTV has recently voted to rename all species within the tobamovirus genus to 

standardize the naming convention, which means all names used in the review are now the “old” names; 

and 2) It’s very likely that new tobamoviruses will be discovered, described and formally identified, which 

will impact the timeliness of this review over time. 
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Chapter 7 – Globally Validated PMMoV Assay for Wastewater & Environmental 

Surveillance Data Normalization 

Context 

This manuscript presented in this chapter of the doctoral dissertation is titled Globally validated 

PCR assay for pepper mild mottle virus in wastewater, by Patrick M. D’Aoust, Tyson E. Graber, Chandler 

H. Wong, Tram B. Nguyen, Shen Wan, Elizabeth M. Renouf, Raul Gonzalez, Parthenopi Karaolia, Bilge 

Alpaslan Kocamemi, Anna Maria, Cresten Mansfeldt, Despo Fatta-Kassinos, Dominic Frigon, Sukriye 

Celikkol, Kevin Murmane, Colleen C. Naughton, Masaaki Kitajima, Anna J. Székely, Syeda Tasneem 

Towhid, Emanuel Wyler, Ryan Ziels and Robert Delatolla, and is in preparation for submittal to the Journal 

of Virological Methods. This manuscript addresses the development of a globally validated assay for 

PMMoV, a key biomarker for normalizing RNA concentrations in wastewater surveillance. Analyzing 116 

samples from 12 countries, the study identified a conserved genomic region (nt 2776-3023) to design the 

P17 PMMoV assay, ensuring reliable performance across diverse diets and environmental conditions, with 

enhanced sensitivity for consistent surveillance data. 

Abstract 

Pepper mild mottle virus (PMMoV) RNA has become one of the most commonly used human-

feces-associated biomarkers to normalize wastewater-measured RNA concentrations of respiratory viruses 

and other pathogens for wastewater and environmental monitoring (WEM). The SARS-CoV-2 pandemic 

led to the significant growth of WEM programs and highlighted the critical need for normalization of 

wastewater surveillance measurements to continue improving the usability of WEM data and decrease the 

impacts of sewerage effluent dynamics and major weather events on WEM measurements. As a result, since 

the adoption of PMMoV as a human-feces-associated biomarker in 2006, over 250 WEM studies have used 

PMMoV RNA to normalize WEM measurements. Due to highly diverse diets, varying amounts and 

different strains of PMMoV may be encountered in global wastewaters. To address variations in 

wastewater-measured PMMoV RNA concentrations caused by different diets and the presence of different 

strains, we tested 116 samples from 12 countries and identified nucleotides 2776-3023 (in ORF1) to be the 

most persistent locus of the PMMoV genome across wastewater from geographically distinct locales with 

diverse diets. Finally, we propose a new, highly sensitive and specific (ALOQ = 4.9 copies/reaction, ALOD 

= 3.4 copies/reaction) called the P17 PMMoV assay to facilitate the use of PMMoV as a biomarker across 

the world, validated to be sensitive despite varying diets and environmental conditions.  
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7.1. Introduction 

Wastewater and environmental monitoring (WEM) has emerged as a robust & accepted method for 

tracking viral infection and disease outbreaks in sewered and urbanized communities. Tracked pathogens 

now typically include SARS-CoV-2 (Ahmed et al., 2020), the seasonal influenza A & B viruses (Mercier 

et al., 2022; Wolfe et al., 2022), highly pathogenic avian influenza subtypes (such as H5N1) (Wolfe et al., 

2024), respiratory syncytial virus (Hughes et al., 2022; Toribio-Avedillo et al., 2023; Zambrana et al., 2024), 

mpox (Adams et al., 2024; Wolfe et al., 2023; Wong et al., 2023), norovirus (Boehm et al., 2023b; Dunkin 

et al., 2018), rotavirus (Atabakhsh et al., 2020; Elmahdy et al., 2020; He et al., 2008; Hotta et al., 2024), 

enteroviruses (Bisseux et al., 2020; Brinkman et al., 2017), hepatitis (Fantilli et al., 2023), and human 

metapneumovirus (Boehm et al., 2023a).  

Normalization of measured viral/pathogen RNA or DNA concentrations has become increasingly 

important in improving the interpretation and applicability of WEM by public health professionals as it can 

provide a more accurate representation of trends over time, by improving the correlation between 

wastewater-measured levels of viral/pathogen RNA or DNA and reported clinical cases in a community 

(D’Aoust et al., 2021a; Daughton, 2020; Maal-Bared et al., 2023; Mazumder et al., 2022; Pang et al., 2022; 

Wu et al., 2022). Due to the presence of genetic material from SARS-CoV-2, influenza viruses and many 

other pathogens in feces and fecal-associated solids (solids present in the wastewater matrix that are fecal 

in nature and/or originate from feces) (D’Aoust et al., 2021b; Graham et al., 2021; Roldan-Hernandez et 

al., 2022), WEM studies have concentrated on normalizing viral/pathogen RNA or DNA concentrations 

through the use of biomarkers linked to human feces. Normalization methods in the WEM context typically 

adjust or apply a modifier or factor to viral/pathogen DNA/RNA concentration measurements to minimize 

the effects of sewershed size (Holm et al., 2022) and rainfall- or snowmelt-induced dilution (Bertels et al., 

2022; Mercier et al., 2024). The normalization biomarker chosen should not co-vary with the target nucleic 

acid/pathogen of interest and be consistently shed (over the sampling period) by the targeted population, 

on an aggregated per capita basis (Malla et al., 2024; Mazumder et al., 2022; Polo et al., 2020).  

Proposed biomarkers include tobamovirus RNAs (D’Aoust et al., 2021b; Kitajima et al., 2018; 

Lopez-Roblero et al., 2024; Nash et al., 2024; Rosario et al., 2009a; Rothman and Whiteson, 2022; Sherchan 

et al., 2023; Symonds et al., 2018). Tobamoviruses are a genus comprised of 43 individual plant viruses 

belonging to the Virgaviridae family, typically characterized by rod-shaped virions and positive-sense, 

single-stranded RNA (Adams et al., 2017; Gibbs, 1999). Named after the type species tobacco mosaic virus 

(TMV), these viruses may cause significant agricultural damage and cause crop yield losses by infecting a 

wide variety of cultivars including amaranths, brassicas, cucurbits, legumes, ornamental plants, and 
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solanums (Rao and Reddy, 2020; Smith and Dombrovsky, 2020). As a result, tobamoviruses are commonly 

present in numerous cultivars grown all around the world, where they are often inadvertently consumed by 

humans via symptomless fruits and vegetables or infected transformed/processed foodstuffs, leading to 

their subsequent excretion through stool and urine. As a result, RNA from these tobamoviruses is routinely 

detected in wastewater. Their exceptional environmental stability and resilience, owing to strong protein-

protein interactions at the capsid level (Bloomer et al., 1978; Solovyev and Makarov, 2016), allow them to 

remain infectious in traditionally difficult environments such as wastewater, soil, water, and clouds for 

extended periods (Bačnik et al., 2020; Castello et al., 1995; Cervantes-Avilés et al., 2021; Fillhart et al., 

1998; Kitajima et al., 2018; Mehle and Ravnikar, 2012). Due to the high degree of persistence of 

tobamovirus in multiple different environmental contexts, it’s unsurprising that tobamoviruses have been 

identified as the most common group of viruses found in human feces (Rothman and Whiteson, 2022; 

Zhang et al., 2006), and identified pepper mild mottle virus (PMMoV) as the single most commonly 

encountered virus in human feces, leading to investigations as a biomarker in surface and wastewaters 

(Haramoto et al., 2013; Rosario et al., 2009a; Symonds et al., 2018). 

It has been demonstrated that the normalization of viral/pathogen RNA concentration 

measurements in the solids fraction of wastewater with RNA concentration measurements of PMMoV in 

large sewered and urbanized locations can significantly improve the relevance and usability of data sets by 

public health officials (D’Aoust et al., 2021a; Graham et al., 2021; Wade et al., 2022; Wolfe et al., 2021). 

However, it is important to note that there is no consensus among all researchers in the field in regards to 

the ‘correct’ method to normalize infectious disease RNA measurements in wastewater, and the use of 

PMMoV as a normalization biomarker has been criticized, owing to both weak and strong correlations 

observed between PMMoV-normalized viral/pathogen RNA or DNA concentration and reported clinical 

cases, as compared to other biomarkers or normalizers (Maal-Bared et al., 2023; Malla et al., 2024; Zheng 

et al., 2022). It has been hypothesized that sewershed size and local diets in smaller sewersheds in particular 

may be the cause of the lack of improvement in correlation in PMMoV-normalized viral/pathogen RNA or 

DNA concentration measurements in some studies (Holm et al., 2022). 

Despite the demonstrated benefits of PMMoV-normalization, a significant issue however persists: 

the most used assay to quantify PMMoV RNA in wastewater – a probe-based RT-qPCR assay originally 

developed by Zhang et al. and modified by Haramoto et al. (Haramoto et al., 2013; Zhang et al., 2006) has 

not undergone systemic validation to confirm its status as the most sensitive and reliable method for 

PMMoV RNA quantification in wastewater across different regions of the world. The closest 

approximation to this proposed experiment has been interlaboratory/multi-lab studies conducted in the 

United States, Japan, and Canada, where quantification of PMMoV RNA in wastewater was performed 
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(Antkiewicz et al., 2024; Chettleburgh et al., 2023; Chik et al., 2021; Davis et al., 2023; Endo et al., 2024). 

However, without a standardized sample concentration and nucleic extraction methodology between all 

labs, the data generated by the different participating labs has never been fully comparable. A lack of 

reproducibility and local variations likely caused by diverging sewershed sizes, local dietary trends, and 

differences in sampling and analysis methodologies have therefore led to diverging opinions about the 

usefulness of normalization methods and chosen biomarkers. Without formal validation, there remains 

uncertainty about this assay's effectiveness across different geographical regions, potentially limiting the 

comparability and accuracy of PMMoV-normalized global wastewater surveillance efforts.  

As a result of this perceived limitation and lack of consensus on the use of PMMoV as a normalizing 

biomarker, our goal in this study was to design a universal RT-qPCR assay for the quantification of PMMoV 

RNA with high analytical sensitivity in geographically diverse wastewater settings. We first designed a 

series of overlapping PCR primers spanning the ~6.4 kilobase (kb) RNA genome of PMMoV (GenBank 

accession number NC_003630.1) and tested 116 wastewater samples from 12 different countries to identify 

any differences in the persistence of genomic regions within and across sample collection sites. We 

identified a genomic region located in the replication-associated protein CDS (coding DNA sequence) to 

be the most preserved region across all tested genomic regions and sampling sites. Using this information, 

we designed and validated a universal TaqMan probe-based RT-qPCR assay for the quantification of 

PMMoV RNA in WEM applications. This assay improves the analytical sensitivity of the currently widely-

used iteration, and its adoption should improve the interoperability of WEM datasets. 

7.2. Materials and methods 

7.2.1. Wastewater sample collection and preservation 

To investigate the persistence and RNA concentrations of the different genomic regions of PMMoV, 

and to compare the “benchmark” and the universal PMMoV assays across samples from around the world 

that were extracted using the same method, a total of 116 wastewater samples were collected from 12 

different countries. To ensure minimal degradation during transport, we sent sample transport packages to 

participating locations to eliminate any potential issues with cold-chain management following sample 

collection and transport. Each sampling package contained 15 mL sample transport tubes prefilled with 2 

mL of DNA/RNA Shield (Zymo Research, Irvine, United States) and was shipped to all collaborators. 

Samples were collected (8 mL of either pre- or post-grit influent wastewater, or primary clarified sludge) 

from both smaller and larger water resource recovery facilities (WRRFs) in cities located in Canada, 

Australia, Bangladesh, Cyprus, Finland, Germany, Ireland, Japan, Spain, Sweden, Turkey, and the United 
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States (Figure 7-1). Samples were immediately pipetted into the provided transport tubes, vortexed, and 

shipped to our lab in Ottawa, Canada, at ambient temperature.  

 

7.2.2. Nucleic acid extraction 

Upon receipt in Ottawa, the sample tubes were immediately refrigerated at 4°C, and nucleic acid 

extraction was performed within 7 days. Briefly, sample tubes were vortexed to fully homogenize the 

samples, and RNA was extracted from 140 µL of the 8 mL sample using the QIAamp Viral RNA Mini Kit 

(Qiagen, Germantown, USA) using a QIAcube Connect automated extraction platform, as per the 

manufacturer’s recommendations. Samples were eluted with 100 µL of RNase- and free, DNase-free PCR-

grade water. Samples were either analyzed by RT-qPCR immediately or stored at -80°C until analysis. 

7.2.3. Primer design for PCR panel overlapping the PMMoV genome 

To assess the relative persistence of the different genomic regions of PMMoV in wastewater, a 

primary screen using SYBR Green RT-qPCR was performed with a panel of 35 overlapping amplicons. To 

this end, the panel was created using the “Overlapping Primers” function of The PCR Suite (van Baren and 

Heutink, 2004), a software extension of Primer3 (Rozen and Skaletsky, 2000; Untergasser et al., 2012) 

Using the PMMoV genome reference sequence (GenBank accession number NC_003630.1), forward and 

reverse primers were designed using the default parameters (product size range of 250-450 base pairs (bp) 

& overlap size range of 40-90 bp), covering approximately 96.3% of the PMMoV reference genome, and 

named incrementally from genomic regions 2 to 36. Genomic region 1 (starting at the 5’ end of the PMMoV 

genome) was excluded due to highly repetitive patterns (the pattern CAA repeats at least 17 times in the 

first 180 bp), making quantification more difficult. Genomic region 37 (ending at the 3’ end of the PMMoV 

genome) was also excluded due to the presence of a homopolymer repeat (7 C’s) near the 3’ end of the 

© Australian Bureau of Statistics, GeoNames, Microsoft, Navinfo, Open Places, OpenStreetMap, TomTom, Zenrin
Powered by Bing

Figure 7-1. A map highlighting the countries (in blue) in which wastewater 

samples were harvested in this study. 
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PMMoV genome, also making PCR quantification more difficult. The generated PCR forward and reverse 

primers are provided below in Table 7-1. The amplicons’ characteristics are also provided below in Table 

7-2. 

Table 7-1. List of forward and reverse primers developed for the panel of 35 overlapping SYBR Green PCR assays used to evaluate 

the relative persistence of the PMMoV genome. 

Primer/probe name Sequence Primer/probe name Sequence 

reg2_PMMoV_for TCGGAGACTGTACGAATCAGC reg20_PMMoV_for GCACCTGTTGGTCTCATTGTC 

reg2_PMMoV_rev AGGGGATCTGCATCATCAAG reg20_PMMoV_rev TTGCATGTCAGAAACATCTCC 

reg3_PMMoV_for CACAGTCTCGCAGGTGGAC reg21_PMMoV_for AGAATCGGTGTACAAAGGTG 

reg3_PMMoV_rev ACACTACTGATTGCGGATCG reg21_PMMoV_rev ATCATCGCGACCAAATTTTC 

reg4_PMMoV_for AATACCGCCATATCAAAAGC reg22_PMMoV_for TGTGATCAGGACTGCTGCTG 

reg4_PMMoV_rev AGAAGAAAGCGCCTATGTCG reg22_PMMoV_rev CTGGCCAATTGTTGACTTCTC 

reg5_PMMoV_for CTGCTATGCTGCCTTCCAC reg23_PMMoV_for CTTTCAAGGGCGAGTTTGG 

reg5_PMMoV_rev CCTTGAAAACTTACAAAACCAAG reg23_PMMoV_rev AAGCGCATTGATTTTCTTGC 

reg6_PMMoV_for AAGACTTACTTCCCCGCTTC reg24_PMMoV_for CGAAACAGCGTTTGGATCTTAG 

reg6_PMMoV_rev CCATATCTTTCATCTTTGGAAACC reg24_PMMoV_rev CGACTGCACAATGAAATTCG 

reg7_PMMoV_for GCGATGATGAATAGCGAAAG reg25_PMMoV_for GATCTGGACTCTAATGTTCCTATGG 

reg7_PMMoV_rev ATCCACATCCCACTCTGAGC reg25_PMMoV_rev ACATCACCGCTTTTCCTCTG 

reg8_PMMoV_for CGCCAATGTATTATCGTTCG reg26_PMMoV_for TTTGGAAACACGGGCATC 

reg8_PMMoV_rev CAGCAGTAATCTCATCCCAGAC reg26_PMMoV_rev TTTGCGCCCTGTTGAATATC 

reg9_PMMoV_for CCATGCTCAAGGATGACCTC reg27_PMMoV_for AGGTGCCTTTTGTGGTGATG 

reg9_PMMoV_rev GCATTTCCACCGAAGACTTG reg27_PMMoV_rev TGTGTTTTGCACCGAGTTTC 

reg10_PMMoV_for AAAGTACCTGATTTGTATGTAACTTTCC reg28_PMMoV_for TTTTGCGGTAGGTACATAATTCAC 

reg10_PMMoV_rev GCTGCCACCAATGGATCTAC reg28_PMMoV_rev AAACAAACGAACCAAGAGGTG 

reg11_PMMoV_for CAGTGACAAGTTTGATGTTGATG reg29_PMMoV_for TGCGTACTATACACATTTGAACG 

reg11_PMMoV_rev TTCGAACCACTTCCTTGATTG reg29_PMMoV_rev TCGTACCGTCTTGACCGAAG 

reg12_PMMoV_for CAAAGGAGGAAGGTTCGTTG reg30_PMMoV_for CAATTTGTCTGCCGCTGAG 

reg12_PMMoV_rev ATCGCATGCATCTGTTTACG reg30_PMMoV_rev TTGTCGGGTAGGTTCCACTC 

reg13_PMMoV_for AATCGAGTCGTTGCAGCAG reg31_PMMoV_for GGTGTAAAGCTTGTTAAGGATGG 

reg13_PMMoV_rev AGGCACACGTCGTAGACTCC reg31_PMMoV_rev TTGCCAAACTTTTCTCTCAGC 

reg14_PMMoV_for GCGGTATCAAACCTGAAGAAG reg32_PMMoV_for AACCAGTGCAGCTAAGAAACG 

reg14_PMMoV_rev AAAGATTCGGAGCTCACTGC reg32_PMMoV_rev TCTGTCAGCCATTGGAACTG 

reg15_PMMoV_for GATGGCGAGAACATTGTGTG reg33_PMMoV_for GGAGGACCCGTTGAACTTAC 

reg15_PMMoV_rev CGCCACGATTAAACCAGAAC reg33_PMMoV_rev TTGATTGGCACTGGAAACTG 

reg16_PMMoV_for ACCAGGAAAACAGGCTGCTG reg34_PMMoV_for TTAGAATTGGGCAGAACTCG 

reg16_PMMoV_rev ACAAAAGCCTCGGAGCATAG reg34_PMMoV_rev CACGGCATTATATCGGAAAAC 

reg17_PMMoV_for AGGCTGTTTCTGGATGAAGG reg35_PMMoV_for CAGCAGTTCTCTGATGTGTGG 

reg17_PMMoV_rev TGCCCTTCGTACTTCTGATTC reg35_PMMoV_rev ACCGTCGCATCGTCTACC 

reg18_PMMoV_for TTGAAACTCGCAGAACAACG reg36_PMMoV_for CCGCAAAATCCTACAACTGC 

reg18_PMMoV_rev TCGAGAGCAGCAATGACTTG reg36_PMMoV_rev TAATTGCGTTCCATCCCAAC 

reg19_PMMoV_for AGGTGCAGCGGTAATGAATC   

reg19_PMMoV_rev CGACTGCATCTAGCACAACTG   

 

Table 7-2. Overlapping SYBR Green PCR amplicon characteristics (amplicon size, GC content, location, and genomic feature(s) 

intersecting the amplicon). 

Overlapping PCR assay 

genomic region 

Amplicon size 

(bp) 
GC content (%) Nucleotide Genomic feature(s) intersecting the amplicon 

reg 2 218 49.08 153-370 Replication-associated protein (ORF1, ORF2) 

reg 3 295 44.07 310-604 Replication-associated protein (ORF1, ORF2) 

reg 4 278 44.6 543-820 Replication-associated protein (ORF1, ORF2) 

reg 5 265 38.11 738-1002 Replication-associated protein (ORF1, ORF2) 

reg 6 271 37.27 913-1183 Replication-associated protein (ORF1, ORF2) 

reg 7 300 42.00 1105-1404 Replication-associated protein (ORF1, ORF2) 

reg 8 224 45.54 1320-1543 Replication-associated protein (ORF1, ORF2) 

reg 9 240 39.58 1457-1698 Replication-associated protein (ORF1, ORF2) 

reg 10 221 39.82 1627-1847 Replication-associated protein (ORF1, ORF2) 

reg 11 248 44.35 1776-2023 Replication-associated protein (ORF1, ORF2) 

reg 12 208 44.71 1952-2159 Replication-associated protein (ORF1, ORF2) 

reg 13 231 44.59 2091-2321 Replication-associated protein (ORF1, ORF2) 

reg 14 245 45.71 2233-2477 Replication-associated protein (ORF1, ORF2) 

reg 15 291 46.39 2416-2706 Replication-associated protein (ORF1, ORF2) 

reg 16 219 44.29 2643-2861 Replication-associated protein (ORF1, ORF2) 

reg 17 248 45.16 2776-3023 Replication-associated protein (ORF1, ORF2) 

reg 18 213 46.48 2951-3163 Replication-associated protein (ORF1, ORF2) 

reg 19 272 47.43 3075-3346 Replication-associated protein (ORF1, ORF2) 

reg 20 229 41.48 3276-3504 Replication-associated protein (ORF1, ORF2) 

reg 21 297 41.41 3435-3731 Replication-associated protein (ORF1) 

reg 22 256 38.67 3666-3921 Replication-associated protein (ORF1) 

reg 23 213 41.31 3862-4074 Replication-associated protein (ORF1) 

reg 24 285 37.19 3989-4273 Replication-associated protein (ORF1) 

reg 25 227 41.85 4186-4412 Replication-associated protein (ORF1) 

reg 26 244 43.44 4322-4565 Replication-associated protein (ORF1) 

reg 27 218 39.91 4488-4705 Replication-associated protein (ORF1) 
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reg 28 232 40.52 4615-4846 Replication-associated protein (ORF1) 

reg 29 238 39.92 4776-5013 Replication-associated protein & movement protein (ORF1, ORF3) 

reg 30 204 42.65 4953-5156 Movement protein (ORF3) 

reg 31 243 44.03 5080-5322 Movement protein (ORF3) 

reg 32 292 39.38 5235-5526 Movement protein (ORF3) 

reg 33 257 40.86 5458-5714 Movement protein & capsid protein (ORF3, ORF4) 

reg 34 283 43.11 5630-5912 Movement protein & capsid protein (ORF3, ORF4) 

reg 35 221 47.51 5823-6043 Capsid protein (ORF4) 

reg 36 293 48.81 5982-6274 Capsid protein & 3’-end noncoding region (ORF4) 

7.2.4. Primer and probe design for the universal PMMoV assay 

For the design of the universal probe-based assay to detect and quantify PMMoV RNA in 

wastewater, the reference sequence of PMMoV (GenBank accession number NC_003630.1) was analyzed. 

Based on results from our preliminary PCR screening, the assay was designed to target the first open reading 

frame (ORF1), encoding the replication-associated protein of PMMoV. Optimal oligonucleotide primers 

and probe pairs were designed using Primer3 Plus (Untergasser et al., 2012). Within the selected genomic 

region, several RT-qPCR assays were considered, synthesized, and evaluated for use in the P17 assay (data 

not shown), and the most sensitive assay was selected. The proposed primers and probes were checked in 

NCBI BLAST for specificity to PMMoV as it was possible that region 17 was over-represented in samples 

due to the presence of other similar nucleotide sequences (Altschul et al., 1990). The nucleotide sequences 

of the benchmark PMMoV assay (Haramoto et al., 2013; Zhang et al., 2006) and the universal PMMoV 

assay, along with their amplicon characteristics are shown below in Table 7-3. All primers and probes used 

in this study were synthesized by from Life Technologies (Waltham, USA). The universal assay developed 

in this study will be referred to as the P17 assay from this point on. 

Table 7-3. Oligonucleotide sequences of the benchmark PMMoV and P17 qRT-PCR assays. 

Assay Primer/probe Sequence (5’-3’) Genomic feature 

Locat

ion 

(nt) 

Length 

(bp) 

Tm 

value 

(°C) 

Amplicon 

length (bp) 

Amplicon 

GC% 

Benchmark 

PMMoV 

(Haramoto et al., 

2013; Zhang et al., 

2006) 

PMMV-FP1-rev GAGTGGTTTGACCTTAACGTTTGA 

ORF1/Replication-

associated protein 

1878-

1901 
24 55.6 

68 48.53 PMMV-RP1 TTGTCGGTTGCAATGCAAGT 
1945-

1926 
20 55.7 

PMMV-Probe1 FAM-CCTACCGAAGCAAATG-MGB-NFQ 
1906-

1921 
16 46.1 

P17 (this study) 

P17_f TGGAGACACCCAGCAGATTCCT 

ORF1/Replication-

associated protein 

2865-

2886 
22 59.1 

98 45.92 P17_r TGCGAGTTTCAACAGCATCGACCT 
2962-

2939 
24 61.1 

P17_p 
FAM-TCAACAGAGTTGCAACTTTTCCCT-

MGB-NFQ 

2891-

2914 
24 57.0 

7.2.5. PCR controls 

In this study, RNA extracted from a commercially available hot sauce was used as a PMMoV 

reference standard as it is known to yield high levels of PMMoV RNA (Cantillon and Roberts, 2022). 

Briefly, 0.50 mL of Triton-X 100 was added to 0.75 mL of Tabasco® regular hot sauce and vortexed for 

30 seconds. The mixture was then allowed to incubate at room temperature for 5 minutes, before proceeding 

with nucleic acid extraction using the QIAamp Viral RNA Mini Kit (Qiagen, Germantown, USA), as 
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described above. The total RNA concentration was quantified using a ThermoFisher QuantStudio Absolute 

Q Digital PCR instrument (Waltham, USA). 

7.2.6. Quantification of PMMoV RNA in wastewater by RT-qPCR 

To assess the relative persistence of the PCR loci across the PMMoV genome, samples were 

analyzed using the panel of 35 overlapping RT-qPCR assays designed in this study using SYBR Green 

technology. The PMMoV signal of all 116 samples was measured using each of the overlapping assays 

using a singleplex one-step RT-qPCR reaction. To compare the benchmark and P17 PMMoV assays, the 

RT-qPCR signal from 29 samples and one positive control (cf. Section 7.2.5) was measured in technical 

triplicate using singleplex one-step RT-qPCR. All primers, probes (if applicable), cycling conditions, and 

reagent concentrations used in this study are described below, in Table 7-4. 

Table 7-4. Summary of the RT-qPCR testing conditions for the SYBR Green overlapping assays, and the PMMoV probe-based 

assays during this study. 

Targeted region PMMoV SYBR Green 

overlapping assays 

Benchmark PMMoV assay P17 assay 

RNA template volume 

(µL) 

1.5 µL 1.5 µL 1.5 µL 

Total qPCR reaction 
volume (µL) 

10 µL 10 µL 10 µL 

Supermix used iTaq universal SYBR® Green 

reaction mix (Bio-Rad) 

TaqManTM Fast Virus 1-Step 

Master Mix (ABI) 

TaqManTM Fast Virus 1-Step 

Master Mix (ABI) 

qPCR conditions (All targets) (All targets) (All targets) 

Rev. transcript.: 50°C for 5:00 Rev. transcript.: 50°C for 5:00 Rev. transcript.: 50°C for 5:00 

Initial denat.: 95°C for 1:00 Initial denat.: 95°C for 0:20 Initial denat.: 95°C for 0:20 

Denaturation: 95°C for 0:10 Denaturation: 95°C for 0:03 Denaturation: 95°C for 0:03 

Anneal/ext.: 60°C for 0:45 Anneal/ext.: 60°C for 0:30 Anneal/ext.: 60°C for 0:30 

Primers and 

probe/dye/RT in 
reaction 

500 µM (primers) 

5 µL iTaq SG reaction mix 
0.125 µL iScript RT 

500 µM (primers) 

125 µM (probe) 
2.5 µL 4x TaqManTM FV1S MM 

500 µM (primers) 

125 µM (probe) 
2.5 µL 4x TaqManTM FV1S MM 

 

7.2.7. Assay limits of detection and quantification 

We used generally accepted methods (Forootan et al., 2017) to determine the assay limits of 

detection (ALOD, ≥ 95% detection) and assay limits of quantification (ALOQ, CV = 35%) of the P17 

assay. The standard material used to perform serial dilutions was RNA extracted from a commercially 

available hot sauce described above (previously quantified aliquots with the following concentrations were 

used: 70.9, 17.8, 8.9, 4.4, and 2.2 copies/μL). Meanwhile, the ALOD and ALOQ values of the benchmark 

PMMoV assay were previously determined to be 6.8 copies/reaction and 8.2 copies/reaction, respectively 

(data not shown). 
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7.2.8. Statistical analysis 

All descriptive statistics, mean, standard deviation and variance calculations were performed using 

Microsoft® Excel® 365 (version 2405). Linear regressions, correlation and significance values and the 

generation of best-fit lines were performed using GraphPad Prism (version 9.5.1). 

7.3. Results and discussion 

7.3.1. Concentrations and persistence of PMMoV locus in global wastewaters  

To determine which genomic region would be most suitable for the development of a universal RT-

qPCR assay, the panel of 35 overlapping SYBR Green RT-qPCR assays spanning most of the PMMoV 

genome was tested on all 116 collected samples in this study, to determine which region of the PMMoV 

genome was detected most strongly in wastewater. Results from this preliminary screening are shown in 

Figure 7-2. Despite all overlapping RT-qPCR assays being run using identical PCR conditions and having 

similar amplicon sizes, statistically significant differences in mean Ct values across all 116 samples were 

observed (p < 0.001), with the highest RNA concentrations measured in genomic regions 17 and 31 (in 

red), and the lowest RNA concentrations measured in genomic regions 28, 34 and 36. These findings are 

congruent with the structural characteristics of PMMoV: In typical tobamovirus organization, PMMoV is 

rod-shaped, measuring approximately 18 nm in width and 300 nm in length. Its exterior is composed of 

several dozen identical copies of the capsid protein, stacked in a helical fashion to create a rod/tube, with a 

gap of approximately 4 nm in the center. The capsid proteins are held together in a helical structure due to 

strong electrostatic interactions and the formation of hydrophobic girdles, giving the virus significant 

rigidity (Bloomer et al., 1978; Solovyev and Makarov, 2016). As a result, much of the viral genomic RNA 

remains protected within the inner portion of the capsids in the center of the rod, explaining the extreme 

environmental persistence of PMMoV (and tobamoviruses in general) (Fillhart et al., 1998; Mehle and 

Ravnikar, 2012; Pares et al., 1996; Sassi et al., 2018; Smith and Dombrovsky, 2020). It is hypothesized that 

the lower Ct values (indicating higher PMMoV RNA concentrations) measured in genomic regions 17 and 

31 are due to these regions being located within structurally protected areas of PMMoV’s genome. 

Conversely, higher Ct values (indicating lower PMMoV RNA concentrations) in the capsid-encoding 

portion of the genome may be attributed to a higher nucleotide mutation rate in the capsid. This higher 

mutational propensity is a known mechanism by which tobamoviruses overcome host resistance. region 

(Spiegelman and Dinesh-Kumar, 2023). As a result, the assays quantifying RNA in genomic regions 33 to 

36 were on average 4.58 (influent wastewater) and 4.19 (primary sludge) Ct values higher than the global 

average Ct value for all genomic regions, indicating significantly lower PMMoV RNA concentrations in 
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these genomic regions. A macro-analysis investigating the variance in Ct values of each individual PMMoV 

genomic region revealed the following: the locus with the lowest variance are regions 35, 18, 17, 26 and 27 

of the PMMoV genome, and the locus with the highest variance are regions 32, 28, 8, 6 and 29 (Table S6). 

Since all the samples were tested with panel of PCR assays, effects caused by the type of sample were 

eliminated. It’s therefore hypothesized that large differences in variance observed here are indeed caused 

by marked propensities for degradation due to less stable RNA secondary structures or rapid mutational 

turnover. Genomic regions with higher variances are therefore less desirable to develop a universal assay 

in. 

7.3.2. Effects of geographical location on PMMoV RNA concentrations in wastewaters 

A closer analysis of the geographical effects on the measured PMMoV RNA concentrations in 

genomic regions showed a trend that measured RNA concentrations were generally highest in genomic 

regions 17 and 31 in the four grouped geographical regions (Americas, Europe, Oceania, and Asia) (Figure 

7-3). This trend is not observed in samples collected from Oceania, with genomic region 31 not showing 

the same high RNA concentrations.  
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Figure 7-2. A summary graph of measured cycle threshold (Ct) values for all 35 targets within the PMMoV genome, highlighting in 

blue the benchmark PMMoV assay’s location, and in red, two potential regions of interest for the development of a universal probe-

based assay. The solid blue lines indicate the median values for the Ct values of each genomic region, and the dashed blue lines 

indicate the quartiles of the Ct values of each genomic region. A minimum of 116 samples were analyzed per genomic region. 

Including reruns, a total of 4,066 analyses were performed across all regions of the PMMoV genome. 
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To better understand the influence of geography, Figure 7-4 (below) provides a more granular 

examination of PMMoV RNA concentrations in wastewater across the 12 sampled countries in this study 

(all 35 PMMoV genomic regions were consolidated). The descriptive statistics for the measured Ct values, 

separated by geographical location of the wastewater samples, are also given below in Table 7-5. The 

highest number of samples came from Canada, and incidentally, the lowest measured Ct values (correlating 

to the highest PMMoV RNA concentrations in wastewater) were observed in Canada and Japan. It is 

hypothesized that the higher PMMoV RNA concentrations measured in Canadian and Japanese samples 

may be simply explained by the higher number of primary sludge samples obtained from these countries. 

Based on extensive observations in previous studies and in literature, it’s expected that PMMoV RNA 

concentrations in primary sludge will be more elevated than in influent wastewater, particularly if the 

analyzed samples have the same extraction protocol (D’Aoust et al., 2021b; Kitamura et al., 2021). Due to 

the dietary route required for PMMoV, samples with higher fecal content will generally have higher 

PMMoV RNA as well. Overall, measured PMMoV RNA concentrations in any given sampling location 

were within two standard deviations from any other sampling location, indicating relative similarity in the 

RNA concentrations along all sampling locations. These findings do not necessarily point to major changes 

or differences in diet throughout the world, and it is hypothesized that PMMoV RNA concentrations in 

wastewater samples could instead correlate with fecal strength of the wastewater, as tested samples were 

not all collected from the same sampling site over time and do not provide a longitudinal perspective to 

PMMoV RNA concentrations in wastewater. Furthermore, samples in this study were volume-normalized 

in terms of the quantity of wastewater which from which nucleic acids were extracted, complicating further 

the interpretation. These results however demonstrate show the ubiquity of PMMoV RNA in wastewaters 
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Figure 7-3. A graph demonstrating the variance in measured cycle threshold (Ct) values for all 35 ‘genomic 

regions’ within the PMMoV genome, organized per geographical region of the world (Americas, Europe, 

Oceania and Asia) of the analyzed samples. Regions 11 (blue), 17 and 31 (red) are highlighted. 
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around the world, similar to findings reported by others (Hamza et al., 2011; Roldan-Hernandez et al., 2022; 

Rosario et al., 2009b; Sassi et al., 2018). Variations in concentrations are expected to be caused by variations 

in fecal strength/content among the sampled sites and samples rather than intrinsic day-to-day changes in 

PMMoV RNA concentrations in wastewater.  

Table 7-5. This table presents the descriptive statistics for the measured Ct values (representative of the concentration of PMMoV 

RNA in wastewater samples) in all tested wastewater samples (all PMMoV genomic locations combined), separated by 

geographical location. This table provides the number of measurements performed (n), the mean values, the standard deviation, the 

1st and 3rd quartiles and the variance of the measured Ct values. In this table, measurements from all PMMoV genomic regions 

were consolidated on a per country basis. 

Country of origin 

of samples 
n 

Mean 

Ct 

Standard 

deviation 
1st quartile 3rd quartile Variance 

Canada 648 28.8 3.4 26.5 30.4 11.2 

United States 607 33.1 3.3 31.1 34.8 12.3 

Cyprus 208 30.4 2.7 28.3 32.1 11.3 

Finland 195 33.5 3.5 31.1 35.6 17.5 

Germany 209 31.5 2.5 29.7 33.1 10.4 

Ireland 190 33.7 3.3 31.5 35.4 16.4 

Spain 210 30.2 2.5 28.8 31.7 10.4 

Sweden 200 32.1 2.5 30.4 33.5 11.1 
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Figure 7-4. A graph showing the distribution of PMMoV RNA concentration (inferred from Ct values) in wastewaters from the 12 

sampled countries in this study. Solid lines indicate the average, and the dashed lines indicate the 1st and 3rd quartiles. Lower Ct 

values indicate a higher PMMoV RNA concentration. In this graph, measurements from all PMMoV genomic regions were 

consolidated on a per country basis. 
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Türkeye 207 29.7 3.3 27.6 31.7 14.6 

Bangladesh 199 33.0 4.6 30.2 35.3 26.0 

Japan 209 29.4 2.2 27.8 30.9 8.9 

Australia 346 32.6 2.5 31.0 33.6 8.9 

 

7.3.3. Effects of sample type of PMMoV RNA concentrations in wastewaters 

Of the 116 surveyed samples, 102 were pre- or post-grit influent wastewater and 14 were primary 

sludge. When comparing the general trends of PMMoV RNA concentrations measured in both types of 

samples, it was observed that the primary sludge samples yielded higher RNA concentrations of PMMoV 

in all surveyed genomic regions of PMMoV except region 31. On average, PMMoV measurements obtained 

in primary sludge were approximately 2.02 Ct values higher than those obtained in influent wastewater 

(305.3% higher RNA concentration) (Figure 7-5). 

7.3.4. Effects of sewershed population size on PMMoV RNA concentrations in wastewaters 

An analysis of the effects of sewershed population size on measured PMMoV RNA concentrations 

did not reveal any significant overarching trends. In all tested samples for which sufficient metadata was 

available, sewershed population size did not strongly correlate with PMMoV RNA concentrations. Of the 

116 tested samples, sufficient metadata was available for at least 75. Linear regressions were performed on 

the three PMMoV genomic regions of interest (regions 11, 17, and 31), and the results are shown in Figure 

7-6. In this figure, three x-y plots display the relationship between the population size contributing to tested 

20

25

30

35

40

45

Primary clarified sludge

R
e

g
io

n
 2

R
e

g
io

n
 3

R
e

g
io

n
 4

R
e

g
io

n
 5

R
e

g
io

n
 6

R
e

g
io

n
 7

R
e

g
io

n
 8

R
e

g
io

n
 9

R
e

g
io

n
 1

0

R
e

g
io

n
 1

1

R
e

g
io

n
 1

2

R
e

g
io

n
 1

3

R
e

g
io

n
 1

4

R
e

g
io

n
 1

5

R
e

g
io

n
 1

6

R
e

g
io

n
 1

7

R
e

g
io

n
 1

8

R
e

g
io

n
 1

9

R
e

g
io

n
 2

0

R
e

g
io

n
 2

1

R
e

g
io

n
 2

2

R
e

g
io

n
 2

3

R
e

g
io

n
 2

4

R
e

g
io

n
 2

5

R
e

g
io

n
 2

6

R
e

g
io

n
 2

7

R
e

g
io

n
 2

8

R
e

g
io

n
 2

9

R
e

g
io

n
 3

0

R
e

g
io

n
 3

1

R
e

g
io

n
 3

2

R
e

g
io

n
 3

3

R
e

g
io

n
 3

4

R
e

g
io

n
 3

5

R
e

g
io

n
 3

6

20

25

30

35

40

45

Influent

M
e

a
s
u

re
d

 C
y
c
le

T
h

re
s
h

o
ld

 V
a

lu
e

s

Figure 7-5. A comparison of measured PMMoV RNA concentration (displayed as Ct values) comparing pre- and 

post-grit and primary sludge samples across the 35 genomic region within the PMMoV genome. Lower Ct values 

indicate a high measured concentration of PMMoV RNA in the sample. Data points and error bars represent the 

mean and standard deviation of the agglomorated Ct measurements across all tested samples in the study. Three 

regions are highlighted as genomic regions of interest: in blue the benchmark PMMoV’s assay location (region 11), 

and in red, two potential regions of interest (regions 17 and 31). 
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sewersheds (x-axis) and the corresponding Ct values measured (y-axis). Regions 11 and 17 exhibited 

negligible or weak relationships, with r2 values of 0.001 (p = 0.409) and 0.028 (p = 0.153), respectively, 

indicating no significant trends. However, Region 31 demonstrated a moderate relationship, with an r2 value 

of 0.131 and a statistically significant p-value (p = 0.031). These results suggest that while sewershed 

population size does not generally correlate with PMMoV RNA concentrations, some genomic regions, 

such as Region 31, may exhibit weak but statistically significant associations that warrant further 

investigation into potential underlying factors. 

7.3.5. Description of the universal PMMoV RT-qPCR assay  

Based on the observed RT-qPCR measurements using the overlapping SYBR Green RT-qPCR 

assays described above, we identified the most conserved genomic regions of the PMMoV genome between 

individual sites, and across all sample sites: region 17, located at nucleotides 2776-3023. Within region 17, 

several RT-qPCR assays were considered, synthesized, and evaluated for use in the universal TaqMan RT-

qPCR assay (data not shown), and the most sensitive assay was selected. The proposed primers and probes 

were verified in NCBI BLAST for specificity to PMMoV as it was possible that region 17 was over-

represented in samples due to the presence of other similar nucleotide sequences occurring in the natural 

environment (Altschul et al., 1990). 
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Figure 7-6. Three panels illustrating the relationship between sewershed population size and measured PMMoV RNA 

concentrations across three genomic regions of interest (regions 11, 17, and 31). Linear regression analyses were performed 

independently for each region, comparing sewershed population size with measured Ct values. The results indicate that no strong 

linear relationships exist between sewershed population size and PMMoV RNA concentrations. 
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The primers and probe for the P17 assay were aligned with 45 full-genome sequences of PMMoV 

to highlight any nucleotide mismatches (Figure 7-7), and it was observed that the selected genomic region 

for the P17 PMMoV assay did not contain nucleotide mismatches likely to cause important effects on PCR 

efficiency with any of the main full-genome sequences of PMMoV, such as mismatches at the 3’ end. 

Almost all noted mismatches are expected to be well tolerated to their distance from the 3’ end of the oligos, 

and most mismatches were a single nucleotide along the entire oligo. The same alignment was performed 

between the primers and probe of the benchmark assay and 45 full-genome sequences, and it was also 

observed that no nucleotide mismatches were likely to cause important effects on PCR efficiency.  

 

  

Forward primer Probe Reverse primer

daoust

Figure 7-7. Alignment of the primers and probe of the P17 PMMoV assay proposed in this study. The primers and probe are aligned 

with 45 full-genome sequences of PMMoV to highlight any nucleotide mismatches. 
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The alignment of the benchmark assay and the full-genome sequences is shown below in Figure 7-

8. The genomic locations of the benchmark and P17 assays (Figure 7-9) were also briefly assessed to 

determine if their location within the PMMoV genome could potentially have an impact on the PCR 

efficiency or the persistence of RNA, due to the assays being in different genomic features. The reference 

PMMoV genome is a relatively simple and small genome at 6357 nucleotides long, containing four open 

reading frames (ORFs) that encode four proteins. The viral RNA encodes two large replication-associated 

proteins (ORF1: 183.0 kDa, ORF2: 126.0 kDa, RAP), a movement protein (ORF3: 30.0 kDa, MP), and a 

capsid/coat protein (ORF4: 17.3 kDa, CP) (Adams et al., 2017; Gibbs, 1999). In this case, both assays are 

located in the ORF1 (and ORF2), before the leaky stop codon at nucleotide 3423 that allows for RNA 

translation readthrough (Luria et al., 2018). The presence of both assays in the ORF1/ORF2 region of 

PMMoV is somewhat expected, due to the genomic structure of PMMoV and genomic RNA protection 

conferred by the exterior capsid proteins.  

Forward primer Probe Reverse primer

haramoto

Figure 7-8. Alignment of the primers and probe of the “benchmark” PMMoV assay proposed in this study. The primers and probe 

are aligned with 45 full-genome sequences of PMMoV to highlight any nucleotide mismatches. 
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7.3.6. Evaluating the P17 PMMoV assay 

As a result of the findings above, total RNA was extracted from 29 wastewater samples and a hot 

pepper sauce control were analyzed using both the benchmark and P17 assays. All samples were run in 

PCR technical triplicates. It was observed that in 56.7% (17/30) of the tested samples, the P17 assay was 

slightly more sensitive than the benchmark assay (Table 7-6). In one sample, the P17 assay reported no 

detects in all technical replicates while the benchmark assay reported an average Ct value of 39.72 ± 0.02). 

PMMoV RNA concentrations measured using the P17 assay were on average 10.7% greater (i.e., 0.15 Ct 

lower) than the benchmark assay. This change/improvement was significant in 30.0% (9/30) of tested 

samples (changes/improvements were considered significant improvements when the average ΔCt between 

the two assays exceeded the summed standard deviations of each assay). The P17 assay’s ALOD and ALOQ 

were determined to be 3.4 copies/reaction and 4.9 copies/reaction, respectively, while those of the 

benchmark assay were previously calculated (unpublished) to be 6.8 copies/reaction and 8.2 

copies/reaction, respectively. Extraction, process, and assay blanks run throughout the experiment were 

negative (>= 45 Ct) using either assay. These results confirm that the P17 assay exhibits diagnostic 

sensitivity and specificity equivalent to the benchmark assay, effectively detecting PMMoV RNA in both 

wastewater and hot sauce extracts while maintaining non-detects in negative samples.  

5’ 3’

Replication-associated protein (126K)

(ORF2)

(70 - 3423)

Coat protein

(ORF4)

(5655 - 6128)

Movement protein

(ORF3)

(4909 - 5682)

Single stranded RNA genome of Pepper Mild Mottle Virus (6357 bp)

1 1878 - 1945 2865 - 2962

Haramoto et al. (2013), Zhang et al. (2005)

“Benchmark” assay
This study’s assay

P17 assay

Replication-associated 

protein (183K) (ORF1)

(70 - 4908)

Figure 7-9. Genomic map of the 6.4 kb genome of PMMoV, highlighting the four major ORFs, and the location of the 

benchmark and P17 PMMoV assays. 
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Table 7-6. Validation of the benchmark and P17 PMMoV assays. This table provides shows a summary of PMMoV RNA 

measurements in 29 samples and one control, comparing both PMMoV assays. The RNA concentrations are expressed and 

compared as Ct values.  

Sample Sample ID Location 
Benchmark 
PMMoV assay 

(Ct) 

P17 PMMoV 

assay (Ct) 

Significant 
improvement? 

(Y/N) 

Pepper mild mottle virus 
(in wastewater) 

BD-DH-01 Dhaka (BD) 34.93 ± 0.16 34.84 ± 0.32 N 
BD-GP-02 Gazipur (BD) 34.68 ± 0.10 34.37 ± 0.43 N 

BD-KG-03 Kereniganj (BD) 37.51 ± 0.23 36.74 ± 0.41 Y 

BD-UT-04 Uttara (BD) 33.16 ± 0.06 32.88 ± 0.23 N 
BD-JU-05 Manikganj (BD) 31.73 ± 0.29 31.14 ± 0.03 Y 

BD-HJ-06 Narayanganj (BD) 39.72 ± 0.02 n.d. N 

SP-GN-01 Granada (ES) 29.59 ± 0.24 28.92 ± 0.03 Y 
SP-GN-02 Granada (ES) 30.54 ± 0.14 30.27 ± 0.11 Y 

SP-GN-03 Granada (ES) 30.68 ± 0.08 30.22 ± 0.08 Y 

SP-GN-04 Granada (ES) 30.44 ± 0.05 29.88 ± 0.17 Y 
SP-GN-05 Granada (ES) 29.84 ± 0.06 29.14 ± 0.04 Y 

SP-GN-06 Granada (ES) 30.25 ± 0.12 29.63 ± 0.10 Y 

Woodland 3-7-22 Woodland (US) 31.13 ± 0.04 31.48 ± 0.13 N 
Winters 3-1-22 Winters (US) 28.73 ± 0.04 29.20 ± 0.09 N 

Esparto 3-11-22 Esparto (US) 30.06 ± 0.42 29.82 ± 0.44 N 

Modesto 3-3-22 Modesto (US) 30.15 ± 0.03 30.59 ± 0.04 N 
JR 1028 Virginia (US) 32.35 ± 0.15 32.22 ± 0.19 N 

AT 1110 Virginia (US) 33.89 ± 0.26 33.89 ± 0.36 N 

VIP 1010 Virginia (US) 33.24 ± 0.17  33.84 ± 0.33 N 
AB 0955 Virginia (US) 33.53 ± 0.27 33.71 ± 0.25 N 

S0077 Limassol (CY) 32.86 ± 0.19 32.92 ± 0.20 N 

S0075 Vathia Gonia (CY) 32.97 ± 0.11 32.81 ± 0.18 N 
S0072 Anthapoli (CY) 33.45 ± 0.23 34.18 ± 0.22 N 

S0161 Agva (TR) 28.09 ± 0.13 28.54 ± 0.21 N 

S0162 Dogan (TR) 29.69 ± 0.28 29.73 ± 0.51 N 
S0157 Tuzla (TR) 30.11 ± 0.30 30.03 ± 0.68 N 

S0159 Pasakoy (TR) 27.85 ± 0.44 28.08 ± 0.60 N 

S0158 Amboli (TR) 23.80 ± 0.52 23.82 ± 0.49 N 
S0160 Paşabahçe (TR) 27.80 ± 0.27 27.10 ± 0.17 Y 

Hot pepper sauce Pep_Sauce 1 Multiple locations† 31.67 ± 0.08 30.46 ± 0.14 Y 
a This number is the amplification cycle number where the measured fluorescence on the quantitative PCR unit crossed the threshold of baseline, 
called the cycle threshold (Ct). If no amplification was measured within 45 cycles, the mention n.d. (not detected) is given. All sample analysis 

results shown in this table were tested as technical triplicates. The ΔCt is measured as the difference between the two compared assays’ mean Ct 
values. A significant improvement in the P17 PMMoV assay over the benchmark PMMoV assay is demonstrated when the average ΔCt between 

the two assays exceeds the summed standard deviations of each assay. 

 
† The exact growing locations of the peppers used in the fabrication of the hot sauce are not fully disclosed, however growing locations include a 

location in the United States and locations in Central America, South America, and Africa (Narishkin et al., 2023). 

 
 

Within the confines of our experiments, the P17 assay appeared slightly more sensitive (higher 

measured RNA concentrations in the same samples) compared to the “benchmark assay. This result is at 

first surprising as the “benchmark” assay’s amplicon is significantly shorter (68 bp, GC% = 48.53) than the 

P17 assay’s (98 bp, GC% = 45.92), which should, in theory, lead to higher sensitivity. It is hypothesized 

that the universal assay locus might have a lower tendency to form RNA secondary structures, which could 

enhance reverse transcription (RT) efficiency and contribute to the higher sensitivity observed in the 

universal assay. 

Beyond these results, the authors note that in addition to globally validating the P17 PMMoV assay, 

they have also done so for the benchmark PMMoV assay, allowing increased interoperability of existing 

WEM data sets where PMMoV was analyzed using the benchmark assay. Furthermore, this study also 

provides ready-built overlapping PCR assays spanning >96% of the PMMoV genome, which provides a 
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simple, validated pathway for future studies to rapidly sequence the PMMoV genome via readily available 

short-read next-generation sequencing technologies, even in degraded or fragmented genomes found from 

environmental samples. 

With these results in mind, the authors wish to point out one important caveat and limitation to the 

study was the lack of normalization of measured RNA concentrations in wastewater by the mass of solids 

present in the samples. Due to the nature of the samples and the method of preservation using Zymo’s  

DNA/RNA shield solution, the mass of salts imparted by the storage solution masked the mass (and 

concentration) of solids present endogenously in the samples. It has been shown in the past that mass-

normalization can be helpful in improving interpretation and usability of WEM data for pathogens of 

interest such as SARS-CoV-2 or influenza, but not specifically for PMMoV. 

7.4. Conclusion 

This study has successfully developed a globally applicable assay for the detection and 

quantification of PMMoV RNA in wastewater, a critical biomarker for WEM. Through the analysis of 

wastewater samples spanning diverse geographical sites in 12 countries, we identified a highly conserved 

locus within the PMMoV genome that enables more consistent and sensitive RNA detection and 

quantification in wastewater. This study also demonstrates that PMMoV RNA concentrations in wastewater 

throughout the world are similar despite geographical and dietary differences, and that the size and 

population of sampled sewersheds do not appear to have a strong relationship with the measured PMMoV 

RNA concentrations. The P17 PMMoV RT-qPCR assay performs as well or better than the widely used 

benchmark assay, thus potentially offering improved sensitivity in real-world wastewater samples. This 

new assay provides a valuable tool for enhancing the sensitivity of future WEM data sets and supports the 

broader adoption of PMMoV as a normalization biomarker in global wastewater surveillance.   
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7.5. Limitations and 2025 field updates 

This chapter develops a new PMMoV detection and quantification assay and compares to the 

existing benchmark PMMoV assay with several global samples. Since the time of writing, a few limitations 

have been identified: 1) In order to limit sample integrity or degradation issues caused by potential cold-

chain breakdowns, samples were shipped from collaborators using DNA/RNA shield, which limited the 

volume of received samples to less than 15 mL total volume. As a result, the mass and solids content of the 

samples could not be reliably recorded and were excluded from the analysis. The volume of received 

wastewater was too low to obtain representative, replicate measurements. Additionally, the use of 

DNA/RNA Shield - a solution with a high concentration of salts and other solutes—partially masked the 

original solids measurements, further complicating accurate assessment. The interpretation of the results 

could differ when normalizing or standardizing the PMMoV RNA concentrations for the mass of solids 

present in the samples; and 2) The use of PMMoV as a biomarker continues to be debated for some 

researchers (Goitom et al., 2024; Rosengart et al., 2022) as it is argued that the use of PMMoV may not be 

a good normalizer in certain WEM contexts. Finally, the relevance of the findings in this study may decrease 

if the usage of PMMoV diminishes over time, or when a more effective normalization biomarker arises. 
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Chapter 8 – Discussion and Conclusion 

This dissertation has made transformative contributions to WEM, showcasing its effectiveness as 

a scalable and reliable tool for public health monitoring. These contributions are particularly significant in 

light of the COVID-19 pandemic, which highlighted an urgent need for innovative, community-wide health 

monitoring systems as traditional public health resources became overwhelmed. The first two studies in 

this dissertation served as pivotal benchmarks that informed subsequent research on the detection of SARS-

CoV-2 RNA and other pathogens in wastewater across Canada. Early findings also played a crucial role in 

shaping and directing the Ontario Wastewater Surveillance Initiative (WSI) during its formative stages 

(Hrudey et al., 2022). This initiative evolved into the largest wastewater surveillance program in Canada 

and, at its peak, one of the most comprehensive wastewater monitoring efforts globally. Moreover, my 

research conclusively demonstrated the feasibility of wastewater surveillance for detecting traces of 

respiratory viruses in wastewater-associated solids, providing a robust framework for community health 

monitoring. The studies established a strong correlation between SARS-CoV-2 RNA concentrations in 

wastewater and clinical trends, confirming the reliability of wastewater-derived human health data as a 

valuable complement to traditional epidemiological metrics.  

Notably, the first two studies of this research revealed that wastewater-based trends in SARS-CoV-

2 RNA could serve as predictive indicators, offering early warnings of clinical surges and enabling 

proactive public health interventions. The third study in this dissertation further developed methodologies 

for SARS-CoV-2 surveillance in smaller rural communities operating facultative lagoons instead of 

mechanical wastewater treatment facilities. In the fourth study, we demonstrated that analyzing the 

relationship existing between SARS-CoV-2 RNA concentrations in wastewater to clinical cases (WC ratio) 

can potentially reveal fundamental changes in disease infection patterns. The fifth study of the dissertation 

then focused on the normalization of WEM measurements in wastewater with biomarkers by performing 

an extensive review of all known tobamoviruses and their potential use WEM signal normalizers. This was 

them followed by the sixth and final study of the dissertation, where PMMoV RNA concentrations were 

measured in samples from 12 different countries using a panel of overlapping PCR assays to determine the 

most preserved portions of the PMMoV genome, allowing us to propose a novel, globally validated RT-

qPCR assay for PMMoV in wastewater. Throughout the dissertation, Chapters 2 through 7 collectively 

construct a cohesive narrative that systematically addresses critical gaps in knowledge, advancing the field 

and setting the stage for future innovations in WEM. 
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8.1. Optimization of sampling, detection and normalization of SARS-CoV-2 RNA in wastewater 

Chapter 2 provided a comprehensive examination of methodologies to optimize the detection and 

quantification of SARS-CoV-2 RNA in wastewater solids and was the first study in Canada to do so, with 

a focus on PCS and PGS. The study established that PCS is the superior sample type for detecting viral 

RNA, with detection rates for SARS-CoV-2 N1 RNA reaching 92.7% in PCS compared to 79.2% in PGS. 

Similarly, N2 RNA detection rates were 90.6% for PCS and 82.3% for PGS, as shown in a three-month 

sampling period across 24 paired samples. The improved performance of PCS was attributed to its stability, 

higher solids content, and reduced susceptibility to variability caused by wastewater flowrate fluctuations 

and biochemical changes at the wastewater resource recovery facilities. Conversely, PGS samples exhibited 

greater variability and lower detection rates, likely due to lower solids content. The study also compared 

RT-qPCR and RT-ddPCR for quantifying SARS-CoV-2 RNA in PCS and PGS samples. Surprisingly, RT-

qPCR demonstrated superior sensitivity, with detection limits of 2 copies/reaction for N1 and N2 regions, 

compared to 5 copies/reaction for RT-ddPCR. Quantitative results for PGS showed mean values of 133.4 

± 9.0 N1 gene copies/100 µL for RT-ddPCR and 167.1 ± 25.6 N1 gene copies/100 µL for RT-qPCR. For 

PCS, RT-qPCR detected 130.4 ± 20.8 N1 copies/100 µL, significantly outperforming RT-ddPCR, which 

detected only 33.5 ± 5.8 N1 copies/100 µL. The reduced performance of RT-ddPCR was attributed to the 

inhibition effects of the PCS matrix, which likely concentrated inhibitors in the small reaction droplets used 

in digital PCR. This finding contradicted theoretical expectations that RT-ddPCR would be less prone to 

inhibition, underscoring the importance of selecting appropriate molecular methods based on sample matrix 

composition. A significant contribution of this chapter was the validation of Pepper Mild Mottle Virus 

(PMMoV) as a reliable normalization biomarker. PMMoV exhibited low variability, with a Ct variance of 

1.18 compared to 5.32 for the 16S rRNA biomarker and 5.12 for the 18S rRNA biomarker. When applied 

to SARS-CoV-2 RNA data, PMMoV normalization improved the signal-to-noise ratio, reducing the 

standard deviation of longitudinal data points and enhancing the ability to detect trends. PMMoV-

normalized N1 and N2 signals in PCS showed strong correlations with epidemiological metrics, particularly 

the 7-day rolling average percent positivity (R = 0.82 for N1 in Ottawa, p < 0.01) and active cases (R = 

0.76 for N1 in Gatineau, p < 0.01). During the studied period, RNA concentrations of the SARS-CoV-2’s 

N1 region in PCS ranged from 1.7 × 10³ to 7.8 × 10⁴ copies/L in Ottawa and 6.6 × 10⁴ to 3.8 × 10⁵ copies/L 

in Gatineau. Without normalization, these data sets showed considerable variability, which was mitigated 

by PMMoV normalization. In contrast, mass-flux normalization did not significantly reduce variability, as 

solids flux in the primary clarifier stream was well-controlled and less variable than anticipated. 
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8.2. Predictive value and correlation of wastewater surveillance metrics 

Once sensitive and reproducible methodologies to quantify SARS-CoV-2 RNA concentrations in 

wastewater were developed, we began investigating the ability of WEM to track and predict COVID-19 

prevalence via conventional clinical metrics in Chapter 3. A significant finding of this study was the strong 

temporal and quantitative correlation between the PMMoV-normalized wastewater viral signal and new 

daily COVID-19 cases (N1: r = 0.673, p < 0.001; N2: r = 0.648, p < 0.001) as well as clinical testing percent 

positivity (N1: r = 0.468, p < 0.001; N2: r = 0.404, p < 0.001). These correlations confirmed that wastewater 

surveillance could serve as a reliable complement to clinical data, providing community-level insights into 

disease dynamics. Beyond mere complement to clinical data, time-step correlation analyses revealed that 

increases in SARS-CoV-2 RNA levels in PCS preceded rises in new daily cases and percent positivity by 

two days (r = 0.703–0.721, p < 0.001), demonstrating the predictive ability of WEM. Furthermore, 

wastewater signals were shown to predict hospitalizations with a lead time of four days (N1: r = 0.741, p < 

0.001; N2: r = 0.767, p < 0.001). These findings support the use of WEM as an early warning system, 

offering public health resources critical lead time to respond to surges in infections. This study also 

attempted to compare data normalization approaches by comparing PMMoV, 16S and 18S biomarkers. The 

PMMoV normalization approach emerged as a key methodological advancement in this study. PMMoV 

demonstrated low temporal variability, with Ct values consistently showing lower variance compared to 

other normalization biomarkers or SARS-CoV-2 targets. This stability allowed the normalized SARS-CoV-

2 RNA signal to better account for variability in wastewater composition, sample handling, and storage, 

thereby improving the interpretability and reliability of longitudinal data. It’s believed that PMMoV-

normalization reduced in SARS-CoV-2 RNA variations induced by the fecal content of wastewater-

associated solids. 

8.3. Extending wastewater surveillance to rural and small communities 

Chapter 4 focused on adapting WEM methodologies for small and rural communities operating 

facultative lagoons as their wastewater treatment facility, addressing challenges caused by passive, low 

operational intensity wastewater treatment infrastructure. By comparing SARS-CoV-2 and PMMoV RNA 

concentration measurements in samples from upstream pumping stations and downstream lagoon systems, 

the study established that upstream sampling yielded stronger and more reliable SARS-CoV-2 RNA signals. 

Upstream samples exhibited detection rates of 92.7% (N1) and 90.6% (N2), whereas downstream lagoon 

samples had significantly lower detection rates, often affected by RNA degradation and dilution due to 

extended retention times in lagoons. The SARS-CoV-2 RNA concentrations in lagoon samples showed 

considerable variability, with coefficients of variation (%CV) exceeding 40%, compared to 29–32% for 
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upstream pumping station samples. This instability in lagoon systems was attributed to environmental and 

operational factors such as potential UV degradation of RNA and virions, and the use of coagulants for 

phosphorus control, impacting solid-liquid partitioning dynamics and making upstream pumping stations 

the preferred sampling location for rural WEM. The study highlighted that upstream samples not only 

demonstrated higher overall RNA concentrations but also provided more consistent correlations with 

community-level epidemiological data, such as active case counts and percent positivity. 

8.4. WC ratio as a public health metric 

Chapter 5 investigates the WC ratio as a novel method for integrating wastewater surveillance data 

with clinical epidemiological metrics. This analysis highlights its ability to identify underreported cases, 

track shifts in disease dynamics, and detect the emergence of SARS-CoV-2 variants of concern (VOCs) 

during the COVID-19 pandemic. The chapter demonstrates how the WC ratio responded to key 

epidemiological events, such as a change in clinical testing strategies in Ottawa in October 2020, which led 

to a 23.2% decrease in testing volume and a 16.8% drop in reported COVID-19 cases. Simultaneously, 

wastewater SARS-CoV-2 signal increased by 55.9%, resulting in a 189% surge in the WC ratio. This 

significant increase underscored the WC ratio’s potential to highlight testing gaps and underreported 

infections in communities. Later in the study, the WC ratio’s capacity to monitor the emergence of SARS-

CoV-2 variants and their impact on disease dynamics is highlighted. During the onset of the Alpha variant 

(B.1.1.7), the WC ratio in Ottawa decreased by 56.3%, a shift attributed to the variant’s increased 

transmissibility and potential changes in fecal shedding patterns. Similarly, the Delta variant (B.1.617.2) 

led to a modest 18.7% reduction in the WC ratio, likely dampened by higher vaccination rates (>60%) that 

reduced disease transmission and viral shedding. The Omicron variant (B.1.1.529), characterized by more 

significant immune escape capabilities, caused a more significant 41.9% decrease, reflecting its rapid 

spread despite high community immunization rates. These findings highlight the WC ratio’s sensitivity to 

epidemiological shifts and its adaptability in diverse immunization contexts. The findings from this study 

show that actively monitoring the WC ratio during periods of increased infection can yield informative 

insights into disease dynamics. 

8.5. The role of tobamoviruses in wastewater and environmental surveillance 

Chapter 6 of this dissertation performs an extensive review of all known tobamoviruses as potential 

biomarkers for normalizing pathogen detection in WEM. We have examined the characteristics of these 

viruses, focusing particularly on their stability, prevalence, and association with human consumption 

through dietary sources to determine if they had previously been used in WEM and, if not, might be good 
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candidates for use in WEM. Out of the 43 identified tobamoviruses, only four (TMV, PMMoV, TBRFV, 

and CGMMV were recognized and employed as environmental and fecal biomarkers in WEM initiatives. 

The rationale for their selection stems from their prevalence and potential robustness in environmental 

conditions, their consistent detection in human feces, which directly correlates with dietary intake, and their 

utility in providing a reliable baseline for normalizing pathogen signals in wastewater. Normalization using 

endogenous biomarkers (frequently found in human foodstuffs, which are readily shed in stool) like 

tobamoviruses helps in adjusting for various confounding factors such as daily wastewater flow variations 

or changes in population size, thereby enhancing the accuracy of pathogen concentration estimates relative 

to clinical health outcomes. To advance the field, we conclude the review by suggesting a broader 

investigation into the remaining tobamoviruses to assess their potential as normalization agents. This 

includes evaluating viruses like CMMoV, PMMV, and others which might offer similar stability and 

prevalence in wastewater systems. The development of more inclusive, possibly degenerate primer-based 

RT-qPCR assays is proposed to capture a wider range of tobamoviruses, thereby increasing the robustness 

of biomarkers used across diverse environmental and dietary contexts. Despite this, PMMoV and TBRFV 

have become the most common tobamovirus WEM normalizers, the potential of other tobamoviruses 

should not be overlooked. 

8.6. The development of a universal, globally validated PMMoV RT-qPCR assay 

Chapter 7 presents a comprehensive study aimed at the development and validation of a globally 

applicable RT-qPCR assay for PMMoV, a key biomarker in WEM. The research begins with a systematic 

evaluation of 35 overlapping RT-qPCR assays across 116 samples collected from 12 countries, identifying 

genomic regions with the highest RNA concentrations and lowest variability, crucial for assay optimization. 

Genomic region 17 emerged as the most suitable due to its structural protection and lower susceptibility to 

degradation and mutational turnover, likely a result of PMMoV's robust nucleocapsid organization. Region 

31 also showed promise, though its performance varied geographically, particularly in Oceania. 

The study examined the influence of sample type, geographical location, and sewershed population 

size on PMMoV RNA concentrations. Results showed higher RNA concentrations in primary sludge 

compared to influent wastewater, highlighting the importance of sample type in assay sensitivity, even for 

biomarkers such as PMMoV. Geographically, PMMoV RNA concentrations were generally consistent, 

with slight elevations in samples from Canada and Japan, attributed to the prevalence of primary sludge 

samples. No strong correlation was found between RNA concentrations and sewershed population sizes, 

except for a weak association in Region 31, suggesting that fecal strength and sample type may be more 

influential factors. 
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A new universal RT-qPCR assay, termed the P17 assay, was developed based on findings from 

genomic region 17. This assay demonstrated superior sensitivity compared to a widely used benchmark 

assay, with a lower limit of detection and quantification, potentially due to reduced secondary RNA 

structure formation enhancing reverse transcription efficiency. The P17 assay also showed comparable or 

better performance in detecting PMMoV RNA in diverse wastewater samples as well as in a hot pepper 

sauce sample. 

Beyond assay development, the study provides overlapping PCR assays spanning most of the 

PMMoV genome, facilitating future research efforts such as sequencing fragmented PMMoV genomes 

from environmental samples. The findings establish the P17 assay as a valuable tool for global WEM, 

offering improved sensitivity and interoperability with existing datasets, and further solidify PMMoV as a 

reliable normalization biomarker for WEM. This research advances the methodological framework for 

WEM addressing key gaps in assay sensitivity and data standardization. 

8.7. Novel contributions and practical implications 

This dissertation makes several novel contributions to the field of WEM, advancing its 

methodological, analytical, and practical applications. Key innovations include the development of a 

globally validated RT-qPCR assay for PMMoV, providing a standardized tool for normalization across 

diverse geographic and environmental contexts. Additionally, this research established PCS as a superior 

sample type for SARS-CoV-2 RNA detection, particularly during periods of low prevalence, and validated 

its use alongside PMMoV as a robust normalization biomarker. The mechanism behind this superiority 

likely resides in the fact that PCS has a higher concentration of wastewater and fecally-associated solids 

than PGS, effectively resulting in a pre-concentration of fecally-shed RNA targets of interest as part of the 

wastewater treatment processes themselves. The introduction of the WC ratio represents a groundbreaking 

metric for correlating wastewater signals with clinical data, enabling the detection of testing gaps and the 

emergence of variants of concern. Expanding WEM methodologies to rural and small communities 

addressed critical equity gaps, demonstrating the feasibility of adapting surveillance techniques to non-

mechanical treatment systems like lagoons. Furthermore, this work broadened the scope of WEM by 

identifying novel applications for the use of tobamoviruses as potential biomarkers, enhancing data 

normalization capabilities. The practical implications of these contributions are significant, providing 

public health officials with cost-effective, scalable tools for early detection of viral outbreaks, improved 

monitoring of health trends in underserved areas, and the ability to anticipate and respond to 

epidemiological events more effectively via the use potentially novel and more relevant normalization 

biomarkers, and/or analytical or assay improvements. Collectively, these advancements lay the groundwork 
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for integrating WEM into global public health systems, enhancing community resilience and preparedness 

for future health challenges. 

8.8. Future directions 

Building on the development and advancements presented in this dissertation, I believe we have 

laid the groundwork for future WEM research to expand beyond acute and respiratory diseases. While the 

immediate applications of WEM have been focused on tracking pathogens like SARS-CoV-2, influenza 

and the respiratory syncytial virus, its now clear to many that there exists a largely untapped potential exists 

in addressing chronic diseases, cancers and their associated biomarkers. Wastewater surveillance could play 

a transformative role in monitoring community-level trends in conditions such as diabetes, cardiovascular 

disease, cancer, and even mental health disorders by detecting relevant biomarkers. 

Expanding WEM to include chronic disease indicators would provide public health officials with 

invaluable tools to track the long-term health of populations, assess the impact of interventions, and address 

disparities in healthcare access and outcomes. Unfortunately, during the COVID-19 pandemic, WEM 

programs were disproportionately concentrated in larger, affluent urban centers in medium- and high-

income countries. To fully realize the potential of WEM, it is critical to reduce costs and lower barriers to 

entry for resource-limited communities while ensuring the development of appropriate statistical methods, 

robust data analysis techniques, and seamless integration and interoperability with existing health data 

systems. Concrete health actioning must also be prioritized to translate insights from WEM into meaningful 

public health interventions, fostering widespread application that safeguards public health and enhances 

community resilience against a wide spectrum of current and future health challenges in an equitable and 

fair manner. 
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Figure S2: Comparison of the demographic distribution of new cases, per age group, and the 

proportion of the total population which was fully immunized (2 doses +) during the 15-day period 

preceding and following the change in testing rules and regulations on Oct. 6th, 2020, in Ottawa, 

Canada. 
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the proportion of the total population which was fully immunized (2 doses +) during the 

15-day period preceding and following the onset of the Alpha (B.1.1.7) variant of concern 

in Ottawa, Canada. 
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proportion of the total population which was fully immunized (2 doses +) during the 15-day 
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Table S1: Summary of studied water resource recovery facilities' treatment characteristics. 

Water resource recovery 

facility 
Average daily flow (MLD) 

Treatment level (Primary, 

Secondary, Tertiary) 

Approx. population 

deserved 

Ottawa (Robert O. Pickard 

Environmental Centre) 
435 Secondary 910,000 

Toronto (Ashridge’s Bay 

water resource recovery 

facility) 

556 Secondary 1,603,700 

Toronto (Highland Creek 

water resource recovery 

facility) 

173 Secondary 533,000 

Toronto (North Toronto 

water resource recovery 

facility) 

46 Secondary 55,000 

Kitchener (Kitchener water 

resource recovery facility) 
70 Secondary 262,300 

Peel (Clarkson water 

resource recovery facility) 
446 Secondary 

1,500,000 
 Peel (G.E. Booth water 

resource recovery facility) 
236 Secondary 

Waterloo (Waterloo water 

resource recovery facility) 
46 Secondary 162,000 

Edmonton (EPCOR Gold 

Bar water resource 

recovery facility) 

285 Tertiary 834,000 

Calgary water resource 

recovery facility 
420 Tertiary 1,000,000 

 

Table S2: Oligonucleotide sequences used for the detection of targets in this study. 

Primer/probe & supplier Sequence Reference 

2019-nCoV_N1 forward primer (IDT) GAC CCC AAA ATC AGC GAA AT 1 

2019-nCoV_N1 reverse primer  TCT GGT TAC TGC CAG TTG AAT CTG 1 

2019-nCoV_N1 probe (IDT) 6-FAM-ACC CCG CAT/ZEN/ TAC GTT TGG TGG ACC-IBFQ 1 

2019-nCoV_N2 forward primer  TTA CAA ACA TTG GCC GCA AA 1 

2019-nCoV_N2 reverse primer  GCG CGA CAT TCC GAA GAA 1 

2019-nCoV_N2 probe (IDT) 6-FAM-ACA ATT TGC/ZEN/CCC CAG CGC TTC AG-IBFQ 1 

PMMoV forward primer GAG TGG TTT GAC CTT AAC GTT GA 2 

PMMoV reverse primer TTG TCG GTT GCA ATG CAA GT 2 

PMMoV probe (ABI) 6-FAM-CCT ACC GAA GCA AAT G-MGB 2 

VSV forward primer ATA AGA TAC CGG GCT TGC AC 3 

VSV reverse primer  ACA AAG ACA TGC CCG ACA C 3 

VSV probe (ABI) 6-FAM-CCA TGT TGT ATT TGG ACC C-MGB 3 

D3 (non-B.1.1.7) forward primer ATC TAA ACG AAC AAA CTA AAA TGT CTG AT 4 

D3L (B.1.1.7) forward primer  CAT CTA AAC GAA CAA ACT AAA TGT CTC TA 4 

D63G (B.1.617.2) forward primer (ABI) TCA CTC AAC ATG GCA AGA AAG G 

Personal 

communication 

with M. Fuzzen 

D63G (B.1.617.2) reverse primer (ABI) GGT AGT AGC CAA TTT GGT CAT CT 

Personal 

communication 

with M. Fuzzen 

N63 (non-B.1.617.2) forward primer CTC ACT CAA CAT GGC AAG AAA G 

Personal 

communication 

with M. Fuzzen 

D63G probe 6-FAM-CCT TAA ATT CCC TCG ATG ACA AGG CG-MGB 

Personal 

communication 

with M. Fuzzen 

N200 (B.1.617.2) forward primer TAG TCG CAA CAG TTC AAG AAA T 5 

N200 (B.1.617.2) reverse primer CTG GTT CAA TCT GTC AAG CAG 5 

N200 (B.1.617.2) universal probe 6-FAM-TCC TGC TAG AAT GGC-BHQ-1 5 

N200 (B.1.617.2) delta probe CAL Fluor Orange 560-CAG CAG TAT GGG AAC T-BHQ-2 5 

C28311 (P13L) (non-B.1.1.529) forward primer CCA AAA TCA GCG AAA TGA ACC This study 
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C28311T (P13L) (B.1.1.529) forward primer CCA AAA TCA GCG AAA TGA ACT This study 

N1 (version 2) probe (ABI) 6-FAM-CCG CAT TAC GTT TGG TGG ACC C-MGB This study 

 

Table S3: Summary of regression analyses during different resurgences of the COVID-19 pandemic in seven Canadian 

cities, showing good to excellent correlations between daily observed clinical COVID-19 cases and measured 

normalized SARS-CoV-2 viral signal in wastewater. 

Location 

Pearson’s r, p-value, 

n; during 1st 

resurgence 

Pearson’s r, p-value, 

n; during 2nd 

resurgence 

Pearson’s r, p-value, 

n; during 3rd 

resurgence 

Pearson’s r, p-value, 

n; during 4th 

resurgence 

Ottawa 

R=0.263,  

p-value = 0.01, 

n = 91 

R = 0.878, 

p-value < 0.01, 

n = 59 

R = 0.760, 

p-value < 0.01, 

n = 90 

R = 0.446, 

p-value = 0.02, 

n = 27 

Toronto - - 

R = 0.935, 

p-value < 0.01, 

n = 68 

- 

Kitchener - 

R = 0.831, 

p-value < 0.01, 

n = 32 

R = 0.383, 

p-value < 0.01, 

n = 61 

- 

Peel 

R = 0.856, 

p-value < 0.01, 

n = 124 

R = 0.686, 

p-value < 0.01 

n = 53 

R = 0.910, 

p-value < 0.01, 

n = 131 

- 

Waterloo - - 

R = 0.737, 

p-value < 0.01, 

n = 141 

- 

Edmonton - 

R = 0.012, 

p-value = 0.895, 

n = 62 

R = 0.985, 

p-value < 0.01, 

n = 56 

- 

Calgary - 

R = 0.845, 

p-value < 0 .01, 

n = 69 

R = 0.973, 

p-value < 0.01, 

n = 45 

- 

 
Table S4: Proportional changes in reported clinical cases of COVID-19, measured WEM SARS-CoV-2 viral signal and WC ratio 

at all seven tested locations between the preceding 15-day and following 15-day periods where 40-60% allelic proportionality of 

the Alpha (B.1.1.7) VOC was measured in wastewater. 

Location 

Date where allelic 

proportionality of 

B.1.1.7 VOC 

reached 40-60% 

Change in reported 

clinical cases (%) 

Change in 

measured SARS-

CoV-2 viral 

signal in 

wastewater (%) 

Change in WC 

ratio (%) 

Ottawa 23-03-2021 +188.3 +70.8 -56.3 

Toronto 02-03-2021 +45.4 +9.2% -27.7 

Kitchener 10-03-2021 -20.9 -65.7 -37.5 

Peel 22-02-2021 +9.7 +2.3 -54.1 

Waterloo 27-03-2021 +224.0 +119.3 -32.6 

Edmonton 23-02-2021 +24.3 -10.8 -16.8 

Calgary 22-03-2021 +82.7 +92.5 +6.4% 
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Table S5: Proportional changes in reported clinical cases of COVID-19, measured WEM SARS-CoV-2 viral signal and WC ratio 

at all 4 tested locations with data between the preceding 15-day and following 15-day periods where 40-60% allelic proportionality 

of the Delta (B.1.617.2) VOC was measured in wastewater. 

Location 

Date where allelic 

proportionality of 

B.1.617.2 VOC 

reached 40-60% 

Change in 

reported clinical 

cases (%) 

Change in 

measured SARS-

CoV-2 viral signal 

in wastewater (%) 

Change in WC 

ratio (%) 

Ottawa 
31-07-2021 +121.1 +45.8 -18.7 

Toronto 
22-06-2021 -53.5 -75.1 -42.2 

Kitchener 
06-06-2021 +51.7 +29.1 -20.2 

Peel 
28-05-2021 -63.3 -52.3 +9.2 

Waterloo 02-07-2021 -26.8 +17.9 +42.2 

Edmonton 
18-07-2021 +168.0 +210.9 +10.7 

Calgary 
18-07-2021 +185.7 +533.8 +152.9 

 

 

Table S6. This table shows the variance of the PMMoV RNA concentration (expressed as Ct values) across the 

PMMoV genome. It is observed that the lowest variance was observed the following locus: Region 35, 18, 17, 26 

and 27. The highest variance was observed in the following locus: 32, 28, 8, 6 and 29. 

Overlapping PCR assay genomic region 
Overall variance (in Ct 

value) 

Region 2 9.79 

Region 3 9.65 

Region 4 10.20 

Region 5 8.39 

Region 6 14.60 

Region 7 6.63 

Region 8 13.87 

Region 9 8.07 

Region 10 10.90 

Region 11 9.93 

Region 12 7.69 

Region 13 6.64 

Region 14 8.63 

Region 15 9.83 

Region 16 6.85 

Region 17 6.27 

Region 18 5.30 

Region 19 7.19 

Region 20 9.42 

Region 21 10.96 

Region 22 8.14 

Region 23 7.25 

Region 24 7.95 

Region 25 7.75 

Region 26 6.37 

Region 27 6.41 
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Region 28 11.64 

Region 29 15.16 

Region 30 8.49 

Region 31 7.95 

Region 32 11.28 

Region 33 8.94 

Region 34 8.12 

Region 35 4.60 

Region 36 7.77 

 

 

 

 

 


