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ABSTRACT 

OCCURENCE OF HUMAN ENTERIC VIRUSES PRESENT IN ONTARIO CP2 BIOSOLIDS 

– IMPLICATIONS FOR LAND APPLICATION IN ONTARIO 

 

Mary Beckmann  

University of Guelph, 2020

Advisor(s): 

Marc Habash 

In Ontario, CP2 biosolids produced through the treatment of sludge collected from municipal 

wastewater are land applied as a soil amendment. This allows for the repurposing of non-

agricultural source material as a sustainable alternative to inorganic fertilizers, and addresses 

storage concerns for an increasingly abundant material. To provide insight into the detection of 

enteric pathogens in municipal biosolids, human adenovirus, rotavirus, and norovirus were 

examined through qPCR in liquid and dewatered cake biosolids, sampled from 10 wastewater 

treatment facilities in Southern Ontario between May 2018 – June 2019. All three target 

pathogens were found to be present in municipal biosolids in all months, ranging from 104-109 

copies per g/dw or 100mL, but no seasonal trends were detected. To our knowledge, this is the 

first Ontario study to confirm positive detection of adenovirus, rotavirus, and norovirus in CP2 

biosolids, which addresses gaps in virus detection of this material.   
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1 Literature Review  

1.1 General Introduction 

The global use of municipal biosolids (MBs) as an organic fertilizer continues to increase 

as the human population rises, along with the associated waste produced. Biosolids are produced 

from the sludge components collected from wastewater and may be sourced from produce and 

food processing waste, yard waste, pulp and paper mill source material as well as sewage waste 

(Nutrient Management Act, 2002). Biosolids produced from different waste products vary in 

necessary treatment, classifications and potential uses. This study will specifically address 

biosolids produced from sewage waste, which is known as municipal biosolids. Municipal 

biosolids provides a sustainable source of nutrients for agricultural purposes while addressing 

concerns of storage for waste materials (Eisenberg et al., 2008). Despite the advantages MBs 

provide as a soil amendment, a number of contaminants, including viral pathogens, found in 

MBs has raised public concern toward their land application. Major enteric pathogens such as 

human adenovirus, human rotavirus, and human norovirus are viral pathogens that are leading 

causes of gastrointestinal illnesses globally, which are spread via the fecal-oral route and remain 

detectable in MBs (Gerba et al., 2002). These pathogens are often examined in relation to water 

contamination due to their persistence and infectivity. However growing concerns regarding their 

presence in biosolids as a source of contamination has resulted in reservations towards MB land 

application. Examining the presence and persistence of pathogens in biosolids may reduce such 

concerns and permit their land application when pathogen content is minimal.  

Addressing the biosafety risks associated with MBs, such as further research in 

quantification and seasonal trends of human pathogens, may provide insight into improving best 
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management practices in land application. Consequently, safe use of MBs will provide benefits 

through nutrient recycling to promote environmental sustainability, address storage concerns for 

biosolids in landfill, as well as mitigating risks that are associated with the use of inorganic 

fertilizers.  

This review assesses municipal biosolids from a Canadian context, outlines concerns 

regarding the use of municipal biosolids as a soil amendment while highlighting advantages 

regarding environmental sustainability and beneficial uses. Further, this review discusses policies 

implemented to mitigate environmental contamination and health risks due to exposure and 

addresses current and future testing methods to identify pathogen and indicator organisms as part 

of risk assessment. 

1.2 Municipal Biosolids 

Municipal wastewater biosolids, a by-product of wastewater treatment, is a complex 

organic matrix that contains a rich source of nutrients ideal for soil amendment (LeBlanc, 2008). 

Municipal biosolids may be land-applied due to their demonstrated benefits on crop yields, 

however as they are sourced from human waste, strict regulations must be in place to mitigate 

any environmental and public health and safety risks (LeBlanc, 2008). Wastewater treatment 

plants (WWTPs) receive raw sewage waste, which undergoes various treatment processes with 

effective separation of solids to produce primary and secondary sludge that require further 

treatment. This sludge contains various contaminants that associate with solids and concentrates 

in the sludge; these include bacteria, viruses, protozoa, pharmaceuticals, and heavy metals 

(CCME 2010, CCME 2012). Various methods are employed in the processing of municipal 

sludge to reduce contaminants that may result in environmental or human exposure to produce 
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biosolids that are safe to handle and land-apply. As summarized in Table 1.1, there are numerous 

treatment methods to reduce pathogens in sludge, including various forms of biological 

digestion, composting, lime stabilization and heat drying (Godfree and Farrell, 2005). Although 

these processes are used specifically to stabilize sewage sludge and reduce odour, they have also 

proven to be variably effective at inactivating and reducing indicator bacteria, viral pathogens 

and parasites (Godfree and Farrell, 2005). While composting, heat drying and alkaline 

stabilization have shown greater success in reducing pathogens, mesophilic anaerobic digestion 

(MAD) is the most commonly selected method of treatment due to its simplicity and 

effectiveness at stabilizing waste material and is an economical method of processing at 

particularly large WWTPs (Godfree and Farrell, 2005).   

Presently, E. coli is used as a fecal indicator to determine bacterial reduction during 

sludge treatment, as well as to determine biosafety for land application. Flemming et al. (2017) 

examined a variety of bacterial and protozoan pathogens, including Clostridium perfringens, 

Enterococcus spp., Listeria monocytogenes, Salmonella spp., Yersinia enterocolitica, 

Cryptosporidium parvum, and Giardia lamblia present in fresh and stored MAD MBs as a 

demonstration of pathogen diversity within Ontario biosolids. Results indicated that the 

abundance of both commonly examined pathogen indicators E. coli and fecal coliforms was 

similar, likely due to E. coli being the leading fecal coliform present in human sewage 

(Flemming et al., 2017). Importantly, these indicators did not strongly correlate with pathogen 

detection during treatment or in fresh final product liquid and dewatered cake biosolids, however 

they were effective at demonstrating bacterial pathogen regrowth in dewatered cake biosolids 

following storage (Flemming et al., 2017). Although current literature examining Ontario 
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municipal biosolids have indicated limited effectiveness with the application of fecal coliform 

and E. coli detection as an indicator of bacterial and protozoan pathogen reduction, assessments 

into the presence, reduction, and the use of bacterial indicators as a model for enteric viral 

pathogens has yet to be explored.  

The effectiveness of MAD compared to other sludge treatment processes for production 

of MBs is summarized in Table 1.1. This table compares the mean log reduction of E. coli, 

which is typically utilized for the assessment of pathogen reduction, to the mean log reduction of 

enteroviruses, which represent the largest group of enteric viruses (Godfree and Farrell, 2005; 

Gerba et al., 2002). Sludge treatments utilized for the production of municipal biosolids include 

mesophilic anerobic digestion, lagoon treatment, composting, alkaline stabilization, and thermal 

drying. Treatment methods that demonstrate greater effectiveness in both E. coli and enterovirus 

reduction, such as composting, alkaline stabilization, and thermal drying, require the application 

of a prescribed treatment protocol, compared to commonly designed and operated MAD. For all 

methods presented in this table, reduction of enterovirus following treatment was substantially 

less than that of E. coli, indicating discrepancies in the effectiveness of E. coli as a pathogen 

indicator for the reduction of viral pathogens. MAD showed limited effectiveness at reducing 

levels of E. coli by 1 to 2 orders of magnitude for liquid product and a range of 2- to 4-log 

reduction for dewatered cake product (Godfree and Farrell, 2005).  Results presented in Table 

1.1 demonstrate similar findings to the Flemming et al. (2017) study, which determined that 

biological digestion provides a weak correlation between E. coli and viral pathogen reduction.
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Table 1.1: Summary of Sludge Treatment Processes and their Effectiveness on E. coli and Enterovirus Reduction 

Treatment Process Description 2Mean log 
reduction 
in E. coli 

3Enterovirus 
Reduction 

MAD* – Liquid Bacterial digestion of sludge that occurs at a temperature acceptable for 
mesophilic bacteria, approximately 35 ± 2°C, which is held for upwards 
of 20 days. This method is the least effective form of sludge treatment in 
the reduction of bacterial pathogens and pathogen indicators. 1, 4 

1.39 log 1 log 

MAD – Dewatered Cake This process is the same as MAD that produces liquid biosolids, with the 
addition of a dewatering stage to produce a dewatered cake material.1, 4 

2.29 log 1 log 

Lagoon Treatment Lagoon treatment follows bacterial digestion such as MAD. Although the 
process varies, the general principle involves the storage and stabilization 
of sludge in a lagoon for an extended period of time. This allows for the 
inactivation of pathogens, where it is subsequently air-dried up to a 60% 
dry-weight.5 

2.65 log  

Composting  The purpose of composting treatment is to apply a naturally occurring 
process at an accelerated rate, which may be done by mixing sludge in a 
1:1 (v/v) with an organic material such as chopped barley, and heated to 
55°C for a minimum of 5 hours, followed by a 5-day holding period at a 
minimum of 40°C. This method is utilized for its ability to stabilize the 
material that can be used as a soil amendment with a high organic 
content.1 

 

6.71 log 2-3 log 
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Alkaline Stabilization Primary and secondary treated sludge undergo dewatering to achieve a 
25% dry weight dewatered cake. Quicklime (CaO), or hydrated lime 
(Ca(OH)2) is added to raise the pH to at least 12 for a minimum of 2 hours 
to achieve beneficial effects. The longer the sludge is maintained at this 
pH, the greater the pathogen reduction.1 

7.1 log 3 log 

Thermal Drying An additional stage is added to MAD treated sludge – following a 
dewatering step to produce a 4.5 – 8.6% dry weight sludge, it is heated to 
35°C and transferred to a thermophilic aerobic digestor. Sludge undergoes 
a mixing and aeration step until a temperature of 65 to 70°C is achieved, 
whereby the digestor is locked for an hour, allowing for pasteurization of 
the MAD sludge.1 

7.14 log  

*MAD – Mesophilic anaerobic digestion 
** This table is a compilation of three reviews: 1Canadian Council of Ministers of the Environment (CCME), 2012; 2Godfree and 
Farrell, 2005; 3Gerba et al., 2002 
4Song et al., 2004; 5Tata et al., 2000
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Biosolids that are land applied are tested with varying numbers and complexity of tests 

based on their classification, which ranges from pathogen indicator enumeration to detection of 

specific bacterial pathogens, enteric viruses, and helminth ova. Although fundamental 

information such as criteria for biosolids are publicly accessible, a limitation in the comparison 

of testing methods results from the proprietary nature of the protocols that are regulated at the 

governmental level, such as the Ministry of the Environment, Conservation and Parks (MECP) 

for Ontario biosolids testing. Depending on the intended use of the material, biosolids may be 

required to undergo extensive testing to examine the presence of viral, protozoan and bacterial 

pathogen content, which can be time-consuming and costly. As a result, the vast majority of 

municipal biosolids that are utilized for agricultural fertilization fall into less stringent categories 

that undergo less rigorous treatment and testing, however they require longer land-use waiting 

periods following application and typically require pathogen indicator tests such as E. coli 

enumeration. 

Regulations emphasize assessing fecal indicators that represent bacterial pathogen 

reduction, with a limited examination of the effectiveness against reducing viral pathogens 

(Prado et al., 2013). Based on the most current information available, biosolids have not been 

thoroughly examined to determine presence, persistence, seasonality, and health risks that enteric 

viral pathogens pose on handlers of biosolids, nor has there been an examination of risks 

associated with pathogen persistence on plants, or impacts on local freshwater resources (Wei et 

al., 2010). Further, research demonstrates no relationship between E. coli enumeration and 

enteric virus detection, suggesting that the use of E. coli as a pathogen indicator for non-bacterial 

pathogens is ineffective. Currently, Ontario policies and regulations for handling and land 



 

 

   

 

8 

 

application of MBs are determined based on data provided from E. coli enumeration as an 

indication of pathogen reduction following treatment, however this discrepancy between E. coli 

and enteric virus detection must be examined to better implement best management practices for 

mitigating contamination risks.  

1.3 Policies and Regulations for Land Application in Canada 

1.3.1 Overview of Biosolids Used as a Soil Amendment 

The use of biosolids as a soil amendment is essential to ensure proper redistribution of 

finite nutrients such as phosphorus and nitrogen, however, negative public perceptions of 

biosolids use have posed significant challenges in their applications (LeBlanc 2008). Concerns 

regarding exposures to pathogens, metal contaminants, as well as pharmaceutical contaminants 

from MBs must be addressed in the development of biosolids management plans in order to 

achieve the public’s trust and allow for the successful application or disposal of waste material 

(LeBlanc, 2008). In doing so, legislation must ensure a base-level guidance of acceptable 

practices in the production and handling of MBs, which can be augmented based on jurisdictions 

to allow for optimal use of the material (LeBlanc, 2008). In addition, an emphasis is placed on 

maximizing the beneficial use of MBs by the Canadian Council of Ministers of the Environment 

(CCME), such as minimizing greenhouse gas emissions through the collection of methane from 

the anaerobic digestion process that can be used to generate heat or energy (CCME, 2012). 

Globally, there is no single method of biosolid classification, however classification 

systems that are governmentally developed for specific regions similarly consider various 

aspects that influence the treatment and composition of the material. Such considerations include 

the source of the material intended for treatment, the type of treatment the sludge will undergo, 
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infrastructure and size of the treatment facility, as well as the intended use of the material. For 

example, comparable to the American biosolids classification of class A and class B groups 

under the USEPA (Eisenberg et al., 2008), Ontario, Canada follows a similar method of 

categorization referred to as the Criteria of Pathogens (CP), which organizes biosolids into CP1 

and CP2 under the Nutrient Management Act 2002, through the General Nutrient Management 

Regulation (Ontario Regulation (O. Reg) 267/03, as amended in 2009). Biosolids may be 

produced from produce and food processing waste, yard waste, pulp and paper mill source 

material as well as sewage waste (Nutrient Management Act, 2002). As a result of these various 

sources, Non-Agricultural Source Material (NASM) are separated into categories based on 

source materials and are further subdivided following treatment based on odour, heavy metal 

contaminants, and pathogen content. Each subcategory related to odour, heavy metal 

contaminants and pathogen content determine their own set of protocols and testing to ensure 

safety in handling and distribution of the biosolid material (O. Reg 267/03). The handling of 

each specific material is then determined by the most stringent safety guideline recommended for 

these three subcategories (O. Reg 267/03) with the pathogen content being of particular interest 

for this review.  

1.3.2 Canadian Federal Regulations 

The management of biosolids requires the consideration of various steps such as 

production, treatment, sale, as well as their end-use or disposal. Policies are set in place through 

multiple regulatory bodies at the federal, provincial, and municipal levels to ensure that a 

multifaceted approach is used in proper consideration of risks associated with biosolids. Due to 

the inherent variation in policies and regulations surrounding the use of biosolids, the CCME 
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takes a Canada-wide approach in organizing these policies and regulations in an accessible and 

comprehensive manner, and is comprised of ministers from federal, provincial, and territorial 

governments (CCME, 2010). Further, Environment and Climate Change Canada provides federal 

guidance via the Canadian Environmental Protection Act (CEPA), 1999, while the Canadian 

Food Inspection Agency (CFIA) focuses on administering policies regarding the sale and import 

of biosolids as a soil amendment, as it relates to agriculture (CCME, 2010). Due to the potential 

contaminant risk that municipal biosolids pose on the environment and public health, a Canada-

wide legislation allows public access to pollutant releases and transfers, authorized under CEPA, 

1999 (CCME, 2010). These pollutants, named under the National Pollutant Release Inventory 

(NPRI), may be found in varying quantities in municipal biosolids, thus applying this inventory 

system allows for tracking the release of environmental pollutants, which further promotes 

proper management of environmental risks associated with their release (CCME, 2010). The 

release of NPRIs must be reported to Environment and Climate Change Canada, and facilities 

that handle the treatment and disposal of biosolids must determine whether reporting is necessary 

prior to incineration or disposal (CCME, 2010). As municipal biosolids, including CP1 and CP2 

biosolids, are used as an organic fertilizer, it also falls under the domain of the Fertilizer Act 

(FzA) and Regulations (FzR) that is administered by the CFIA, which acts as the regulatory 

guide for nutrient and non-nutrient soil amendments that are sold and imported in Canada 

(CCME, 2010). Although some products, such as those labelled as “processed sewage” do not 

require approval and registration under the CFIA, all products must meet the requirements listed 

in the acts and regulations, followed by appropriate product labelling (CCME, 2010).  
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1.3.3 Provincial and Municipal Regulations 

Federal regulations are primarily set to ensure a degree of environmental protection, 

while provinces and territories are individually responsible for the management of wastewater 

treatment, as well as composting facilities, which includes water treatment, biosolids production, 

use such as land application, and disposal (CCME, 2010). The primary focus of provincial 

regulations is to maintain appropriate water quality, which requires further regulation of biosolid 

treatment processes, as they pose a contamination risk for surface and ground water sources. 

These guidelines specify the parameters biosolids must meet prior to approval of their use that 

assess the quality of the biosolids as a soil amendment including analysis of pathogen content 

and pathogen indicators, trace metals, as well as organic and inorganic chemical contaminants 

(CCME, 2010). Further, these parameters vary by province and territory, as well as the 

classification systems used to categorize biosolids, resulting in challenges in the comparison of 

policies and regulations across jurisdictions. Since guidelines are released provincially, there are 

no national requirements for best management practices for the use of wastewater biosolids as a 

soil amendment, which leads to further variation in management practices across Canada 

(CCME, 2010).  Table 1.2 demonstrates provincial/territorial variations in the classification of 

biosolids regarding pathogen and pathogen indicator criteria, allowing for a Canada-wide 

comparison of these criteria, as well as policies regarding application rates and land use of 

designated materials. 

Although provinces and territories are responsible for ensuring policies are set to provide 

uniform regulation and treatment of biosolids among all municipalities, the municipality is often 

responsible for ownership and maintenance of their wastewater treatment facilities. Additionally, 
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some facilities may be owned by federal or provincial water agencies, or by private bodies 

(CCME, 2010). Further, municipalities may enact and enforce by-laws regarding the disposal of 

pollutants through wastewater to ensure that federal regulations are being upheld (CCME, 2010).   

1.3.4 Limitations of Multiple Governing Bodies on Biosolid Classification 

Disparity exists in the definition of “sludge” versus “biosolids” across regulating bodies, 

as there is no official definition set by a federal entity. Under the FzR, processed sewage is 

produced following sewage treatment that removes grit and coarse material, which undergoes a 

drying process, and is screened (CCME, 2010). Conversely, the CCME’s definition of biosolids 

encompasses source material from municipal and industrial sewage, which allows for the 

inclusion of pulp and papermill, food processing, and other sources of waste material (CCME, 

2010). Further, the CCME’s definition for the processing of biosolids includes the 

physicochemical and biological treatment of biosolids that occurs in the primary and secondary 

treatment stages (CCME, 2010). As such, throughout various policies and regulations, the terms 

and definitions used surrounding biosolids varies significantly, which is disadvantageous when 

seeking appropriate policies and regulations for disposal or land application associated with 

specific materials. In addition to the variations in the definition of biosolids, provincially there is 

a substantial variation in the categorization and standards of biosolids which considers source 

material, chemical and biological contaminants, as well as odour. Along with the variations in 

biosolid classification systems, the definition of wastewater sludge may vary slightly across 

provinces (CCME, 2010). Wastewater sludge almost exclusively refers to municipal sources, 

however it is acknowledged that industrial discharges may be included in a limited capacity, as 

industrially sourced sludge is typically treated within its own category (CCME, 2010). 
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1.3.5 Current Policies in Land Application of MBs Across Provincial Jurisdictions 

Provincial and territorial guidelines for monitoring frequency, application rates, waiting 

periods for land application, as well as the biosolid classification system demonstrates significant 

variation in some regards, while presenting several similarities elsewhere. Table 1.2 examines 

these variables across provincial and territorial jurisdictions to allow for a comprehensive 

comparison across Canada, and further demonstrates similarities to external regulatory bodies 

such as those found in the USEPA. Similar to the class A and B categorization under the 

USEPA, several Canadian jurisdictions including British Columbia, Nova Scotia, and Prince 

Edward Island have adopted a class A and B system to qualify biosolids with the exception of 

enteric viruses and helminth ova detection (CCME, 2010). Quebec utilizes a P1/P2 pathogen 

categorization, where the criteria are specified by the treatment process employed, 

predominantly testing for Salmonella and E. coli (CCME, 2010). A significant difference in the 

testing of class A and P1 biosolids in Canada compared to the United States is the lack of testing 

for enteric viruses and helminth ova, with the exception of Ontario’s CP1/CP2 classification 

system whereby CP1 biosolids testing includes the same pathogen detection limits as the USEPA 

(CCME, 2010). In other jurisdictions, including Saskatchewan, New Brunswick, and the 

Northwest Territories, only one biosolid category for pathogen content is used, which includes 

similar fecal coliform and Salmonella criteria as class A biosolids under the USEPA and CP1 

biosolids in Ontario. Alberta and Manitoba do not specify a categorization based on pathogen 

detections, Newfoundland has adopted the USEPA Part 503 and BNQ standards for guidance, 

and Nunavut follows Northwest Territories and CCME guidelines (CCME, 2010). 
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A comparison of the sampling frequency, application rates and waiting periods for 

biosolid land application varies across jurisdictions and generally demonstrates higher specificity 

and restrictions in jurisdictions with higher standards of biosolid testing, such as those utilizing 

classification systems influenced by USEPA standards, including Ontario. The USEPA outlines 

a sampling frequency determined by the amount of biosolids produced in metric tonnes per year, 

with an increase in monitoring frequency in facilities with higher outputs (USEPA, 1999). 

Similarly, Quebec uses a scale of increasing output to determine the frequency of testing, while 

Ontario is determined by design capacity and requires a minimum monitoring of once per month, 

regardless of size (CCME, 2010). British Columbia monitors pathogen content either once a year 

or 7 per 1000 tonnes, Nova Scotia tests every 2000 tonnes, testing frequency in Manitoba is 

determined by the Environmental Act License, while Nunavut follows NWT and CCME 

guidelines (CCME, 2010). Further, provinces such as Alberta, Saskatchewan, Newfoundland, 

and NWT do not explicitly specify monitoring frequency, and New Brunswick does not specify 

monitory frequency for pathogens but indicates a testing frequency for metal contaminants 

(CCME, 2010). Overall, Ontario demonstrates the most rigorous testing frequency for all 

biosolids, requiring testing once or twice per month depending on design capacity (CCME, 

2010). The application rate for biosolids is determined almost exclusively by agronomic rates, 

most commonly for nitrogen with some considerations for phosphorus and heavy metal 

contaminants (CCME, 2010).  

The waiting periods for use of land following biosolid application range substantially 

across jurisdictions, which is influenced by the criteria used for pathogen detection, the biosolid 

categorization, and the type of land that is being used. The USEPA does not implement 
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restrictions on class A biosolids, and class B biosolids require no public access for at least one 

year, no animal grazing for 30 days, and application at least 10 meters away from water sources 

(USEPA, 1999). These specifications are more lenient than several Canadian jurisdictions due to 

class B requirements, which requires the achievement of least one of the Vector Attraction 

Reduction options that further stabilizes the biosolids (USEPA, 1999). This variation across 

provinces can be exemplified by the extensive holding requirements that are enforced in Alberta, 

which requires a holding period of three years for pasture, forage, and livestock feed, while 

provinces such as New Brunswick do not impose any application restrictions (CCME, 2010).  
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Table 1.2: Provincial/Territorial Guidelines for Biosolid Land-Application Regarding Pathogens in Canada and USEPA Guidelines 

Jurisdiction Pathogen 

Categorization 

Sampling 

Frequency for 

Monitoring 

Pathogens 

Application Rate Waiting Periods for Biosolid Land 

Application 

BC Class A and Class B 

Only measures parameters 

for fecal coliforms 

- Class A: <1000 MPN/g 

- Class B: <2,000,000 

MPN/g 

7 per 1000 

tonnes, or once a 

year (whichever 

comes first) 

Based on 

agronomic rate 

Pasture: 60 days 

Food crops: 38 months for below soil, 18 

months 

 

Not specified for forage, livestock feed, sod, 

silviculture, reclamation, and green areas 

AB Pathogen levels 

unspecified 

Not specified. Rates determined 

by biosolid 

treatment process, 

soil type, and slope 

Pasture: 3 years 

Forage: 3 years 

Livestock feed: 3 years 

Food crops: not permitted 

Green areas: not likely used 

 

Not specified for sod, silviculture, and 

reclamation 

SK One pathogen category 

Measures Salmonella and 

fecal coliform parameters 

- <3 MPN/4g 

(Salmonella) 

- <1000 MPN/g (fecal 

coliforms) 

Not specified. Agronomic rate for 

nitrogen 

Pasture: 30 days 

Forage: 60 days 

Livestock feed: 60 days 

Food crops: 38 months for below soil, 18 

months for above soil except if crop is not in 

contact with biosolids/soil – reduced to 60 

days 

Silviculture: 60 days 

 

Not specified for sod, reclamation, and 

green areas 
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MB Pathogen levels 

unspecified 

Set out in an 

Environmental Act 

License. 

Agronomic rate for 

nitrogen and 

phosphorus 

(considerations for 

heavy metal 

contaminants 

apply) 

 

Further 

specifications for 

N and P based on 

accessible forms 

Crops grown for 3 years following 

application: cereals, forages, oil seeds, field 

peas, and lentils. 

 

No restriction on application frequency 

ON CP1 and CP2 

Measures Salmonella and 

E. coli parameters 

- CP1: <3 MPN/4g 

(Salmonella), <1000 

CFU/g dw (E. coli), 
requires a non-detect 

for viable helminth ova 

and culturable enteric 

viruses 

- CP2: <2,000,000 CFU/g 

dw (E. coli) 

Sewage plants with 

a design capacity: 

> 45,400m3 – twice 

per month 

< 45,400m3 – once 

per month 

Application rate 

must not exceed 22 

tonnes per hectare 

dry-weight per 5 

years 

 

Further restricted 

by limits for heavy 

metals, agronomic 

rates for nitrogen, 

phosphorus, and 

potassium, and 

maximums for 

boron, fats, oils, 

grease, and sodium 

Pasture: 

CP1 – 3 weeks for horse, beef, dairy cattle, 

swine, sheep, goats 

CP2 – 2 mo. for horse, beef, dairy cattle; 6 

mo. for swine, sheep, goats 

Livestock feed: 3w. for hay 

Food crops: 

CP1 – 3w. for tree fruits, grapes, small 

fruits, tobacco, vegetables 

CP2 – 3 mo. for tree fruits and grapes; 25 

mo. for small fruits; 12 mo. for tobacco, 

vegetables 

Sod: 3w. for CP1, 12 mo. for CP2 – 

vegetables and commercial sod. Not 

recommended for home lawns 

Silviculture: not specified 

Green areas: requires MECP approval. Not 

applicable for golf courses 
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QC Category P1 and P2 

- Parameters are specific 

to the type of biosolid 

processing treatment 

- Primarily detects for 

E. coli or Salmonella 

0-300 tonnes: 2/yr. 

201-1500 tonnes: 

4/yr. 

1501-15000 tonnes: 

6/yr. 

>15000 tonnes: 

12/yr. 

Agronomic rate for 

nitrogen and 

phosphorus 

 

For forestry – 

cannot exceed 

200kg of available 

nitrogen per 

hectare per year 

 

Further restrictions 

based on metal 

contaminants 

Pasture: not permitted unless BNQ certified 

Forage/Livestock: all classes permitted; >30 

day wait period for P2 prior to harvest 

Food crops: 

Current year: not permitted 

Previous application for P2: 

• below soil – 36 mo. 
• above soil – 14 mo. 

Sod: 12 mo. wait prior to harvest 

Silviculture: cannot exceed 200kg of 

available nitrogen per hectare, per year. 

Restrictions for picking food products such 

as fruits and mushrooms 

Reclamation: all classes permitted 

Green areas: All but P1 acceptable for 

landscaping without restriction. P2 – no 

public access for 12 months 

 

 

NB One pathogen category 

Measures Salmonella and 

fecal coliform parameters 

-  <3 MPN/4g 

(Salmonella) 

- <1000 MPN/g 

(fecal coliforms) 

None specified for 

pathogens. For 

metals – 3 

samples/yr. 

No net degradation No restrictions 

 



 

 

   

 

19 

 

NL Uses USEPA Part 503 and 

BNQ standards as 

guidance 

N/A N/A Uses USEPA Part 503 and BNQ standards 

as guidance 

 

 

NS Class A and Class B 

Measures Salmonella and 

fecal coliform parameters 

- Class A: <3 MPN/4g 

(Salmonella), <1000 

MPN/g (fecal coliforms) 

- Class B: <2,000,000 

MPN/g (fecal coliforms) 

Every 2000 tonnes Based on 

agronomic rate 

Class A: No restrictions on pasture, forage, 

livestock feed and food crops 

Recommended 12 mo. wait for sod 

Reclamation: recommended 2mo. for public 

lands, construction sites and recreational 

lands, 6 months for forest 

 

Class B: Not permitted on pasture, forage, 

livestock feed and food crops, 12 mo. wait 

for sod 

Reclamation: 2mo. for public lands, 

construction sites and recreational lands, 6 

mo. for forest 

PEI Class A and Class B 

Measures Salmonella and 

fecal coliform parameters 

- Class A: <3 MPN/4g 

(Salmonella), <1000 

MPN/g (fecal coliforms) 

- Class B: <2,000,000 

MPN/g (fecal 

coliforms) 

No requirements. 

Proposed: 290-

1500 tonnes/yr – 

quarterly or rep 

samples; 1500-

15000 tonnes/yr – 6 

times per year 

Agronomic rate for 

nitrogen 

For pasture, forage, livestock feed and food 

crops – cannot yield in the same calendar 

year as application 

 

Other lands have no specified restrictions 

NU Uses NWT and CCME 

guidelines 

Uses NWT and 

CCME guidelines 

Uses NWT and 

CCME guidelines 

Uses NWT and CCME guidelines 
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NWT One pathogen category 

Measures Salmonella and 

fecal coliform parameters 

- <3 MPN/4g (Salmonella) 

- <1000 MPN/g (fecal 

coliforms) 

N/A Agronomic rate for 

nitrogen 

No standards for biosolids 

 

Composted manure requires permission for 

land application – no restrictions, but 

advises against flood zones and steep slopes 

USEPA Class A and Class B 

- Class A: <3 MPN/4g 

(Salmonella), or <1000 

MPN/g (fecal coliforms); 

<1 viable helminth ova/4g 

dw, <1 PFU/g dw enteric 

viruses 

- Class B: <2,000,000 

CFU or MPN/g dw (fecal 

coliforms) or use of a 

treatment process that 

significantly reduces 

pathogen content 

0-289 tonnes: once 

per year. 

290-1499 tonnes: 

once per quarter. 

1500-14999 tonnes: 

once per 60 days. 

>15000 tonnes: 

once per month. 

Must meet vector 

attraction reduction 

requirements 

(separate from 

pathogen reduction 

requirements) 

Class A: no restriction due to Exceptional 

Quality designation 

Class B: handling soil from fields where 

sewage sludge has been applied – no public 

access for at least 1 year; consumption of 

crops from fields – harvesting restrictions 

until environmental attenuation has taken 

place; no animal grazing for 30 days after 

application; cannot be applied within 10 

meters of any water to prevent runoff; must 

meet one of the Vector Attraction Reduction 

options. 

(CCME, 2010; USEPA, 1999) 
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Biosolids are treated to reduce pathogen content; however, some pathogens exhibit 

persistence and survivability through treatment. Thus, waiting periods following land application 

are implemented to minimize risk of exposure to contaminants that were carried through 

processing. Adenovirus, which is commonly found in municipal wastewater, was assessed for 

survivability after secondary sewage treatment through cell culture assays following incubation 

at various temperatures and holding times (Enriquez et al., 1995). It was demonstrated that an 

increase in temperature plays a significant role in virus survivability in water and sewage 

effluent, along with the presence of an organic matrix which protects viruses from inactivation 

(Enriquez et al., 1995). Further, adenovirus strains 40 and 41 were compared to poliovirus, 

which generally demonstrated greater resistance to thermal inactivation (Enriquez et al., 1995). 

At 15ºC, HAdV 40 and 41 experienced 2.4 and 2.9 log reductions, respectively, after 60 days, 

whereas poliovirus experienced a 3.2 log reduction under the same conditions after 35 days 

(Enriquez et al., 1995). In several Canadian jurisdictions, a waiting period of 60 days is 

recommended to allow for a reduction in virus infectivity, potentially influenced from the 

demonstrated persistence of resilient enteric viruses such as adenovirus, as observed in Enriquez 

et al. (1995). With respect to viral inactivation, adenovirus is considered a conservative estimate 

due to its stability through the treatment process and during holding periods, allowing for its use 

as an effective determinant of pathogen inactivation (Irwin et al., 2017; Enriquez et al., 1995). 

Despite the overall restrictive criteria for land application of biosolids, greater leniency is 

provided for biosolids with higher treatment standards that meet additional pathogen criteria, 

whereas greater stringency is applied to biosolids where minimal or no pathogen criteria are 

implemented, as seen in Alberta (CCME, 2010).  
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1.3.6 Municipal Biosolids in Ontario 

In Ontario, approximately 300 000 dry metric tonnes of sewage biosolids are produced 

annually in over 460 wastewater treatment facilities, of which approximately 40% are land 

applied (Flemming et al., 2017). In 2016, regional and municipal governments in Canada owned 

over 1200 wastewater treatment facilities, of which greater than one third are located within 

Ontario (Statistics Canada, 2018). A substantial portion of municipal biosolids that are produced 

and land-applied in Canada are done in Ontario, therefore an Ontario-specific assessment of 

potential risks from human pathogens in land-applied municipal biosolids is essential. The 

Ontario Ministry of Agriculture, Food and Rural Affairs (OMAFRA), along with the MECP are 

responsible for providing guidelines on best management practices for the handling and 

distribution of municipal biosolids for land application in Ontario. Each province has designated 

waiting periods following the land application of biosolids, which is determined by the treatment 

process applied to the biosolids, as well as the land that is receiving the soil amendment. In 

Ontario, prior to the land-application of biosolids as a soil amendment, the material must meet 

beneficial standards as a fertilizer under the Nutrient Management Regulation, which considers 

the materials contribution of organic matter, quantity of plant-available nutrients, use for 

increasing soil pH, or as a crop irrigator between June 15th and September 30th (Nutrient 

Management Act (NMA), 2002). NASM are determined to be either Category 1, 2 or 3 

depending on the source of the waste material (NMA, 2002). Sewage biosolids are Category 3 

materials, which is further subcategorized by heavy metal content (CM1 and CM2), pathogen 

content (CP1 and CP2), and odour (OC1, OC2, and OC3) (NMA, 2002). Metal and pathogen 
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content subcategories are responsible for influencing land application restrictions, with less 

stringent restrictions placed on materials that have been treated to contain lower heavy metal and  

pathogen loads (i.e. CP1 and CM1) (NMA, 2002). As of January 1st, 2011, amendments to 

standards for pathogens and pathogen indicators such as E. coli have been set in place by O. Reg. 

267/03 General Regulation under the Nutrient Management Act (2002). These pathogen and 

indicator standards are comparable to the USEPA-class A biosolids in regard to Salmonella 

detection, however detection of the pathogen indicator E. coli is replaced with a fecal coliform 

detection of less than 1000 MPN/g of biosolid sample (NMA, 2002). For CP2 biosolids, which 

are more frequently produced and land-applied, the regulations dictate that E. coli must be less 

than 2 million CFU/g dw or 100 mL for treatment plants with a design capacity ≥ 45,400 cubic 

meters, which is comparable to the USEPA-Class B biosolids that must test less than 2 million 

MPN/g for fecal coliforms (NMA, 2002).  

Municipal biosolids undergo treatment to limit contaminants, however, due to the 

inability to fully remove pathogens, nutrients, and heavy metals, regulations determine 

application rates of biosolids on land based on restrictive parameters for soil. In Ontario, 

application of biosolids is restricted to a maximum of 22 tonnes per hectare dry weight (dw) per 

5 years (NMA, 2002). In addition to this general maximum restriction, other factors may limit 

the land-application of MBs including pathogens and metal contaminant parameters, nutrient 

parameters for nitrogen, phosphorus, and potassium, as well boron, fats, oils, grease, and sodium 

restrictions for soil (NMA, 2002).  

Additional requirements for the land-application of biosolids must be considered, such as 

waiting periods between application and crop yields. As it has been previously demonstrated, the 
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persistence of enteric viruses outside of their host range is based on their characteristics, as well 

as the material and environmental conditions of their storage. Human adenovirus is known to be 

particularly resistant to changes in pH and UV exposure making viral inactivation difficult, 

human rotavirus has shown persistence on surfaces for up to 10 days, while human norovirus has 

demonstrated infectivity in groundwater for 61 days, while remaining detectable for up to 3 years 

(Rzezutka and Cook, 2003; Seitz et al., 2011; Thurston-Enriques et al., 2003). Further 

information regarding their environmental persistence following land application is necessary to 

fully understand associated risks. The presence of enteric viruses in biosolids such as enterovirus 

at 102 – 104 viral particles per gram dry weight exemplifies a need for caution in biosolid use as a 

soil amendment, and the necessity of land-use restrictions until further understanding of 

environmental persistence of common enteric viruses is known (Gerba et al., 2002). In Ontario, 

CM1 and CP1 category materials have a waiting period of 3 weeks on land utilized for pasture, 

livestock feed, food crops above and below soil, and sod (NMA, 2002). CP2 and CM2 biosolids 

demonstrate greater variation in waiting period restrictions, determined by their land use. For 

CP2 and CM2 biosolids, waiting periods for pastureland are 2 months for horse, beef or dairy 

cattle, and 6 months for swine, sheep and goats (NMA, 2002). Waiting periods for livestock feed 

such as hay and haylage is 3 weeks, and food crops such as tree fruits and grapes are held for 3 

months (NMA, 2002).). Small fruits have waiting periods of 15 months, tobacco is held for 12 

months, and vegetable crops above soil are held for 12 months (NMA, 2002). Additionally, 

CM2/CP2 biosolids have a wait restriction of 12 months for sod used for vegetables and 

commercial use, while use for home lawns is not recommended (NMA, 2002). 
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Separation restrictions exist for the application of biosolids, regardless of their 

categorization. Land used for residential areas, commercial, community, and institutional 

purposes have stringent regulations, which are determined by odour categories, injection or 

spreading of biosolids, as well as incorporation into soil (NMA, 2002). There is substantial 

variation in land-application near surface water, wells, and the water table, which is determined 

by the metal and pathogen categorization, inclusion of vegetation buffers, incorporation time, 

well depths, and groundwater contamination risks (NMA, 2002). In Ontario, biosolids cannot be 

land-applied during the winter, allowing for an application window of April 1st to November 

30th, with the exception of frozen or snow-covered soil (NMA, 2002). 

1.3.7 A Comparison of Municipal Biosolids Classification in Other Countries 

In other countries, there are numerous treatment methods applied for the production of 

biosolids, and there is variability in classification systems and testing guidelines implemented. 

The Ontario municipal biosolid classification system, which was developed from the USEPA: 40 

CFR Part 503 regulations, closely resembles the standards set for class A and B biosolids. 

Environmental Protection Agency (EPA) Victoria, which is responsible for developing 

Australian testing regulations for biosolids, have set criteria for biosolids pathogen content as 

well as heavy metal contaminants that closely reflect standards and testing methods set for 

Ontario CP1 and CP2 biosolids, as well as class A and B developed by the USEPA (EPA 

Victoria, 2004), allowing for a comparison between similarly implemented biosolid classification 

systems. 

Similar to Ontario and US biosolid classification standards, EPA Victoria has set 

guidelines for biosolids classification based on pathogen content, and are ranked T1 to T4, with 
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T1 biosolids presenting the most stringent and costly criteria for treatment and testing while T4 

biosolids are considered to have not met treatment processing expectations and require site-

specific assessment (EPA Victoria, 2004). T1 biosolids are tested for reduction of enteric viruses 

by 3 log, Ascaris ova by 2 log, less than 1 Salmonella per 5 g dw, and less than 100 E. coli per 

gram dw (EPA Victoria, 2004). T2 biosolids require similar testing with more lenient criteria, 

while T3 biosolids are tested for E. coli of less than 2 million MPN/g dw and must demonstrate a 

one log reduction in enteric viruses and Salmonella depending on the treatment process utilized 

(EPA Victoria, 2004). The frequency of biosolid sample testing is determined by the 

classification of the biosolids, with T1 requiring the strictest criteria, and T3 the most lenient. T1 

biosolids require an initial verification test which collects samples at a frequency of 1 sample per 

50 tonnes until 10 test samples have been completed (EPA Victoria, 2004). Leniency on the 

testing frequency may be given for batch processes if they demonstrate relative homogeneity, 

and continuous processes provide historical data from 10 samples and shows at least one year of 

reliable compliance (EPA Victoria, 2004). Comparatively, T3 biosolids are initially assessed for 

E. coli every 100 dry tonnes, which can be reduced to every 200-500 tonnes once stability in 

testing has been confirmed (EPA Victoria, 2004). Although EPA Victoria does not explicitly 

state testing protocols for enteric viruses in biosolids, studies assessing the presence of enteric 

viruses under EPA Victoria in Australia have utilized LLC-MK2 and A549 cells for detection of 

infective enteric viruses and outline general testing methods used (Irwin et al., 2017; Keegan et 

al., 2013).  

The USEPA under 40 CFR Part 503 Rule on the Standards for the Use or Disposal of 

Sewage Sludge provides safety and regulatory guidelines regarding biosolids. Class A biosolids, 
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which hold the highest classification based on pathogen criteria for American standards test 

similarly to EPA Victoria for the presence of fecal coliforms or Salmonella, as well as enteric 

viruses and viable helminth ova (USEPA, 1999). For class A biosolids, testing criteria must 

detect less than 3 MPN per 4 g dw for Salmonella sp. in the sewage, or demonstrate a fecal 

coliform density less than 1000 MPN per g dw, enteric viruses must be less than 1 plaque 

forming unit (PFU) per 4 g dw, as well as less than 1 viable helminth ova per 4 g dw (USEPA, 

1999). Class B biosolids, which have less stringent criteria, require fecal coliform monitoring 

that cannot exceed 2 million CFU or MPN per g dw. An exception to this monitoring includes 

the application of a treatment process that has been deemed to significantly reduce pathogen 

content, including biological digestion, air drying, composting, and lime stabilization, which 

negates the necessity for fecal coliform detection (USEPA, 1999). In regard to the frequency of 

sample testing, there is no difference between class A or B, rather the determining factor is the 

amount of treated sludge that is produced annually by the facility, ranging from once per year at 

facilities producing less than 290 dry metric tonnes, to monthly monitoring at facilities producing 

over 15,000 dry metric tonnes annually (USEPA, 1999). Permitting authorities may impose more 

frequent testing; however, after two years of monitoring at the designated frequency, monitoring 

frequency may be reduced to once per year minimum (USEPA, 1999). USEPA Method 1615 

outlines the application of culture and RT-qPCR testing for the measurement of enterovirus and 

norovirus in water, including cell culturing techniques with Buffalo Green Monkey kidney cells 

(BGMK) for enterovirus infectivity detection, which is presumably similar to biosolids testing 

with the major differences relating to sample preparation. Class A biosolids undergo a Total 

Culturable Virus Assay (TCVA) using the BGMK cell line, which tests for the presence of 
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various serotypes of human enterovirus A, B, C, and D, as well as mammalian orthoreovirus 

(USEPA, 2014).   

As a result of the stringent and costly testing required for designation of CP1 biosolids in 

Ontario or equivalent within Canada, no current publications or data indicate the use of this 

classification level at this time. Consequently, an accurate physicochemical and biological 

comparison to class A or T1 biosolids cannot be directly drawn. However, due to the similarities 

in testing criteria and detection limits, testing protocols are likely comparable. Similar to class A 

biosolids, CP1 criteria in Ontario require that the pathogen indicator E. coli must be less than 

1000 CFU/g dw, Salmonella must be less than 3 MPN per 4 g, and samples must demonstrate 

non-detectable viable helminth ova and total culturable enteric virus in 4 g dw of treated sludge 

of materials containing human waste (NMA, 2002). The standard for assessing the biosafety of 

CP2 biosolids is enumeration of E. coli, which must not exceed 2 million CFU/g dw or 100 mL 

for treatment plants with a design capacity ≥ 45,400 m3, as stated within O. Reg 267/03 (Nutrient 

Management Act, 2002). Due to the variation in biosolid classification across Canada, pathogen 

criteria along with the frequency of monitoring is determined provincially (NMA, 2002).  In 

Ontario, pathogen monitoring in biosolids is specified by Canadian Legislation such as the 

Environmental Protection Act or the Ontario Water Resources Act, whichever is more restrictive, 

and stipulates that facilities with a design capacity ≥ 45,400 m3 require sampling twice per 

month, while facilities with less capacity require sampling once per month (NMA, 2002).  

Within Canada, biosolids treatment facilities implement similar procedures to 

international counterparts, such as in the United States and Australia, however, there is limited 

application of stringent testing methods that allow for the application of high classification 
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biosolids comparable to T1 or class A biosolids. Likely due to the lack of infrastructure that can 

support the rigorous and frequent monitoring of these biosolids, particularly for the detection of 

helminth ova and enteric viruses, Canada is significantly limited to the application of class B 

biosolid equivalents. Further, a lack of research in the Canadian context prevents accurate 

comparisons to the processing efficiency and pathogen reduction in Canadian WWTPs.   

1.4 Implications of New Testing Methods on Policies and Regulations 

Across Canada there is substantial variation in the quality of municipal biosolids produced, 

as well as the standards for pathogen content. To minimize environmental health risks associated 

with land applying these materials, testing is required to detect pathogen content, which 

determines their categorization and provides guidance for land-application and restrictions. 

Treatment processes that are more rigorous and have greater pathogen reduction are capable of 

receiving a higher classification, such as CP1 for alkaline stabilization-treated biosolids in 

Ontario (Godfree and Farrell, 2005; NMA, 2002). Further, these biosolids have less stringent 

requirements for land application, allowing for their application on agricultural and non-

agricultural land, with shorter waiting periods for crop yields, lesser distances from freshwater 

sources, and fewer concerns regarding soil incorporation or slope of the land (CCME, 2010).  

There are significant benefits for the use of CP1 and similarly rated biosolids, however 

Ontario is the only province to provide a biosolid option that considers enteric virus and 

helminth ova detection (NMA, 2002). Literature into the use of CP1 biosolids in Ontario is 

lacking, potentially due to a lack of infrastructure to support the high frequency of testing and the 

necessity of helminth ova and enteric virus detection. In jurisdictions stipulating enteric virus 

criteria, the use of cell infectivity assays that are commonly employed is a time-consuming 
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process that involves the upkeep of cell lines such as A549, BGMK and LLC-MK2, as well as 

testing that may take 7 to 14 days for cytopathic effects to become apparent (Irwin et al., 2017; 

Keegan et al., 2013; Lee et al., 2004). Further, complications can arise in the use of cell infection 

for the purpose of enteric virus detection as a result of the biosolid matrix, which is a complex 

organic material that may possess inhibitors that are passed through the virus concentration 

procedure and inhibit virus infectivity or disrupt the integrity of the cell line (Keegan et al., 

2013). Despite the variation of tests conducted provincially for pathogen and pathogen 

indicators, a major similarity across Canada is the exclusive application of culture-based 

techniques for E. coli detection. Culture-based testing methods demonstrate significant 

constraints due to the limited diversity of pathogens that can be grown in media or detected via 

cell infection assays, which typically test E. coli, Salmonella, and enterovirus. When utilizing 

cell-culture techniques for viral pathogen detection, successful detection can only occur if the 

pathogen of interest is cultivatable (Lee et al., 2004). Additionally, different viruses require 

specific cell lines to demonstrate infection, necessitating the use of multiple cell lines for the 

detection of numerous viruses. For example, the cell line A549 is effective for the detection of 

adenovirus and enterovirus strains, whereas BGM cells are commonly used for the detection of 

enterovirus strains exclusively (Lee et al., 2004). The lab techniques that are typically utilized for 

biosolid testing include most probable numbers for Salmonella and fecal coliforms, and E. coli 

colony enumeration, however a gap in the pathogen profile of biosolids exist as bacterial 

indicators are not necessarily indicative of reduction in viable viral and protozoan pathogens 

(CCME, 2010). Although these testing methods are the standards for government policies and 

regulations, the limitations associated with the use of culture-based techniques may not support 
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best management practices, resulting in a potential inability to effectively quantify and assess 

risks. Newer techniques may be utilized for the specific detection of pathogens, including viral 

pathogens of interest that are otherwise uncultivatable, such as human norovirus (Lee et al., 

2004). Further, the use of multiplex qPCR is a cost-effective method that allows for detection of 

multiple targets of interest, while providing same-day results. 

The application of molecular techniques including qPCR in place of common culture-

based techniques such as E. coli testing may prove advantageous if universally utilized Canada-

wide as it will allow for comparisons across jurisdictions while providing fast, cost-effective, 

minimal labor, and high sensitivity and specificity for pathogen detection (Wong et al., 2010). 

Easy and cost-effective testing will allow jurisdictions to appropriately label high-rated biosolids, 

which will prove beneficial as less stringent restrictions are necessary, allowing for greater use of 

the material with shorter wait periods for crop yields. Additionally, the ability to easily test 

biosolids for viral pathogen reduction may provide insight as to which treatment methods are the 

most effective, which pathogens are particularly resistant towards treatment, as well as any 

seasonal variation that may be a cause for concern. Such information can be utilized to further 

inform the formulation of policies and regulations, either providing more stringent application 

restrictions for high-risk MBs that were previously uncharacterized or allowing greater leniency 

for low-risk MBs. Further, public perception has had a negative impact on the use of biosolids as 

a soil amendment, therefore the ability to effectively determine the pathogen profile of this 

material may help reduce concern and improve public perception (Prado et al., 2013).  
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1.5 Viral Enteric Pathogens and Gastrointestinal Illness 

1.5.1 Introduction of Enteric Viral Pathogens 

Gastrointestinal illness may be caused by a number of pathogens, either viral, protozoan 

or bacterial in nature; however, it has been determined that the primary causes of diarrheal illness 

are directly or indirectly related to viral pathogens (Clark and McKendrick, 2004). Viral 

pathogens that are among the most common causes of gastrointestinal illness include human 

adenovirus strains 40 and 41 (HAdV), human rotavirus-wa (HRV), and human norovirus GII 

(HNV). These common viral pathogens have led to globally high rates of gastrointestinal-related 

morbidity and mortality, in some cases targeting particular populations such as the young as 

observed with rotavirus or infecting a significant number of individuals during seasonal peaks as 

observed with norovirus (Grimwood, 2010; Kazama et al., 2016). Further, these enteric viruses 

are of particular interest due to their abundance in human waste, their persistence through the 

wastewater and sludge treatment process, the risks they pose as environmental contaminants, as 

well as their global presence.  

The persistence and infectivity of a virus, such as its ability to remain infectious outside 

of the target host, its ability to survive UV and chemical treatment, as well as the number of virus 

particles required to cause infection, culminate together to provide a robust virus profile 

(Rzezutka and Cook, 2003). Enteric viruses, which are commonly spread via the fecal-oral route, 

demonstrate a particularly high presence in wastewater, and therefore pose a multifaceted risk to 

human health. Beyond environmental risks, enteric viruses such as HAdV, HRV, and HNV pose 

a significant risk to human health via contact-exposure to contaminated surfaces. For example, 

studies examining the persistence of HRV on porous and non-porous fomites, such as cloth and 
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steel surfaces respectively, have demonstrated persistence of infectious virus for up to 10 days 

under various conditions (Rzezutka and Cook, 2003). HNV, which is also commonly spread 

through aerosolization following incidences of vomiting, has demonstrated survivability on 

fomites up to 12 days after contamination within hospital settings (Rzezutka and Cook, 2003). 

Considering the robust survivability of enteric viruses on fomites, it is important to address the 

risks associated with handling contaminated materials, such as wastewater and sludge, and 

implement best management practices to reduce gastrointestinal illness from direct contact and 

contact with contaminated surfaces. Further, wastewater treatment is aimed at reducing 

contaminants released back into the environment via effluent, which includes biological 

contaminants such as viruses, bacteria, and protozoa.  

Enteric virus survivability has been characterized in surface and groundwater originating 

from wastewater effluent, leading to the application of rigorous combination treatment regimens 

on wastewater and drinking water involving filtration, UV radiation, and chemical treatment to 

reduce the pathogen load of effluent, and eliminate remaining pathogens from drinking water 

(Rzezutka and Cook, 2003). Enteric viruses, such as adenovirus, rotavirus, and norovirus are 

major infective agents that are transmitted via fecal-oral contamination, and are leading causes of 

gastrointestinal illness, globally (Cashdollar et. al., 2013). For example, infected individuals 

experience high viral shedding up to 1011 viral particles per gram of stool for gastrointestinal 

adenovirus, which persists in wastewater and may be present in the subsequent effluent 

following treatment and proves highly problematic due to their high infectivity and persistence 

(McMinn, 2013; Cashdollar et al., 2013). Further, norovirus, which accounts for the majority of 

gastrointestinal illness worldwide, requires less than 10 virions to infect a healthy adult and 
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exhibits persistence in groundwater with demonstrated infectivity for up to 61 days in the 

environment while remaining detectable for up to 3 years (Hutson et al., 2004; Seitz et al., 2011). 

With the advent of new techniques allowing for the tracking of viral pathogens throughout the 

human population as well as the environment, more questions arise regarding their impact on 

human health and its apparent burden on the healthcare system, their persistence in the 

environment, as well as their infectivity following wastewater and sludge treatment.  

Sludges that are derived from wastewater are at risk of containing various bacterial, viral 

and protozoan human pathogens, which inherently pose a health risk when applied as a soil 

amendment for agricultural use (Schlindwein et al., 2010). Significant concern arises in the risk 

assessment for enteric viruses, as routine tests typically examine bacterial indicators, which have 

demonstrated a lack of significance as an indicator for viral pathogen reduction (Schlindwein et 

al., 2010).  A preliminary review of enteric viruses in biosolids primarily addressed the presence 

of enteroviruses, however, the review additionally outlines the necessity for examining the 

presence and abundance of other significant gastrointestinal pathogens of interest (Gerba et al., 

2002). Viruses that were noted to require further examination include adenovirus, rotavirus, and 

members of the calicivirus family, as they are leading causative agents of gastrointestinal illness 

(Gerba et al., 2002). These pathogens, which are highlighted as pathogens of interest in 

municipal biosolids, lack an examination in the Canadian context, despite the inclusion of both 

adenovirus and calicivirus on the USEPAs Contaminant Candidate List (version 4) (USEPA, 

2016). Although research has addressed bacterial pathogens in Canadian municipal biosolids in 

recent studies, which examined the presence of Clostridium perfringens, Enterococcus spp., 

Listeria monocytogenes, Salmonella spp., and Yersinia enterocolitica (Flemming et al., 2017), 



 

 

 

 

35 

 

current research does not provide an examination into the presence and abundance of enteric 

viral pathogens in Canadian municipal biosolids.   

In addition to assessing abundance and persistence of gastrointestinal viral pathogens 

within municipal biosolids, further research addressing pathogen seasonality, which is a largely 

observed occurrence within human populations, may prove advantageous in risk mitigation. 

Pathogen seasonality is impacted by various factors such as pathogen appearance and 

disappearance, environmental changes, as well as host-susceptibility changes (Dowell, 2001). 

The observation of gastrointestinal illness within a population may provide insight into pathogen 

concentrations present in wastewater and municipal biosolids, which are treated and released into 

the environment as effluent into local water sources and applied to land as soil amendments. 

Therefore, illnesses that show particular seasonality within a population may demonstrate a spike 

in their quantities within wastewater and municipal biosolids, followed by a spike in their 

presence within the environment. Annual trending in pathogen presence may be observed as a 

migratory pattern for select viruses such as rotavirus, which demonstrates a peak in infection 

during winter within northern latitudes, migrating south during northern summers (Dowell, 

2001). 

1.5.2 Adenovirus 

Human adenovirus, a member of the family Adenoviridae, is a non-enveloped, double-

stranded DNA virus in an icosahedral protein capsid (Singh et al., 2015). Presently, 72 HAdV 

genotypes with whole genome sequences are recognized by GenBank and are subdivided into 

seven species categorized as A-G, of which strains 40 and 41 demonstrate particular significance 

in gastrointestinal illness (Singh et al., 2015; Pondy, 2006). Adenovirus serotypes 40 and 41 are 
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among the leading causes of gastrointestinal illness, demonstrating high viral shedding of up to 

1011 viral particles per gram of stool, leading to easy transmission via the fecal-oral route 

(McMinn, 2013). Adenovirus displays a high level of resistance to various applied treatments 

and demonstrates a particular robustness towards UV radiation compared to other wastewater-

associated enteric viruses, likely due to its double-stranded DNA structure (Thompson et al., 

2003). In a study by Thompson et al. (2003), non-enteric adenovirus strains 2 and 15 isolated 

from wastewater samples were compared against MS2 coliphage and poliovirus I in seeded 

secondary and tertiary-treated wastewater. A 4-log (log10) reduction was achieved at 38, 100, 168 

and 170 mW-s/cm2 for poliovirus, MS2, adenovirus strain 15, and strain 2, respectively, 

indicating similar UV resistance between adenovirus strains, but greater than MS2 and poliovirus 

(Thompson et al., 2003). The complex capsid structure further provides a degree of protection 

against UV treatment, likely necessitating the application of multiple doses of UV radiation to 

cause irreparable damage to the adenovirus particles (Thurston-Enriques et al., 2003). As a 

result, drinking water standards set by the USEPA has determined that a 4-log inactivation of 

viruses is necessary, based on the “UV Disinfection Guidance Manual for the Long Term 2 

Enhanced Surface Water Treatment Rule,” developed by the UV dose requirements for the 

inactivation of adenovirus (USEPA 2006). Previous studies examining gastrointestinal strains 40 

and 41 as well other adenovirus strains have further characterized properties including 

seasonality and infectivity through an assessment of their presence within populations with 

varying climates. A study conducted in Australia demonstrated a higher prevalence of serotype 

41 resulting in hospitalizations as compared to serotype 40, as well as a seasonal presence of 

serotype 41 primarily in autumn compared to the year-round presence of serotype 40 (Grimwood 
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et al, 1995). Additionally, positive detection of adenovirus within sewage sludge from a 

wastewater treatment facility was demonstrated through endpoint and integrated cell culture-

PCR (ICC-PCR) in each month within a year, which indicates year-round presence and 

infectivity of adenovirus (Schlindwein et al., 2010).  

The presence of adenovirus was assessed in waste activated sludge at two Australian 

WWTPs. It was found that mean concentrations of 340 MPNIU/g dw (most probable number of 

infectious units) at the first site and 950 MPNIU/g dw at the second site were detected prior to 

solar drying or pan drying (Irwin et al., 2017). As adenovirus is abundantly present in the 

activated sludge, viruses were eluted from their organic matrices, precipitated using polyethylene 

glycol (PEG), and subsequently cultured using the cell line A549 (Irwin et al., 2017). Methods 

utilizing MPN technique for cell infection allow for the quantification of infectious viruses 

within the sample, which were confirmed for the presence of adenovirus using real-time PCR. 

The MPN method of detection requires the culturing of any infectious viral particles that were 

successfully eluted, flocculated, and capable of infecting A549 cells. One limitation of this 

process includes viruses lost through the elution and flocculation procedure, resulting in an 

underestimation of their presence within biosolids. The efficiency of enteric virus recovery using 

the ASTM Method D4994-89, outlined by the USEPA for virus recovery in class A biosolid 

assessments, was assessed in spiked anaerobically digested class B biosolids with a 6.01 to 

8.23% solids content (Gerba et al., 2011). Biosolid samples spiked with adenovirus 2 and 

flocculated using beef extract without the inclusion of PEG demonstrated an average recovery of 

22.5 ± 9.4% (Gerba et al., 2011). Additionally, potential contaminants that are carried through 
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the flocculation process may inhibit viral infectivity or integrity of the cell line, resulting in false-

negative results (Keegan et al., 2013).  

A study measuring the presence of adenovirus in samples from various activated sludge 

plants in Australia was undertaken to assess plant performance in the reduction of viruses 

through sludge treatment (Keegan et al., 2013). Viruses were recovered using PEG as a 

flocculant, and concentrated virus was applied to LLC-MK2 cells for infection (Keegan et al., 

2013). Adenovirus was detected through real-time PCR, and the detection results were compared 

to DNA extracts of the virus concentrates (Keegan et al., 2013). Results from qPCR showed that 

the log reduction values from three plants utilizing integrated fixed film activated sludge 

treatment ranged from 0-3.2, while a conventional plant demonstrate a log reduction ranging 

from 1.4-3.5 (Keegan et al., 2013). A virus reduction of 1-log, required within this region for 

activated sludge plants, was observed as feasible through this validation study (Keegan et al., 

2013). The application of cell infectivity assays is beneficial for the detection of infective target 

viruses when coupled with real time-PCR; however, elution of organic and inorganic compounds 

from complex organic matrices may pose inhibitory effects that cannot be mitigated. Further 

examination of adenovirus reduction with a focus on molecular techniques such as qPCR does 

not provide an assessment of infectivity; however, it may demonstrate a reduction of intact viral 

genomes, which may similarly serve as an indicator of viral pathogen reduction.  

1.5.3 Rotavirus 

Human rotavirus, a member of the Reoviridae family, is globally the most common 

gastrointestinal pathogen to infect young children and infants (Grimwood, 2010). Rotavirus is a 

non-enveloped, double-stranded RNA virus that possesses a triple-layered capsid that encloses 
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an 11-segment genome encoding six structural proteins, while the remainder are non-structural 

proteins (Hu et al., 2012). The non-structural antigenic protein NSP4, responsible for genogroup 

categorization, is believed to additionally act as an enterotoxin causing diarrhea (Grimwood, 

2010; Hu et al., 2012). It has been estimated that globally 111 million cases of gastroenteritis in 

children aged 5 and under yearly are the result of rotavirus infection, leading to 2 million 

hospitalizations and more than half a million deaths annually (Grimwood, 2010). Although 99% 

of rotavirus-related mortalities occur in low- to middle-income counties, the incidence of 

infection in high-income countries in North America, Europe, East Asia and Australasia was 

similar prior to the common administration of rotavirus vaccinations (Grimwood, 2010). This is 

likely due to the high infectivity of rotavirus, as well as its route of transmission. Similar to 

adenovirus, viral shedding from an infected individual may be as high as 1011 viral particles per 

gram of stool, while the infectious dose is as low as 10 viral particles (Grimwood, 2010; Ward et 

al., 1986). Rotavirus is primarily transferred via the fecal-oral route, demonstrating an ability to 

survive on hands for up to 4 hours and on dry surfaces for up to 10 days, potentially leading to 

the contamination of fomites, water, food and environmental surfaces (Ansari, 1991). Similar to 

adenovirus, rotavirus demonstrates a seasonality of infection, specifically in temperate regions 

when temperature and humidity are low, resulting in a peak of infection during the winter and 

spring months (Ansari, 1991).  

Rotavirus, among other enteric viruses, has been identified as a pathogen of concern 

regarding its presence in biosolids as it is a leading cause of gastrointestinal illness (Gerba et al., 

2002). A recent study providing a global assessment from 2000-2013 on child mortality (<5 

years of age) provided regional statistics on gastrointestinal and rotavirus-related deaths (Tate et 
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al., 2016). According to this study, 977 diarrhea-related deaths occurred in developed countries 

in 2013, of which 336 (34.4%) were the result of rotavirus (Tate et al., 2013). In 2013, 214,806 

rotavirus-related deaths were recorded globally, accounting for 37.3% of diarrhea-related deaths 

in children (Tate et al., 2016). As such, studies examining the presence of rotavirus along with 

other enteric viruses aim to determine their presence and viability within sewage sludge to 

address concerns regarding risks to human health following discharge into the environment 

(Schlindwein et al., 2010).  

In a study conducted in Brazil, 12 sludge samples were collected from a single treatment 

plant from June 2007 to May 2008 (Schlindwein et al., 2010). Rotavirus was assessed according 

to methods previously described, including the use of organic flocculation using PEG, reverse 

transcription (RT)-PCR, as well as detection of infective virus through the use of ICC-PCR with 

the MA104 cell line (Schlindwein et al., 2010). Sewage samples from July to September and 

February tested positive for rotavirus using RT-PCR, while September, January and March 

sewage samples tested positive through ICC-PCR (Schlindwein et al., 2010). This study provides 

verification of the presence of this virus of interest within sludge, while confirming its infectivity 

within activated sludge (Schlindwein et al., 2010). Further research into the abundance, treatment 

reduction, seasonality, as well as verification of efficacy of molecular-based testing methods may 

prove advantageous in understanding risks associated with enteric pathogens in biosolids such as 

rotavirus.  

1.5.4 Norovirus 

Human norovirus is a non-enveloped, positive-sense, single-stranded RNA virus 

belonging to the Caliciviridae family and is further categorized into seven genogroups (Seitz et 
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al., 2011; Kazama et al., 2016). Of these seven genotypes, GI, GII and GIV are norovirus strains 

capable of infecting humans, with GII demonstrating the highest clinical observation, while GIV 

is the rarest strain to cause human infection (Kazama et al., 2016). HNV is primarily spread via 

fecal-oral contamination, however it may also spread through aerosolization following an 

incident of vomiting (Rzezutka and Cook, 2003). Similar to rotavirus, norovirus presents a 

seasonal peak in temperate regions such as North America and Europe, with peak infection 

occurring during the winter months (Kazama et al., 2016). Determining the survivability of HNV 

following treatment is difficult due to its inability to grow in culture. Although RT-qPCR may be 

utilized to detect norovirus particles, it does not distinguish between live and inactive virus, and 

therefore cannot effectively compare infective virus loads in pre-treatment and treated samples. 

To mitigate this barrier, a surrogate virus such as murine norovirus or feline calicivirus (FCV) 

are used for culture comparison with HNV RT-qPCR results (Knight et al., 2016). Results from 

surrogate viruses and RT-qPCR demonstrate that occasionally heat treatment or the application 

of chlorine reduces virus detection. However, spiked samples in a stool suspension show greater 

survivability, indicating that the complex fecal matrix contributes positively towards its 

persistence (Knight et al., 2016). Further, the application of UV radiation on FCV as a norovirus 

surrogate has demonstrated effective inactivation of the virus similarly to other single-stranded 

RNA viruses, suggesting that UV disinfection should be effective at eliminating HNV in 

drinking water (Thurston-Enriques et al., 2003). 

A study of the presence and abundance of various enteric viruses for potential use as a 

fecal indicator examined human norovirus strains GI and GII in class B mesophilic anaerobically 

digested biosolids produced in the United States from 5 different WWTPs using PCR testing 
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(Wong et al., 2010). Results indicated that HNV GI and GII were present in MAD biosolids with 

5.04-7.95% and 18.30% solids content, at concentrations of 5.0 x 104 and 1.5 x 105 copies/g 

respectively, which were comparable to enterovirus concentrations (Wong et al., 2010). 

Although surrogate pathogens such as FCV can be used as an estimation of norovirus infectivity, 

further research into the application of qPCR as a determinant of pathogen reduction may allow 

for a better understanding of norovirus presence and persistence through biosolid treatment, 

while eliminating the necessity for surrogate testing. Due to the inability of human norovirus to 

grow in culture, its usefulness as a human pathogen indicator in municipal biosolids is limited as 

it cannot be examined for infectivity, however, its significant global presence prompts concerns 

regarding norovirus as a health risk. The World Health Organization’s Global Estimates of the 

Burden of Foodborne Disease released in 2010 estimates 684 million cases of acute 

gastroenteritis caused by norovirus annually, with approximately 212,000 deaths (Lopman et al., 

2016). This high prevalence as the leading cause of acute gastroenteritis further highlights the 

importance of conducting research into the presence of norovirus within biosolids. To examine 

norovirus presence in municipal biosolids, current research focusing on molecular-based 

methods of detection and quantification will allow for insight into its presence and seasonality, 

which may prove advantageous in addressing local and global concerns of norovirus as a 

significant cause of gastrointestinal illness. Additionally, future research utilizing methods such 

as the addition of PMA prior to qPCR may address the limitations in cell-culture methods and 

provide data for infective versus non-infective norovirus detection. 
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1.6 Conclusion 

The use of municipal biosolids has gained traction Canada-wide. Presently, the majority of 

biosolids produced in Canada are rated as CP2, class B, or equivalent, and they require testing 

for the detection of E. coli or fecal coliforms. As a result, municipal biosolids lack a pathogen 

profile that includes a thorough understanding of the presence and abundance of other 

gastrointestinal pathogens. Addressing this knowledge gap will allows for augmentation of 

current regulations for risk-mitigation in handling and land-application of these materials by 

enabling accurate quantitative microbial risk assessments (QMRA). Human adenovirus, 

rotavirus, and norovirus, along with other enteric viruses, bacteria, and protozoa could pose a 

true and serious risk to public health, along with risks of environmental contamination. Further, 

profiling pathogens in regard to abundance and seasonality will allow for a reassessment of best 

management practices, to allow for appropriate direction in land-application to mitigate risks of 

environmental contamination due to agricultural runoff, reducing the risk of recreational and 

drinking water contamination. Rather than avoiding the use of MBs as a nutrient-dense, organic 

fertilizer, further research aimed at appropriately profiling viral pathogen content in municipal 

biosolids will allow for safer handling, improvements to treatment methods, along with greater 

use as the fertilizer of choice over inorganic alternatives. Soil nutrients and micronutrients are a 

finite resource that must be replaced back into the nutrient cycle following human consumption 

and excretion. Although risks are associated with the handling of municipal wastes, appropriate 

application of best management practices, policies and regulations should allow for effective re-

introduction of nutrients back into the environment. Improved testing methods and biosolid 
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classifications may reduce public concerns, provide better insight into appropriate application 

timeframes, and allow for better utilization of an abundant resource.  

1.7 Hypothesis and Objectives 

To address the information gaps surrounding the pathogen profile of common enteric viruses 

in Ontario municipal biosolids, this study aims to assess the presence of human adenovirus 

strains 40 and 41, human rotavirus-wa, and human norovirus GII in Ontario-produced CP2 MBs 

resulting from mesophilic aerobic and anaerobic digestion. Detection of these human pathogens 

will be evaluated by qPCR and infectivity assays. An assessment of viral pathogen content in 

CP2 biosolids, which is not a regulatory requirement, will provide foundational information in 

risks associated with handling this material. Further, this study aims to validate the use of 

multiplex qPCR methods to detect multiple human enteric viruses through a single molecular-

based test, compared to the standard cell-culture assays developed for CP1 biosolids testing. In 

addition to quantifying exposure risks through material handling, the long-term purpose of this 

study is to provide risk-based data to allow for an informed evidence-based re-assessment of best 

management practices for the land application of CP2 biosolids to minimize their impact on 

water quality, should pathogen dissemination occur within the environment.  

 It was hypothesized that adenovirus, rotavirus, and norovirus would be detectable year-

round in municipal biosolids sampled from 10 WWTPs throughout Southern Ontario, with 

rotavirus and norovirus displaying seasonal variation due to trends of infection within the 

population, while adenovirus was hypothesized to present no seasonal variation. It was 

hypothesized that peaks would be evident following typical epidemiological peaks, with 

norovirus and rotavirus spikes detectable potentially during late sampling events in December or 
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carried over into early spring samples held in storage for April and May. Each of the three 

enteric viruses were examined across the treatment process of both mesophilic aerobic and 

anaerobic digestion facilities to assess for viral pathogen reduction, which was hypothesized to 

decrease throughout the treatment process. Further, it was hypothesized that E. coli enumeration 

as a standard testing method would demonstrate no correlation with the enteric virus abundance. 

Objectives 

1. Determine the presence or absence, and abundance of enteric viruses in MBs via reverse-

transcriptase quantitative PCR and by infectivity assays using cell-infection assays 

utilizing the common mammalian cell line A549 

2. Examine the relationship between E. coli enumeration as a standard to enteric virus 

quantification for each target pathogen 

3. Determine the presence or absence of seasonality for each target virus through a 

statistical analysis of season-related peaks in pathogen abundance  

4. Determine the efficacy of aerobic and anaerobic treatment on viral pathogen reduction 

through the treatment process  

5. Provide a comparison between molecular- and culture-based methods for the detection of 

target enteric viruses 
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2 Methods 

2.1 Sampling and Storage 

Sampling occurred at ten (10) sites across Southern Ontario, varying in both liquid 

municipal untreated and treated sludge along with dewatered cake (biosolids) samples, as well as 

at checkpoints throughout the treatment process for select sites. Table 2.1 outlines the 

characteristics and sampling schedule for each site, including the type of product that was 

sampled, the treatment process utilized by the facility, as well as the facility’s annual output. In 

Ontario, the land application of municipal biosolids must occur between April 1st – November 

30th, therefore the timeline for sampling events were selected to assess pathogens present during 

this timeframe. The final product was collected monthly from Sites E, F, G, H, J, and K to allow 

for analysis of seasonal variations. Sampling began in May 2018 for Sites E, G and H, and in 

June 2018 for Sites F, J and K, and sampling from Sites E and F concluded in December 2018. 

Sites G, H, J, and K provided additional samples in the following year from April 2019 to June 

2019 to allow for an overlap in sampling events. No samples were collected over the winter, 

from January 2019 – March 2019, as biosolids that are produced during this period are either 

stored for land-application in April or landfilled, depending on available space. Two sampling 

events occurred at Sites A, B, C, and D to include distinct summer versus fall seasonal pathogen 

profiles. Samples collected from these four sites were taken at various stages in the treatment 

process, and included feed sludge, return sludge, treated sludge, and final product, as 

demonstrated in Figure 2.1. As different facilities utilize different treatment processes, treated 

sludge and final product were considered the same product at some locations, in which case both 
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sample types were obtained from the same source. If treated sludge was taken to storage prior to 

land application, final product was collected from the storage site.
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Table 2.1: Site characteristics for Southern Ontario WWTPs selected for sampling 
Site Sampling Period Biosolids Type Sampled Stage in 

Treatment Process 
WWTP Type Average Daily 

Flow (m3) 
Maximum Daily 

Output (m3) 
A July and December 

2018 
Liquid Feed Sludge (F) 

Return Sludge (R) 
Treated Sludge (T) 
Final Product (P) 

Aerobic Digestion 3,140 (2013)  8,130 

B August and November 
2018 

Liquid Feed Sludge (F) 
Return Sludge (R) 
Treated Sludge (T) 
Final Product (P) 

Aerobic Digestion  3,810 (2018) 4,700 

C May and September 
2018 

Liquid Feed Sludge (F) 
Return Sludge (R) 
Treated Sludge (T) 
Final Product (P) 

Anaerobic Digestion 26,500 (2008) 
 

31,800 

D June and October 2018 Liquid Feed Sludge (F) 
Return Sludge (R) 
Treated Sludge (T) 
Final Product (P) 

Anaerobic Digestion  17,500 (2008) 22,700 

E May – December 2018 Dewatered Cake Final Product Anaerobic Digestion 574,000 (2018) 818,000 
F June – December 2018 Dewatered Cake Final Product Anaerobic Digestion  389,000 (2012) 545,000 
G May – December 2018,  

April – June 2019 
Dewatered Cake Final Product Anaerobic Digestion 122,000 (2008) 118,000 

H May – December 2018,  
April – June 2019 

Dewatered Cake Final Product Anaerobic Digestion 47,200 (2008) 

 
50,000 

J June – December 2018,  
April – June 2019 

Liquid Final Product Storage Facility  
(Products of 
Anaerobic Digestion)  

N/A N/A 

K June – December 2018,  
April – June 2019 

Liquid Final Product Anaerobic Digestion 34,600 (2008) 45,400 

*Biosolids from the selected WWTPs are land-applied
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Figure 2.1: Schematic of municipal wastewater and biosolids treatment process. Locations that samples were removed for testing 
throughout treatment, including feed sludge (F), return sludge (R), treated biosolids (T), and final product (P), are indicated by blue 
boxes.  
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Sampling procedures followed the Sampling and Analysis Protocol of Ontario Reg 

267/03 under the Nutrient Management Act (2002), as required in sections 2.3, and 2.4 for liquid 

and dewatered cake samples. Liquid samples were collected in two 20-L pails while tanks were 

being mixed to produce two independent composite samples. The pails were mixed for 

approximately 10 seconds using a stirrer or through agitation of the pail prior to sample 

collection and were added into sterile jars using a clean scoop that was rinsed between samples. 

The sub-samples contained approximately 500 to 750 mL of material. For Sites A, B, C, and D, 

one sub-sample was collected per composite, while 1-3 sub-samples were collected for Sites J 

and K. For dewatered cake samples, a composite sample comprised of 30 grabs from the 

centrifuge was collected in a 20-L pail, as per routine NASM sampling. Dewatered cake samples 

were not mixed in the pails prior to sub-sampling but were grabbed from various depths and 

locations in the pail to allow for randomization of sampling. Approximately 50-75 g were 

collected per sub-sample, and 1-3 sub-samples were taken from each composite in sterile whirl-

pak bags or jars.   

 All samples were stored on ice in coolers and shipped to the University of Guelph, where 

they were stored at 4ºC for no more than 48 hours before being transferred to -20ºC for long term 

storage. Subsamples required for dry weight determination, E. coli enumeration, and DNA/RNA 

extraction were removed prior to transferring samples to the freezer.  

2.2 Dry Weight Determination 

Dry weight values for composites from each site were determined each month. One sub-

sample from each composite was used to determine dry weight in triplicate, as illustrated in 

Figure 2.2. Liquid sample composites with no sub-samples provided were combined for dry 
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weight testing to conserve the amount of limited material used. All samples were heated and 

dried on aluminum trays within a muffle furnace to determine the dry weight per composite of 

each site to account for variability in water content. 

             
 

Figure 2.2: Schematic representation of sampling site consisting of two composite samples, each 
with 3 sub-samples per composite. Replicates from sub-sample 1.1 and 2.1 were used to 
calculate dry-weight values. 
 

Prior to the addition of samples, aluminum trays were weighed and recorded. For 

dewatered cake samples, 10-g (wet weight) of biosolids were heated in the muffle furnace to 

100ºC. In an initial assessment, samples were weighed every 24 h up to 72 h, and it was 

determined that a final weigh-in at 48 h was sufficient for the determination of sample dry 

weight. 20 mL of liquid biosolids were measured for dry weight calculation, however, as this 

material was extremely viscous the volume used was an approximation. The liquid biosolids 

were heated to 100ºC in the muffle furnace and were monitored and rotated hourly to ensure 

equal drying of the sample. The samples were weighed for their final dry weight once the 

Site

Composite 1 

Sub-sample 1.1

Replicate 1

Replicate 2

Replicate 3Sub-sample 1.2

Sub-sample 1.3

Composite 2

Sub-sample 2.1

Replicate 1

Replicate 2

Replicate 3Sub-sample 2.2

Sub-sample 2.3
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samples no longer demonstrated a change between measurements, which took approximately 4-6 

hours.  

  The total solids were determined for each triplicate by dividing the dry weight by the wet 

weight, and values for composite one and two were averaged together to produce a single value 

per site each month for the conversion of quantities to dry weight values. 

2.3 E. coli Enumeration 

Culturable E. coli present in municipal biosolids were determined using a serial dilution of 

samples and cultivation on differential coliform agar (DCA) for the selective and differential 

quantification of E. coli, as per methods outlined in Standard Methods for the Examination of 

Water & Wastewater (2005). DCA was prepared as per manufacturer’s instructions with 1.2 mL 

of cefsulodin per liter of media from a sterile stock solution of 10 mg/mL. One gram of 

dewatered cake samples was suspended in 9 mL of 1x Phosphate-Buffered Saline (PBS) and 

thoroughly vortexed for even suspension of the sample. This sample underwent ten-fold serial 

dilutions up to a 10-5 dilution. 100 µL of each dilution were spread on DCA plates. For liquid 

biosolids, a serial dilution series from undiluted up to 10-4 dilutions were prepared and spread on 

DCA plates. Liquid samples that were too viscous for accurate measurements by volume were 

treated as a dewatered cake sample and measured by weight. All plates were incubated at 37ºC 

for approximately 24 h and counted using a Quebec Colony Counter. E. coli colonies (observed 

as blue colonies) in the countable range of 30-300 were recorded when possible. Results that fell 

outside of the countable range were included when necessary, such as undiluted liquid samples 

that demonstrated counts less than 30 colonies per plate.  
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2.4 DNA/RNA Extraction  

A DNA/RNA extraction was performed on all samples collected using the AllPrep 

PowerViral DNA/RNA Extraction Kit (Qiagen Canada, Toronto, ON, Canada). The extraction 

kit was selected based on the validation study by Iker et al. (2013), which determined that the 

PowerViral Environmental DNA/RNA Extraction Kit (previously distributed by MO BIO, San 

Diego CA, USA) was the most effective extraction kit for the sample matrix of interest. The 

protocol was performed as per manufacturer’s instructions: 0.25 g of dewatered cake samples or 

200 µL of liquid biosolids were used per extraction, with the exception of liquid samples that 

were too viscous for measurement by volume; the latter samples were weighed to 0.25 g. All 

samples underwent the additional recommended step of bead-beating in order to optimize the 

release of cellular contents from the complex biosolids matrix. Samples were eluted in 100 µL of 

RNase/DNase-free water and measured on the Nanodrop 2000c Spectrophotometer (Thermo 

Fisher Scientific, Mississauga, ON, Canada) to determine the concentration of DNA and RNA, 

as well as to obtain the nucleic acid 260/280 ratios to determine the quality of the extractions. 

260/280 ratios are used to determine the level of contamination from the extraction procedure, 

and a ratio of approximately 1.8 for DNA and 2.0 for RNA are accepted as pure nucleic acid 

samples, which were typically achieved by the nucleic acid extracts. The extracts were stored at -

80ºC until further analysis. 

2.5 Inhibition Testing 

Municipal biosolids present a challenge in qPCR detection of target genes as components 

of their complex organic matrix can be co-extracted with nucleic acids and result in interference 

during both the cDNA synthesis and qPCR steps. These inhibitory components include humic 



 

 

 

 

54 

 

acids, fulvic acids, fats, and proteins that are commonly found in environmental samples, heavy 

metals and polyphenol contaminants that are present in biosolids (Rock et al., 2010), and 

residuals from reagents used in nucleic acid extraction such as phenols and guanidine. As a 

result, samples must be diluted to minimize interference from the organic and inorganic 

compounds while allowing for uninhibited cDNA synthesis and adequate detection of target 

genetic sequences. For this study, a series of dilutions including 0, 1:5, 1:10, 1:20, 1:100, and 

1:200 of all samples were produced by combining the biosolids nucleic acid extracts with 

nuclease-free water. These diluted extracts were spiked with a high concentration of rotavirus 

(108 copies/µL) to detect inhibition. It was found that 1:20 was an effective dilution for 

minimizing inhibition while maintaining detectable virus concentrations, therefore this dilution 

was selected for confirmation of inhibition testing.  

Detection of RNA viruses requires a two-step procedure, which includes the production 

of cDNA, followed by quantification through qPCR. Inhibition of the reaction may occur during 

either step therefore further inhibition testing was required to ensure that inhibition in the first 

step did not impact cDNA production. Several samples demonstrating low quality 260/280 

values significantly less than 2.0, acquired from spectrophotometry of DNA/RNA extraction, 

were selected for inhibition testing. 1:20 dilutions, along with positive controls, were spiked with 

MS2 RNA (American Type Culture Collection (ATCC), Manassas, VA, USA) as outlined in 

section 2.5.1 prior to cDNA synthesis. The samples were compared to the positive control via 

qPCR to determine if there was any inhibition present in cDNA synthesis. Samples selected for 

inhibition testing using MS2 were also selected for inhibition testing using bovine Bacteroides 

due to their unlikely presence within municipal biosolids. Bovine Bacteroides plasmid (107 
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copies/µL) outlined in Lee et al. (2010) and Lee et al. (2014) was spiked into select samples to 

determine whether inhibition was present in the detection of target genomes rather than cDNA 

synthesis. This step was completed to further verify no significant inhibition of qPCR in the 1:20 

diluted samples. 

Following all inhibition testing, which confirmed that 1:20 dilutions were optimal, cDNA 

was produced for each sample and immediately quantified or stored at -80ºC until further 

analysis by qPCR.  

2.5.1 cDNA Synthesis Protocol for Inhibition Testing using MS2 

The manufacturer’s recommended reaction protocol outlined in section 2.6 was used for 

cDNA synthesis of spiked samples and final cDNA products were quantified using qPCR for 

detection of inhibition. The RNA of bacteriophage MS2 (from a 5 x 109 PFU/mL stock) was 

extracted using the QIAamp MinElute Virus Spin Kit by Qiagen. 1µL of extracted MS2 RNA 

was spiked into 14 µL of diluted samples outlined in section 2.5 and 5 µL of reverse 

transcriptase and buffer. Positive controls contained 1 µL of MS2 RNA and 14 µL of nuclease-

free water with 5 µL of cDNA synthesis mix.  

2.5.2 qPCR Protocol for Inhibition Testing Using Rotavirus 

The concentration of primers and probes used for inhibition testing with rotavirus 

followed those outlined by Lee et al. (2016). Inhibition testing was performed on all cDNA 

samples from various dilutions. Each sample was spiked with 1 µL of 108 copies/µL rotavirus 

standard plasmid as per Lee et al., 2016. Each plate included at least two non-template controls 

(NTCs) and two positive controls, which included the same volume of spiked target as the 

samples combined with nuclease-free water. The samples were quantified by qPCR with the 
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CFX96 thermocycler (Bio-Rad Life Sciences, Mississauga, ON, Canada) for 30 seconds at 95ºC 

for the initial denaturation step, followed by 40 cycles of 95ºC for 10 seconds, and 60ºC for 30 

seconds. All qPCR primers and probes used in inhibition testing are outlined in Table 2.2. It was 

determined that there was no inhibition if the cycle threshold (Ct) values fell within 5% of the 

positive controls (Wong et al., 2010).   

2.5.3 qPCR Protocol for Inhibition Testing Using MS2 

Inhibition reactions were run using MS2 primers and probes as described in McLellan et 

al. (2016) and O’Connell et al. (2006), in SsoAdvanced Universal Probes Supermix with 

concentrations of 0.5 µM of forward and reverse primer, and 10 µL SsoFast EvaGreen 

Supermix. 10 µL of samples and positive controls described in section 2.5 were combined with 

15 µL of mastermix. The target viruses within the samples were quantified with a CFX96 

thermocycler at 95ºC for 3 minutes for the initial denaturation step, followed by 40 cycles of 

95ºC for 15 seconds, 58ºC for 15 seconds, and 72 ºC for 15 seconds (McLellan et al., 2016). It 

was determined that there was no inhibition if the Ct values fell within 5% of the positive 

controls (Wong et al., 2010).   

2.5.4 qPCR Protocol for Inhibition Testing Using Bovine Bacteroides 

The concentration of bovine Bacteroides primers and probes in the SsoAdvanced 

Universal Probes Supermix followed that of section 2.5.3 as per the MECP protocol E3499. The 

reactions were spiked with 1 µL of Bovine Bacteroides plasmid at a concentration of 107 

copies/µL into 5 µL of 1:20 dilution sample extracts, 4 µL of nuclease-free water, and 15 µL of 

mastermix. The samples were quantified with the CFX96 thermocycler at 95ºC for 3 minutes for 

the initial denaturation step, followed by 40 cycles of 95ºC for 15 seconds, and 60ºC for 1 minute 
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(Lee et al., 2010). It was determined that there was no inhibition if the Ct values fell within 5% 

of the positive controls (Wong et al., 2010). Results from the Bovine Bacteroides and the 

rotavirus inhibition tests for 1:20 dilutions of sample extracts were compared. Re-testing with a 

higher dilution was required for any samples that demonstrated inhibition in both tests. However, 

these results were not observed in any samples, and 1:20 was accepted as an appropriate dilution.  

2.6 cDNA Synthesis of RNA Samples Extracts for Enteric Virus Testing 

Following RNA extraction, an additional cDNA synthesis step was required for the 

detection of target viruses with RNA genomes, such as HRV and HNV. The iScript cDNA 

Synthesis Kit from BioRad was selected for this step, and reagent concentrations and 

thermocycler protocol were followed as per manufacturer recommendations. The reaction 

protocol for cDNA production, which includes 15 µL of sample and 5 µL of reverse transcriptase 

and buffer (at a 1:4 ratio, reverse transcriptase:buffer) requires a priming step at 25ºC for 5 

minutes, followed by reverse transcription at 46ºC for 20 minutes, and reverse transcriptase 

inactivation for 1 minute at 95ºC. The amount of RNA added to the reaction cannot exceed 1 µg, 

however since an initial 1:20 dilution step was included to minimize inhibition, no samples 

exceeded the maximum allowable amount of RNA per reaction. Additionally, due to the 

inhibitory nature that complex organic matrices pose on cDNA synthesis and qPCR detection, 

multiple inhibition tests were performed to determine an appropriate dilution to minimize the 

effects of inhibition and to identify the stage in which inhibition has the greatest effect.  

2.7 Enteric Virus Quantification by qPCR  

Two qPCR assays were used for this study and run on a CFX96 (BioRad) thermocycler, a 

monoplex test for HAdV, and a multiplex for HRV and HNV (Lee et al. 2016). For the 
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monoplex mastermix, primers and probes were combined with SsoAdvanced Universal Probes 

Supermix (BioRad), while primers and probes were combined with the iQ Multiplex Powermix 

(BioRad) for the multiplex mastermix. Primers and probes used in all qPCR reactions, including 

those used in inhibition testing are outlined in Table 2.2. The concentration of mix, primers, and 

probes for monoplex and multiplex reactions were described as per Lee et al. (2016). In place of 

primer sets for all targets, gBlocks standard for multiplex reactions of HAdV, HRV, and HNV 

was developed for this study (see Appendix 1 for details). 

As the multiplex qPCR involves the analysis of RNA viruses, 10 µL of sample was 

acquired from the previous cDNA synthesis step and combined with 15 µL of mastermix. The 

monoplex qPCR for adenovirus does not require the cDNA synthesis step, however, to ensure 

dilutions across all of the samples remained consistent, an additional dilution step was included 

to reproduce this step. Each nucleic acid extract was initially diluted 20-fold in DNase/RNAse 

free water. 15 µL of the diluted extract were added to 5 µL of water (equivalent to the cDNA 

synthesis reaction), and 10 µL of this solution was used in the monoplex qPCR. Each plate 

included 2 or 3 sets of plasmids or gBlocks standards for each virus, with a target concentration 

of 101 to 108 copies/µL, in addition to two non-template controls (NTC). Water was used for the 

elution of RNA/DNA during extraction and was therefore used to produce NTCs in place of 

sample. Each plate was run in the CFX96 thermocycler for 3 minutes at 95ºC for the initial 

denaturation step, followed by 40 cycles of 95ºC for 15 seconds, and 60ºC for 1 minute. The 

CFX96 captured the florescence signals following each cycle, until all 40 were completed.
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Table 2.2: PCR primers and probes selected for detection of various target genomes 
Target Primer/Probes Primer Sequence 

5’ → 3’ 
Tm 
(°C) 

Position Target GenBank References 

Human 
Adenovirus 

HAdV-Fa 

HADV-TPb 

HAdV-Rc 

TCCGACCCACGATGTAACCA 
ACAGGTCACAGCGACT 
CACGGCCAGCGTAAAGCG 

59.1 
69.0 
58.3 

370-389 
393-408 
464-481 

Hexon 
Structure 
Gene 

 
D13781 

Lee et al., 2016 
Lee et al., 2016 
Lee et al., 2016 

Human 
Rotavirus 

HRV-F1 
HRV-TP 
HRV-R 

CATCTACACATGACCCTCTATGAGCA 
AATAGTTAAAAGCTAACACTGTC 
CGCCCCTATAGCCATTTAGGTTT 

58.3 
69.0 
58.6 

963-986 
992-1014 
1045-1067 

NSP3  
X81436 

Lee et al., 2016 
Lee et al., 2016 
Lee et al., 2016 

Human 
Norovirus 

HNV-F 
HNV-TP 
HNV-R 

CCAATGTTCAGATGGATGAGATTCTC 
ATCGCCCTCCCACGT 
TCGACGCCATCTTCATTCACA 

59.1 
69.0 
58.3 

5009-5034 
5045-5059 
5080-5100 

ORF2  
X86557 

Lee et al., 2016 
Lee et al., 2016 
Lee et al., 2016 

MS2 MS2-F 
 
MS2-R 

GTCGCGGTAATTGGCGC 
 
GGCCACGTGTTTTGATCGA 

58 
 
58 

632-684 
 
690-708 

Assembly  
Protein 

NC_001417 
 

O’Connell et 
al., 2006 
O’Connell et 
al., 2006 

Bovine 
Bacteroides 

BacBov-F1 
BacBov-TP1 
BacBov-R1 

AAGGATGAAGGTTCTATGGATTGTAAA 
AAGTTTGCGGCTCAAC 
GAGTTAGCCGATGCTTATTCATACG 

59 
70 
59 

383-409 
418-433 
461-484 

16S 
rRNA 
gene 

 
AY597142 

Lee et al., 2010 
Lee et al., 2010 
Lee et al., 2010  

aForward primer  
bTaqMan probe  
cReverse Primer 
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2.8 Virus Flocculation and Cell Infectivity Assay 

2.8.1 Virus Flocculation 

The flocculation protocol was performed on dewatered cake samples from Sites E, F, G, 

and H, as per ASTM Method D4994-89 (USEPA, 1999), which was modified based on the 

method of Lewis and Metcalf (1988) to include polyethylene glycol (PEG) as a flocculant rather 

than coagulation with hydrochloric acid. Previous studies requiring viral flocculation from 

municipal biosolids for the extraction of adenovirus for cell infection have demonstrated 

effectiveness in the use of PEG as a flocculant (Keegan et al., 2013; Irwin et al., 2017). The 

amount of sample used for each flocculation was equally collected from each sub-sample from 

both composites per site each month and combined to make a single sample for flocculation. 

Each flocculation required 12 g dry weight of sample, therefore the amount of wet sample varied 

by the calculated dry weight ratio (see section 2.2). 

 To elute viruses from the samples, the 12g dw biosolids were suspended in 100 mL of 

10% beef extract and mixed by magnetic stirring for 30 minutes. Samples were then centrifuged 

at 10,000 x g for 30 minutes at 4ºC, the supernatant was transferred to new tubes and centrifuged 

at 15,000 x g for 30 minutes at 4ºC. The supernatant was decanted into a receiving flask and 

filtered through a 0.45-µm filter followed by a 0.20-µm filter; each filter was first primed with 

15 mL of 3% beef extract to minimize non-specific adsorption of viruses before use. The volume 

of the filtered eluates was measured and transferred into 600 mL beakers covered with aluminum 

foil. The eluates were diluted with dH2O in a volume ratio of 3:7 (eluate:dH2O) producing a final 

concentration of 3% beef extract. Samples were stirred using a magnetic stirrer and 50 g PEG 

8000 and 30 g NaCl per 500 mL eluate were added to the buffered beef extract. Samples were 
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stirred for 10 minutes at room temperature and transferred to 4ºC for gentle shaking at 60 rpm for 

1 hour. The precipitated beef extract suspension was centrifuged at 5000 x g for 30 minutes at 

4ºC. The supernatant was carefully aspirated to ensure the pellet was not disrupted, and 30 mL of 

0.15 M sodium phosphate (pH 9) was combined with the precipitate and stirred using a magnetic 

stirrer for 10 minutes. Samples were centrifuged at 7000 x g for 15 minutes at 4ºC and the 

supernatant was filtered through a 0.20-µm filter primed with 10-15 mL 1.5% beef extract. Virus 

flocculants were stored at -80ºC until use in cell infectivity assays.  

2.8.2 Cell Infectivity Assay  

The cell line A549 (ATCC® CCL-185TM) obtained from the ATCC, an adenocarcinoma 

human alveolar basal epithelial cell line, was selected to evaluate the presence of infective 

enteric viruses in the virus flocculants prepared from the municipal biosolids samples. Several 

studies have included the use of A549 cells due to its effectiveness in demonstrating cytopathic 

effects from adenovirus infection, including Hansen et al. (2007), Wong et al. (2010), and Irwin 

et al. (2017). Although the MA104 cell line is typically selected for the observation of infection 

with rotavirus, as observed in Hansen et al. (2007) and Lee et al. (2013), rotavirus-wa (ATCC) 

was included as a positive control in the infection of A549 to determine if CPE was observable. 

Cells were initially seeded onto 25 cm2 flasks from ATCC frozen stocks stored in liquid nitrogen 

and were thawed following ATCC recommendations. A549 cells were grown in Complete 

General Media (CGM) containing Eagle’s Minimum Essential Medium (Corning), supplemented 

with 10% fetal bovine serum, 1% penicillin-streptomycin, and 1% sodium bicarbonate (from a 

7.5% stock solution), buffered to pH 7.2 ± 0.2, and incubated at 37ºC with 5% CO2, as per 

communication with Martha Brown from the University of Toronto. Cells were transferred to a 
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75 cm2 flask once 90% confluency was achieved to allow for greater propagation of the cell line. 

Cells used for infection were acquired from 75 cm2 flasks at 90% confluency and were acquired 

between 5-20 passages from frozen ATCC stocks. The cells were treated with 1x trypsin-EDTA 

for removal from the flask and were diluted using CGM to a concentration of 5.0x104 cells/mL 

(M. Brown). Preliminary testing indicated this cell concentration allowed for appropriate cell 

growth in the 96-well plate assay without displaying excessive overgrowth.  

 For infectivity assay, 45 µL of CGM were added to each well of a 96-well plate (flat 

bottom, tissue culture treated with low evaporation lid, Costar®, Kennebunk, ME, USA). Virus 

flocculation samples were rapidly thawed in a 37ºC water bath, and 5 µL of a sample were added 

to a well in the first row of the plate containing 45 µL CGM. Triplicate tests were run for each 

sample, allowing for a total of four samples per plate. Controls included assays containing HAdV 

40 and 41 (1.25 x 104 and 1.79 x 107 copies/mL viral concentrate, respectively), HRV-wa (7.93 x 

103 copies/mL viral concentrate) and no virus (cell growth control). The samples in Row A were 

mixed thoroughly and a 10-fold serial dilution series was conducted from Rows B – G. No 

sample was added to row H, to act as a cell growth control. 200 µL of cell suspension were 

added to each well and thoroughly mixed. Plates were incubated statically at 37ºC with 5% CO2 

for 3-5 weeks and monitored twice a week microscopically for cytopathic effects of the A549 

cells.  

2.9 Statistical Analysis  

The purpose of this study was to quantitatively assess the presence of human adenovirus, 

rotavirus, and norovirus in Ontario CP2 municipal biosolids, as well as determine if there is a 

seasonal variation in the quantities of these pathogens. Further, this study examined current 
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testing methods for CP2 biosolids with respect to its effectiveness in determining viral pathogen 

reduction, through the use of E. coli enumeration methods. An initial Pearson correlation test 

between E. coli results and each of the enteric viruses using the statistical program R (R Core 

Team, 2017) was used to determine if there is a relationship between E. coli enumeration results 

and enteric virus detection for all final product biosolids. For all tests executed, statistics were 

run on non-transformed raw data using the program R w, and a p-value of less than 0.05 was 

used to indicate a statistically significant result. 

A one-way ANOVA test with a single fixed effect was conducted on final product 

biosolids for target viruses against different variables such as sampling year, treatment, month of 

sampling event, site, and biosolids type, to determine trends and relationships present in the 

dataset. For samples that demonstrated statistical significance between sampling years, an 

additional test including year as a random effect was included to control for any residual error 

caused by year. Where applicable, the Tukey test was used to ascertain where specifically 

statistical significance occurred within a variable.  

Similar to statistical testing of final product biosolids, analysis of sludge sampled 

throughout the treatment process were assessed initially using a one-way ANOVA test with a 

single fixed effect for variation in each enteric virus between stage of treatment, treatment type, 

and month of sampling event. Due to the small number of sampling events at each site, samples 

were organized by stage of treatment rather than by site for this initial analysis. For variables that 

demonstrated statistical significance, an additional Tukey test to allow for a means comparison 

within the variable was applied. Sampling data was reorganized to assess variation between sites, 

which was tested using a one-way ANOVA. Lastly, each site was sampled twice, once in the 
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summer and once in the fall. A one-way ANOVA test was applied to determine if there was any 

statistical significance between the two seasons, regardless of stage of treatment.  
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3 Results 

This section will address the dry-weight determinations for dewatered cake and liquid 

biosolids presented as percentages of solids per wet weight to provide the application of site-

specific values based on dry-weights per gram/dry weight or per 100 mL of liquid sample. Next, 

this section will address E. coli enumeration values, followed by qPCR results, including 

standard curves, detection limits and qPCR quantification data and statistics. Lastly, data on the 

cell infectivity assay, as well as a comparison between assay results and E. coli enumeration will 

be presented. 

3.1 Dry weights of Dewatered Cake and Liquid Biosolid Samples 

Dry weights were determined by heating 20 mL of liquid and 10 g of dewatered cake 

samples at 100ºC for 4-6 h and 48 h, respectively, per site each month. A dry weight to wet 

weight ratio was calculated to allow for standardization of quantifications from E. coli 

enumeration and qPCR for comparison purposes on a dry weight basis. Average dry weight 

values for dewatered cake samples ranged between 25-30% solids per g wet weight, while liquid 

samples did not exceed 5% per g wet weight. Liquid samples that fell below 1% dry-weight, 

such as return sludge samples as well as one sample from Site J and two samples from Site K, 

were quantified per 100 mL rather than per gram dry weight. The dry weight values obtained in 

this study were similar to those reported in previous literature (Evanylo, 2006; Flemming et al., 

2017). As variation occurs in dry weight values across different sampling events within the same 

site, monthly values were used in the quantification of their respective E. coli and enteric viruses. 

Figure 3.1 presents a boxplot of the dry weight values calculated per site for dewatered cake and 

liquid final product biosolids, with the exception of samples A, B, C, and D, for all sampling 
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events, separated by site. This figure demonstrates variation in dry weight between monthly 

sampling events and Figure 3.2 demonstrates the variation in dry weight of each site, averaged 

between the two sampling events. This figure includes feed sludge, return, which is primarily 

water that is drawn off of the sludge and returned for water treatment, treated sludge and final 

product biosolids that may undergo a final stage to remove additional water.  

 
Figure 3.1: Boxplot of percent dry weight acquired from final product biosolids, demonstrating 
the variation between sampling events in 2018 for Sites E and F (8 and 7 sampling events), and 
2018-2019 for Sites G, H, J, and K (11, 11, 9, and 10 sampling events). The median dry weight 
for each sample site is represented by the point where the yellow and grey boxes meet, while the 
first quartile is represented by the lower edge of the grey box, and the third quartile is 
represented by the upper edge of the yellow box. The whiskers mark the maximum and 
minimum dry weight values provided for each site.  
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Figure 3.2: Percent dry weight of liquid biosolids sampled across the treatment process from 
Sites A-D, averaged between two sampling events (n=2) for summer and fall. For all sites 
sampled, the standard deviation of replicate dry weights did not exceed ± 1.24%.  
 
3.2 E. coli Abundance in Biosolid Samples 

3.2.1 Analysis of E. coli in Final Product Biosolids 

E. coli enumeration is the standard test for assessing the pathogen content of CP2 

biosolids, which has a regulatory threshold that cannot exceed 2 million CFU per g dw or 100 

mL of biosolid sample for land application in Ontario. Figure 3.3 demonstrates the arithmetic 

average E. coli enumerated in final product biosolids per g dw, determined monthly per site for 

Sites E-H, J, and K, while final product biosolids for Sites A-D are demonstrated in Figure 3.4. 

The regulatory threshold was included to facilitate identifying samples that fell above the 

threshold limit. Typically, final product liquid samples (Sites A-D, J, K) did not exceed the 

threshold limits with the exception of the Site A – December sampling event, and often 

demonstrated non-detectable E. coli, as consistently demonstrated by Site J. Biosolids sampled 
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from Site J, which is a storage facility, may have demonstrated greater E. coli reduction due to 

precipitation of solids and aging of the material.  

Dewatered cake samples demonstrated a higher frequency of detection above 2 million E. 

coli CFU/g dw, with 22 of 37 sampling events (59.5%) detected above this threshold. Results 

from Site F, which typically did not exceed the threshold limit, demonstrated a spike above 2 

million CFU per gram dw in September, likely due to inappropriate storage at room temperature 

for four days as a result of shipping error. Site E demonstrated values exceeding the threshold for 

all sampling events (May – December 2018), while Sites G and H demonstrated frequent 

threshold breaches at 7 and 6 of 11 sampling events, respectively.  

Overall, from 65 final-product sampling events between 2018 and 2019, 35.4% (23 

samples) fell above the regulatory limit, of which only one final-product sample was liquid. To 

determine if there was seasonal variation for E. coli, a one-way ANOVA test on final product 

biosolids from April-August (summer) and September-December (fall) was conducted; and no 

statistical significance was found between the two seasons with a p-value of 0.167. 

In Ontario, wastewater effluent is regulated by the MECP through Environmental 

Compliance Approvals, which includes the determination of monthly geometric means of E. coli 

enumerated from at least four weekly sampling events (Simhon et al., 2019). Similarly, 

geometric means were determined from four consecutive sampling events, and were flagged if E. 

coli detection exceeded 2 million CFU/g dw. Table 3.1 demonstrates geometric means 

calculated from the average detection of E. coli per month for each site sampled. 15 of 39 

(30.5%) of final product biosolids demonstrated detection limits above the 2 million CFU/g dw 
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threshold, with 15 of 25 (60%) exceedances occurring in dewatered cake samples, and 0 of 14 

(0%) exceedances occurring in liquid samples. 
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Figure 3.3: E. coli enumerated in final product biosolids. Data from 2018 and 2019 for (A) 
dewatered cake and (B) liquid samples, averaged between single dilution series run per 
composite (n=2). The CP2 biosolids standard for E. coli enumeration of 2 million CFU/g dw or 
100mL is included as a benchmark comparison, represented by the black line. For dewatered 
cake samples, the average standard deviation of replicate enumerations ranged from ± 8.69 to 
126.56%, while liquid samples ranged from ± 0 to 69.35%.  
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Table 3.1: Geometric means (in CFU/g dw or 100mL) of four consecutive sampling events per 
site for dewatered cake and liquid final product biosolids, from May 2018 – December 2018 and 
April 2019 – June 2019. 

 May’18-
Aug’18 

Jun’18-
Sep’18 

Jul’18-
Oct’18 

Aug’18-
Nov’18 

Sep’18-
Dec’18 

Oct’18-
Apr’19 

Nov’18-
May’19 

Dec’18-
Jun’19 

Site E *3.13x107 *3.62x107 *2.43x107 *1.60x107 *9.22x106 N/A N/A N/A 
Site F N/A 1.61x106 1.30x106 6.45x105 3.08x105 N/A N/A N/A 
Site G *4.43x106 *2.70x106 *2.81x106 *6.64x106 *3.78x106 *2.14x106 1.96x106 1.47x106 

Site H *9.70x106 *5.09x106 *2.30x106 *2.79x106 1.00x106 5.57x105 5.70x105 8.85x105 
Site J N/A †Non-

Detect 
Non-

Detect 
Non-

Detect 
Non-

Detect 
Non-

Detect 
Non-

Detect 
Non-

Detect 
Site K N/A 2.29x105 2.91x105 2.19x105 6.99x104 3.30x104 4.00x104 9.35x104 

*Samples that exceeded the 2 million CFU/g dw (or 100mL) 
†Non-detects indicates target abundance is below the limit of quantification 
Each column represents a geometric mean of 4 consecutive samples taken during indicated 
timeframe 
 

3.2.2 Analysis of E. coli Across Treatment Process of Biosolids 

Liquid biosolids that were sampled from Sites A, B, C, and D were collected at various 

stages of biosolids production, including feed, return, treated, and final product stages and 

evaluated for culturable E. coli (Figure 3.4). Feed sludge, which was collected prior to entering 

the treatment process, demonstrated higher E. coli abundance than samples taken at subsequent 

stages by at least 300%, with the exception of May 2018 samples. Conversely, final product 

sludge, which has undergone the entire treatment process and was held for storage or sent 

directly for land application, consistently demonstrated values below the threshold concentration 

for E. coli with the exception of the Site A – December sampling event. Return sludge produced 

E. coli values below the threshold for all sampling events, and typically produced values below 

the previous feed sludge stage with the exception of the May sampling event (Site C). Further, 

treated sludge remained below the threshold with the exception of the November and December 

sampling event (Site B and A, respectively), and consistently produced E. coli values below their 

respective feed sludge values, as demonstrated in Figure 3.4. Samples were grouped into 
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summer (May-August) and fall (September-December) categories, regardless of stage in process 

to determine overall if there was seasonal variation, and the results demonstrated statistical 

significance with a p-value of 0.049. Despite the overall statistical significance present for 

seasonality between treatment stages for all sites sampled, a further assessment determined no 

statistical significance for seasonality was present between sampling events for any individual 

sites, or overall for any individual treatment stage. The log reduction of E. coli between feed 

sludge and treated sludge was calculated for each sampling event and averaged for each site (two 

sampling events each). Feed sludge is newer than treated sludge as it has recently entered the 

wastewater treatment facility, compared to treated sludge that has been on site for 16 or more 

days, therefore the two materials are not considered an exact match. Sites A and B, which both 

underwent aerobic digestion, demonstrated an average log reduction of 1.14 and 0.57, 

respectively, while Sites C and D demonstrated an average log reduction of 1.05 and 5.22, 

respectively, following anaerobic digestion. The reduction of E. coli was further calculated for 

feed sludge and final product biosolids, and the results demonstrated an average log reduction of 

1.72 and 1.56 for Sites A and B, respectively, and 5.80 and 7.57 for Sites C and D, respectively.  
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Figure 3.4: E. coli enumerated in liquid biosolids sampled at various stages in the treatment 
process, and averaged between a single dilution series for each of the two composites where 
applicable. The CP2 biosolids standard for E. coli enumeration of 2 million CFU/g dw or 100mL 
is included as a benchmark comparison, represented by the black line. The average standard 
deviation of replicate enumerations did not exceed ± 120%. 
 
3.3 Quantification of Enteric Viruses Through PCR 

3.3.1 Standard Quantification Curves 

In producing the standard quantification curves, demonstrated in Figure 3.5 for each 

virus control, the mean and standard deviations were determined from data sets with 21, 16, and 

16 independent standard curve runs for HAdV, HRV, and HNV, respectively. The MECP 

protocol E3499 “Identification of Fecal Water Pollution Sources by Real-Time Polymerase 

Chain Reaction (PCR) using Bacteroidales 16S rRNA Genetic Markers” stipulates that for 

standard curve runs, when more than one quantitative standard falls outside of a confidence 

interval (CI) of 95%, the entire qPCR procedure must be repeated. For this study, this value was 
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increased to allow for two standards to be removed within a run, due to the frequent non-

detection or removal of lower-concentration standards, such as 101 and 102 target gene copy 

numbers. As a result, the occasional removal of standards from higher target gene concentrations 

did not result in the loss of an entire quantification standard run.  

The human adenovirus quantification curve, which was produced from an original 

plasmid stock concentration of 1.25 x 1010 target gene copies/µL, included 21 quantification 

standard runs that did not require the removal of any full runs. From the 168 data points provided 

for the 21 standard runs, 13 points (7.7%) were not included due to non-detections or were 

removed for falling outside of the 95% CI. Five of the 13 points were removed from the 101 

standard concentration, while the remaining 8 points were removed from 102 – 108 standard 

concentrations. The human adenovirus standard curve included standard concentrations ranging 

from 101 – 108 target gene copy numbers per reaction, with an R2 value of 0.9992 and an 

efficiency of 105.9%.  

The rotavirus quantification curve, which was produced from a stock plasmid 

concentration of 2.32 x 1010 target gene copies/µL, resulted from 16 quantification standard runs 

that did not require the removal of any full runs. The 101 standard concentration for rotavirus 

was removed due to limited detection, to produce a standard curve with an efficiency of 104.2%, 

which would have otherwise fallen above the maximum acceptable efficiency at 111.5%. 

Further, it was determined that removal of the 101 target gene concentration had a minimal effect 

on the slope and R2 value of the rotavirus standard curve, with a slope of -3.226 and R2 of 0.9993 

with 101 concentration removed, versus a slope of -3.0744 and R2 of 0.9947 when the 101 

standard concentration was included. With the removal of the 101 standard concentration, 112 
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points within the quantification curve remain, of which 4 points (3.6%) were removed from 

across different standard concentrations as a result of falling outside of the 95% CI range.  

Lastly, human norovirus, which was originally produced from 18 quantification standard 

runs from a gBlocks stock of 3.37 x 1010 target gene copies/ µL, required the removal of two 

runs as a result of a greater than two-point removal within a single run. 16 standard runs 

produced a curve ranging from 101 to 108 with an efficiency of 91.0% and an R2 value of 0.9807. 

Within the remaining 16 standard runs, 22 out of 128 points (17.2%) were removed for falling 

outside of the 95% CI range or were not included as a result of a non-detection. All points with 

the exception of two (at 104 and 107 target gene concentration) were removed or not included for 

the 101 and 102 standard concentration. A validation study by Lee et al. (2016) examining 

multiplex qPCR for HAdV, HRV and HNV produced linear equations for the standard 

quantification curves with slopes of -3.52, -3.46, and -3.38, respectively, and R2 values greater 

than 0.997. This is comparable to the linear equations produced in this study, with slopes of -

3.19, -3.23, and -3.56 for HAdV, HRV and HNV, respectively. Following all adjustments to 

standard quantification curves, R2 values for all curves were greater than 0.98, with efficiencies 

between 90 and 110%. Figure 3.5 shows the standard quantification curves plotted on linear 

graphs with log-transformed x-axis values (Log - target gene copy numbers) for human 

adenovirus, human rotavirus, and human norovirus utilized for qPCR quantification of tested 

biosolid samples. An equation for the conversion of Ct values to copies per well is provided on 

each standard curve and will be used to quantify unknown samples for their respective targets.  

The analytical sensitivity of PCR, which is expressed by a limit of detection (LOD) 

value, is the concentration of a target gene that can be detected with reasonable certainty (Bustin 
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et al., 2009). For PCR, the most sensitive detection limit is 3 copies per reaction, with a 

confidence of 95%, therefore values detected below this LOD should not be reported as a 

positive result (Bustin et al., 2009). This LOD reflects the sensitivity and detection threshold for 

PCR as a testing method, however target-specific detection limits are additionally determined, 

which must be greater than or equal to the LOD for PCR.
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Figure 3.5: Standard quantification curves for (A) human adenovirus, (B) human rotavirus, and 
(C) human norovirus. Standards were run in monoplex using either plasmid standards for HAdV 
and HRV, and gBlocks standards for HNV to produce a curve for qPCR assays. 
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3.3.2 Limit of Quantitation for Target Genes in qPCR 

The limit of quantitation (LOQ) for qPCR, as determined in Lee et al. (2016), were 13, 

37, and 15 copies per reaction for HAdV, HRV, and HNV respectively. While the LOD value of 

3 copies per qPCR reaction reflects overall the detection abilities of the qPCR assay, the LOQ 

value represents the lowest concentration of specific targets for detection with a high degree of 

confidence. Measurements for biosolids with a dry-weight below 1% were standardized per 100 

mL. To provide a conservative detection limit for all liquid samples, the detection limit was 

calculated with an assumption that samples were below 1% solids content. The quantitation 

limits for liquid biosolids samples were 1.74 x 106, 4.94 x 106, and 2.00 x 106 copies/100 mL for 

HAdV, HRV, and HNV, respectively. The limits for dewatered cake samples varies depending 

on the solids content per sample, resulting in higher solids-content biosolids producing lower 

detection limits. Therefore, a single LOQ for dewatered cake samples calculated with the lowest 

wet weight to dry weight ratio (0.22) was used to provide a conservative detection limit for all 

dewatered cake samples. The LOQs were 6.63 x 104, 1.80 x 105, and 7.30 x 104 copies/g dw for 

HAdV, HRV, and HNV, respectively. These limits provide a numerical value that indicate the 

threshold at which the target genes can be quantified with a high degree of accuracy that is 

sample-specific, which is determined by the LOQ for the HAdV, HRV and HNV PCR assays 

and the dry weight of a target sample.  

3.3.3 Analysis of Enteric Viruses in Final Product Biosolids 

Quantification of enteric viruses in final product biosolids by qPCR demonstrated a range 

of detection of 104 to 109 copies/g dw or 100 mL for HAdV, HRV, and HNV. For all three viral 

targets, dewatered cake samples appeared to be clustered at the lower end of the detection range, 
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compared to liquid biosolid samples, and regardless of biosolids type all were above their 

respective limits of detection, illustrated in Figure 3.6. As demonstrated in Figure 3.7, although 

all three targets fall generally within the same range of detection, HNV presents with the highest 

abundance in both dewatered caked and liquid biosolids with an overall average detection of 

1.15 x 108 copies/g dw or 100 mL, while HRV appears to have the lowest abundance of the three 

target viruses over the sampling periods evaluated with an average abundance of 1.86 x 107 

copies/g dw or 100 mL. HAdV presents with a similar average abundance to HRV with 2.05 x 

107 copies/g dw or 100 mL. The graphs do not appear to demonstrate any seasonal trends at any 

of the sites, excluding January - March.  

Although two points fall below the conservative detection limit for HRV, Site H (April 

2019) and Site G (May 2019) were individually compared to the LOD value determined based 

on their corresponding total solids content, and detection for both points was greater than 37 

target copies/reaction, indicating that both points fall above their true detection limit.
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Figure 3.6: Quantification of target genes of (A) human adenovirus, (B) human rotavirus, and (C) human norovirus using monoplex 
and multiplex qPCR for dewatered cake (1) and liquid (2) final-product CP2 biosolids, averaged across 2-6 biological replicates per 
month. The average standard deviation of replicate enumerations for dewatered cake and liquid biosolids ranged from ± 9.36 to 
162.56% and ± 5.05 to 97.13%, respectively for HAdV, ± 3.57 to 137.45% and ± 0.36 to 99.58% for HRV, and ± 2.91 to 171.52 and ± 
6.14 to 84.68% for HNV. The LOQ for dewatered cake liquid samples is included to demonstrate which samples fall outside of the 
detection range.
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Figure 3.7: Boxplot demonstrating quantification data across 2018 and 2019 samples from all 
sites for HAdV, HRV, and HNV, separated by dewatered cake (Sites E – H) and liquid (Sites A 
– D, J, K) samples. The median number of copies per g dw or 100 mL for each target is 
represented by the point where the two boxes meet, while the first quartile is represented by the 
lower edge of the darker box, and the third quartile is represented by the upper edge of the lighter 
box. The whiskers mark the maximum and minimum number of copies per g dw or 100mL for 
each target. 

 
HAdV, HRV, and HNV were assessed for variation in detection for final product 

biosolids based on different criteria such as sampling year, treatment, month of sampling event, 

site, and biosolids type. Using a one-way ANOVA with a p-value of 0.05 to determine 

significance, no significant differences were detected for any target viruses for either treatment 

of anaerobic or aerobic digestion, and no significant difference was detected between months. 

For this study, only two out of 10 WWTPs sampled processed biosolids through aerobic 

digestion, of which the sites were each sampled twice in 2018, therefore a more detailed 
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demonstrating higher detection, while HNV showed no statistical significance with a p-value of 

0.079. Further assessment of Sites G, H, J, and K, which were the only sites sampled for both 

years, determined that Site J demonstrated statistical significance between 2018 and 2019, with 

p-values of 0.015 and 0.053 for HRV and HNV. An initial assessment of sampling sites and 

biosolid type (liquid and dewatered cake) demonstrated significant differences using a one-way 

ANOVA test of a single fixed effect. To determine if the detected variation was due to variation 

in the fixed effect of interest and not the variation caused by year, an additional model including 

year as a random effect was included to control for any residual error caused by year. The 

inclusion of year as a random effect confirmed a significant difference between liquid and 

dewatered cake samples for HAdV, HRV, and HNV with p-values less than .001. Year was 

similarly included to control for residual error for testing between sites sampled, which resulted 

in p-values for HAdV, HRV, and HNV of 0.005, 0.002, and 0.022, respectively. For each target 

virus, a means comparison with a Tukey test was applied to determine which sites demonstrated 

significant variation. A significant p-value of 0.021 and 0.018 was determined for Sites G-K and 

H-K, respectively for HAdV, 0.017 and 0.016 for sites G-J and H-J, respectively for HRV, and 

0.030 and 0.027 for Sites G-K and H-K, respectively for HNV. This indicated that significant 

variation in the abundance of target enteric viruses are observed between site, however this 

difference may be the result of variation between liquid and dewatered cake biosolids.  

3.3.4 Analysis of Enteric Viruses in Sludge Sampled Through Treatment Processing 

Liquid biosolids from four sites were assessed at four stages: feed, return, treated, and 

product sludge. Detection of target viruses ranged similarly to final product samples, between 

105 to 108 copies/g dw or 100 mL, illustrated in Figure 3.8. A conservative detection limit for 
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100 mL of liquid sample was included for each target virus based on the minimal detection of 13, 

37, and 15 target copies/reaction for HAdV, HRV, and HNV, respectively to provide a detection 

limit reference for all points. Two points fell below this conservative limit, treated sludge from 

Site B – Nov 2018 sampling event in HAdV detection, and treated sludge rom Site D – Oct 2018 

sampling event in HRV detection. Although both values fall below the conservative limit, only 

Site B – treated sludge presented with a lower detection than the minimal 37 copies/reaction 

limit.  

Liquid biosolids that were sampled twice during 2018 throughout the treatment process 

from Sites A, B, C, and D were statistically analyzed separate from the end product samples, 

with the exception of final products that were included in both analyses. Using a one-way 

ANOVA model, variation in each enteric virus between stage of treatment, treatment type, and 

month of sampling event was assessed. The results demonstrated that there was no significant 

difference between the different stages of treatment for feed, return, treated, or product sludge, 

with high p-values of 0.409, 0.726, and 0.529 for HAdV, HRV, and HNV, respectively, 

indicating no reduction in viral pathogen detection through qPCR. Additionally, no significant 

differences for anaerobic versus aerobic treatment types was detected, with p-values of 0.494, 

0.857, and 0.108 for HAdV, HRV and HNV, respectively. An examination of pathogen 

reduction through the treatment process between feed sludge and final product demonstrated a 

3.73, 0.01, 0.42, and -0.44 log-reduction for Sites A-D, respectively for HAdV. For HRV, 

pathogen reduction between feed and final product biosolids for Sites A-D were -0.19, -0.10, 

0.25, and -0.22 log, respectively, and 0.16, -0.49, -0.04, and -0.46 for HNV.  
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A significant p-value of <0.001 and 0.005 was determined for monthly variations of HRV 

and HNV, therefore an adjusted Tukey test for mean comparisons was conducted for each. A 

significant difference was determined between May and June, September, October, November 

and December, with p-values of 0.002, 0.002, 0.002, 0.003, and 0.009, respectively for HRV, 

and between July-June, and July-November with p-values of 0.003, and 0.004 for HNV. As sites 

were each sampled once in the summer and once in the fall, this monthly variation may be the 

result of variation between sites.  

An additional one-way ANOVA test on Sites A, B, C, and D were assessed for variation 

between sites, regardless of treatment stage. HNV demonstrated a significant difference with a p-

value of 0.015, while HAdV and HRV both had p-values greater than 0.16. An adjusted Tukey 

test for HNV revealed that Site A demonstrated a significant variation from Sites B and D with 

p-values of 0.041 and 0.013.  

Each site was examined for variation between the two sampling events to determine if 

variation exists between the two seasons, summer and fall. Since there were no significant 

differences between the feed, return, treated, or final product sludge, sample process was not 

differentiated for the purpose of seasonal variation analysis. A one-way ANOVA of Site A, 

which was sampled in July and December, demonstrated a significant p-value of 0.034 for HRV, 

while the p-values for HAdV and HNV were not significant. Site B, which was sampled in 

August and November, had significant p-values of 0.003, 0.003, and 0.005 for HAdV, HRV, and 

HNV, respectively. Similar to Site A, Site C, which was sampled in May and September, 

demonstrated a significant p-value of 0.039 for HRV, while HAdV and HNV did not 

demonstrate any significance. Lastly, Site D did not demonstrate any significant differences 
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among any enteric viruses between the June and October sampling events, demonstrating p-

values > 0.600 for HAdV and HRV, and >0.126 for HNV.  

Since no statistical difference was detected between treatment stages, samples were 

grouped into summer (May-August) and fall (September-December) categories, regardless of 

stage in process to determine overall if there was seasonal variation between the samples; the 

results demonstrated statistical significance for HRV with a p-value of 0.047. Further assessment 

determined that statistical significance was present exclusively for feed sludge for HRV, with a 

p-value of 0.0468.   
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Figure 3.8: Target genes of (A) human adenovirus, (B) human rotavirus, and (C) human 
norovirus quantified using monoplex and multiplex qPCR for liquid biosolids sampled at feed, 
return, treated, and final product stages. The LOQ for liquid samples, which is more 
conservative, is included to demonstrate which samples fall outside of the detection range. The 
average standard deviation of replicate enumerations ranged from ± 3.61 to 100% for HAdV, ± 
1.43 to 103.34% for HRV, and ± 1.09 to 100% for HNV. 
 

3.4 E. coli and Enteric Virus Correlation Test 

A preliminary test was conducted to determine overall if there is any correlation between 

culturable E. coli detection and each of the target enteric viruses detected by RT-qPCR from all 

final product biosolid samples. The correlation coefficient values between E. coli and HAdV, 

HRV and HNV were -0.138, -0.141, and -0.116, and the p-values were 0.274, 0.262, and 0.358, 

respectively. These results indicate that there is no correlation between E. coli and enteric virus 

detection, and there is no statistical significance.  

3.5 Cell Infectivity Assay Results 

Virus flocculation eluted from dewatered cake samples from Sites E, F, G, and H were 

evaluated for presence/absence of cytopathic effects (CPE) on A549 cells that indicated viral 
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infectivity (Table 3.2). Cell infectivity was observed to be variable between sites, with Site E 

demonstrating CPE for all months, while no CPE was observed for Site F. For Sites G and H, 

CPE were identically observed sporadically between May to December 2018, and in all months 

sampled in 2019, which is outlined in Table 3.2. Cytopathic effects were most commonly 

observed exclusively for the undiluted samples, which may be reflective of the quantity of 

infectious virus present within the material. Infection that was observed in subsequent dilutions 

typically presented with less disruption of the cell monolayer, while still demonstrating 

morphological deviation from negative controls. Figure 3.9 provides microscope images of 

A549 cells demonstrating CPE from a sample and positive controls, as well as a sample with no 

CPE observed, and a negative control, taken at an incubation time of three weeks. CPE was 

easily recognizable in the sample image provided as well as both HAdV strains (40 and 41), 

which is typical of adenovirus. HRV-wa demonstrated changes in cell morphology, however 

cytopathic effects appeared less significant than the HAdV positive controls. The CPE observed 

in the positive sample appears greater than the observed results in the positive controls, which 

may be due to a higher viral quantity, or a result of biosolid co-extracts. It is possible that co-

extraction of inhibitory components found within this complex organic matrix resulted in false-

positive detections due to disruption of the host cell’s integrity, resulting in no CPE observation 

in subsequent dilutions. Conversely, false negatives may have also occurred with this method 

due to prevention of viral attachment to the host cell from co-extracted inhibitors. 
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Figure 3.9: Microscope images at 100x magnification of A549 cells depicting cell morphology 
following three weeks of incubation for (A) cells with positive signs of infection following 
addition of sample (B) cells with no signs of infection following sample addition (C) negative 
control with CGM added in place of sample, (D) HAdV-40 positive control, (E) HAdV-41 
positive control, and (F) HRV-wa positive control. 

 
No statistical analysis comparing quantified enteric viruses to data acquired from cell 

infectivity was performed because infective viruses were assessed as either present or absent 

without specifically identifying the infective agent. Results of the cell infectivity assay were 

compared with E. coli enumeration results to assess the relationship between samples with E. 

coli greater than 2 million CFU/g dw and the presence of CPE, as demonstrated in Table 3.2. 

From the results of 37 cell infectivity tests, 35% demonstrated CPE with E. coli greater that 2 

million CFU/g dw, while 27% demonstrated negative results for both tests. Conversely, 19% of 

samples presented with positive infectivity without E. coli detection above 2 million CFU/g dw 

and 19% demonstrated E. coli values above 2 million CFU/g dw with no CPE during cell 

infection. This indicates that the presence of infectious virus does not always indicate high 
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concentrations of E. coli, and E. coli enumeration above the acceptable threshold for CP2 

biosolids is not always indicative of infectious virus. A correlation test comparing the presence 

of CPE with the occurrence of E. coli detection above 2 million CFU/g dw resulted in a p-value 

of 0.113 and a correlation coefficient of 0.261, indicating that there is no correlation between 

these two variables.  

Table 3.2: Presence/absence results on dewatered biosolids for infectivity assays from 
flocculated virus on A549 cells compared to E. coli results exceeding 2 million CFU/g dw 
threshold 

Sampling 
Months 

Site E Site F Site G Site H 

 Virus E. coli Virus E. coli Virus E. coli Virus E. coli 
May 2018 + + N/A* N/A + + + - 
June 2018 + + - - - + - + 

July 2018 + + - - - - - + 
August 2018 + + - - + + + + 

September 2018 + + - + - - - - 

October 2018 + + - - - + - - 
November 2018 + + - - - + - + 

December 2018 + + - - + - + + 
April 2019 N/A N/A N/A N/A + - + - 

May 2019 N/A N/A N/A N/A + - + - 
June 2019 N/A N/A N/A N/A + + + - 

*N/A: no samples collected 
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4 Discussion 

The purpose of this study was to address key information gaps regarding enteric viral 

pathogens in CP2 biosolids in Ontario such as the lack of quantifiable data on enteric viruses. As 

an extension of this work, it can be used to address risks of potential pathogen exposure for 

handlers, as well as environmental contamination risks, which may require the involvement of 

multiple municipal and provincial governing agencies. This study utilized novel testing methods 

validated against standard cell-culture methods utilized for Class A biosolids (USEPA equivalent 

of Ontario CP1 biosolids) with the purpose of providing risk-based data for informed re-

assessment of regulations and best management practices implemented by governing bodies in 

regard to the land application of CP2 biosolids to minimize environmental impact. This was 

achieved by determining the presence/absence and quantity of target enteric viruses in CP2 

biosolids, as well as the determination of relationships between viral content through novel 

molecular testing methods and E. coli detection in final product and through the steps on biosolid 

production using current standard testing methods. Additionally, this study aimed to address 

trends and relationships in the data such as seasonality, as well as providing a comparison 

between viral pathogen detection through novel testing methods against current culture-based 

methods used for CP1 biosolids. 

4.1 Analysis of E. coli Enumeration 

4.1.1 E. coli Enumeration of Final Product Biosolids 

The standard testing for CP2 biosolids for compliance with land application policies is the 

detection of E. coli through viable cell plating, which cannot exceed 2 million CFU/gram dw or 

100 mL, developed from USEPA: 40 CFR Part 503 regulations, and amended for E. coli 
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enumeration rather than fecal coliforms. In this study, the enumeration results of final product 

biosolids from various wastewater treatment facilities across Southern Ontario demonstrated a 

wide range of culturable E. coli, from non-detects to 108 CFU/g dw or 100 mL. Further, some 

sites demonstrated consistent values above the threshold limit for this bacterial pathogen 

indicator, which raises concerns regarding appropriate pathogen reduction through the treatment 

process. Although the use of E. coli may prove beneficial as a bacterial pathogen indicator, 

specifically in regard to bacterial re-activation and regrowth (Iranpour and Cox, 2006), E. coli 

provides insufficient information on the effectiveness of MB treatment on viral pathogen 

reduction. Consistent E. coli results above 2 million CFU/g dw for final product biosolids that do 

not correlate with spikes in enteric viruses quantified or the detection of cell infectivity 

challenges the effectiveness of bacterial indicators as a risk assessment for the biosolid treatment 

processes.  

4.1.2 E. coli Enumeration of Treatment-Process Sludge 

Variation in the reduction of E. coli from feed sludge to product biosolids is dependent on 

various factors such as treatment process and solids content within the sludge/biosolids (Godfree 

and Farrell, 2005). E. coli enumeration for liquid samples at various stages of the treatment 

process consistently demonstrated high detection in feed sludge compared to final product 

biosolids. Product undergoing aerobic digestion demonstrated an average of 1.64 log reduction 

between feed and final product for sludge with initial concentrations of 106 – 108 CFU/g dw or 

100 mL. This is comparable to a previous study examining fecal coliform reduction in 

aerobically treated biosolids, which demonstrated an average reduction of 0.68 log (Ponugoti et 

al., 1997). An additional study (Flemming et al., 2017) examining pathogen reduction in 



 

 

 

 

94 

 

mesophilic anaerobically digested biosolids demonstrated initial E. coli presence of 6-8 log 

MPN/g dw, which provides a similar average reduction of 1.7 log as the aerobic digestion results 

of this study. 

Anaerobic digestion treatment demonstrated non-detectable culturable E. coli compared 

to liquid feed sludge with 105 – 108 CFU/g dw or 100 mL initial concentrations. A previous 

study examining the effects of anaerobic digestion on E. coli inactivation typically demonstrated 

1-2 log reductions for liquid products (2-4% solids content) and 2-4 log reduction for dewatered 

cake (United Kingdom Water Industry Research (UKWIR), 1999). Complete inactivation of E. 

coli in anaerobically digested liquid material was observed in this study, although the reason for 

this is unknown, and therefore exhibites a higher degree of reduction to both liquid and 

dewatered cake product presented in the UKWIR study with an average log reduction of 6.69 

from feed sludge to final product biosolids. 

Anaerobic digestion was effective at reducing E. coli between feed and final product 

samples in liquid materials, indicating reductions greater than expected for the material type. In 

this study six additional sites with final product dewatered cake and liquid biosolid samples were 

examined, with samples demonstrating a range of detection up to 108 CFU/g dw or 100 mL. As a 

comparison between feed and final product cannot be assessed for these samples, the efficacy of 

treatment on the reduction of E. coli cannot be determined for these sites. E. coli reduction from 

two sites across two sampling events demonstrated greater pathogen indicator reduction than the 

results presented by the UKWIR for liquid samples and Flemming et al. (2017) samples, 

therefore it is possible that the dewatered cake samples may demonstrate a similar pattern. 

Regardless of pathogen reduction between feed sludge and final product, 36% of final product 
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biosolids presented with E. coli concentrations above the acceptable limit, indicating that 

bacterial pathogen reduction through anaerobic digestion may not be sufficient, or bacterial 

regrowth results in a higher detection of E. coli. Further, although these treatment processes 

demonstrated some effectiveness in E. coli reduction, a comparison between the use of a 

bacterial pathogen indicator and virus detection will address the efficacy in reducing viral 

pathogens. 

4.2 Virus Detection for Pathogen Indication 

4.2.1 Analysis of Enteric Viruses in Final Product Biosolids 

Enteric viral pathogens HAdV, HRV, and HNV were quantified through qPCR from final 

product biosolids sampled at 10 separate WWTPs across Southern Ontario. Results of this study 

indicated a range of detection of 104 to 109 copies/g dw or 100 mL, with HNV demonstrating 

higher quantification values compared to HAdV and HRV. Human norovirus, which is 

reportedly the leading cause of viral gastrointestinal illness affecting greater than 650 million 

individuals annually (Lopman et al., 2016), further demonstrates this high presence in municipal 

biosolids as a consequence of largely containing human fecal waste. A previous study addressing 

the presence and abundance of HNV GI and GII in mesophilic anaerobically digested biosolids 

through qPCR testing detected concentrations of 5.0 x 104 and 1.5 x 105 copies/g for biosolids 

with solids content of 5.04-7.95% and 18.30% (Wong et al., 2010). The results from Wong et al. 

(2010) demonstrated lower abundance in viruses (5-log less) compared to results obtained from 

this study that assessed HNV GII quantities in biosolids with solids content ranging from <1% to 

30.50%.  
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Rotavirus, which is the leading cause of gastrointestinal illness in children under 5 years 

of age resulting in an estimated 111 million cases globally per year (Grimwood, 2010) has 

previously been detected through ICC-PCR in sewage samples (Schlindwein et al., 2010). This 

study examined rotavirus in municipal biosolids and confirmed the presence infectious and non-

infectious rotavirus through RT-qPCR, with an average abundance of 1.86 x 107 copies/g dw or 

100 mL in processed final product biosolids. Further, this study detected infectious virus capable 

of infecting A549 cells from municipal biosolid samples, which may be the result of infectious 

rotavirus.  

In this study, gastric strains 40 and 41 of adenovirus were detected in numbers ranging 

from 9.84 x 104 to 2.71 x 108 copies/g dw or 100 mL. Previous research assessing the 

concentration of gastric adenovirus present in stool samples demonstrated high viral shedding of 

1011 viral particles per gram of stool in infected patients (McMinn, 2013). This high viral 

shedding from infected individuals is expected to be several magnitudes larger than what is 

detected in municipal biosolids as a dilution effect will occur as waste from uninfected 

individuals combines with infected waste, however this high viral shedding provides an 

indication of initial virus concentration in waste material. Concern regarding high viral shedding 

in infected individuals, high detection in CP2 biosolids, as well as demonstrated robustness 

towards UV radiation in wastewater (Thompson et al., 2003), suggests advantages with the use 

of HAdV strains 40 and 41 as a viral pathogen indicator in the assessment of risk-mitigation of 

viral pathogens in biosolids. ICC-PCR has been previously utilized for the assessment of 

adenovirus presence, infectivity, and seasonality, and has demonstrated positive year-round 

detection in sewage sludge (Schlindwein et al., 2010). Unlike the study conducted by 
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Schlindwein et al. (2010), this study did not similarly include a confirmation PCR detection 

following cell infection, however qPCR confirmed detection of HAdV with no seasonal 

variation, and positive controls confirmed cell infection of A549 by HAdV strains 40 and 41 

suggesting the infection of A549 cells in this study could have been due to human Adenovirus 

strains 40 and 41. Due to the high viral shedding of HAdV, year-round detection of infectious 

virus along with an ability to grow in culture, and high qPCR detection in municipal biosolids, 

additional testing incorporating ICC-PCR techniques may provide better insight into the 

infectivity of HAdV following treatment, which may provide insight into the use of enteric 

strains of HAdV for use as a viral pathogen indicator in land application regulations. In this 

study, qPCR multiplex assays of wells demonstrating cytopathic effects may be used to confirm 

the presence of infectious target enteric viral pathogens in municipal biosolids.  

4.2.2 Analysis of Enteric Viruses in Sludge Sampled Through Treatment Processing 

In this study, two aerobic and two anaerobic WWTPs producing liquid final product 

biosolids were assessed for the detection of HAdV, HRV, and HNV throughout the treatment 

process. These enteric viral pathogens were quantified in the feed sludge, the return feed, treated 

sludge, and final product. Return feed is primarily the excess water that is removed from the feed 

sludge and is returned to the wastewater treatment process. Depending on the specific facility, 

treated and final product sludge may be the same, in which case final product biosolids were 

collected from previously treated sludge just prior to loading into a truck for land-application.  

Similar to final product biosolids, target detection for treatment process sludge and liquid 

biosolid samples fell between 1.81 x 105 to 9.77 x 108 copies/g dw or 100 mL for all three enteric 

viral pathogens. Overall, there was no significant difference in the detection of any of the three 
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target viral pathogens between the stages of treatment or between samples treated with aerobic 

versus anaerobic digestion. Utilization of qPCR as a detection method does not distinguish 

between infectious and non-infectious virus, therefore reduction in infective viral pathogens may 

have occurred but could not be demonstrated through qPCR alone. For these samples, viral 

infectivity was not determined, however future testing to assess the reduction of infective virus 

may prove beneficial in determining the effectiveness of treatment on viral pathogen reduction, 

similar to previous studies addressing bacterial pathogen reduction.  

4.2.3 Implications of E. coli and Enteric Virus Correlation Test 

A concern with the use of a pathogen indicator as a quality standard for the safety and 

handling of biosolids relates to the indicator’s effectiveness for representing a range of 

pathogens, including bacterial, protozoan, and viral. Firstly, there is a significant concern with 

the use of pathogen indicators for the assessment of biological contamination since bacterial 

reactivation and regrowth have been observed in municipal biosolids following treatment 

(Iranpour and Cox, 2006, Flemming et al., 2017). Secondly, evidence suggests that the effect of 

treatment on pathogen reduction between bacterial, viral, and protozoan pathogens varies, such 

that the treatment processes that inhibit or remove bacterial indicators may not demonstrate the 

same effectiveness for viruses or protozoa (McCarthy et al, 2015). In this study, no significant 

difference was determined for feed sludge and final product liquid biosolids, and pathogen 

reduction was not observed between the two sampling stages for all sites. The average log 

reduction between feed and final product for HAdV, HRV, and HNV were 0.93, -0.06, and -

0.21, respectively.  These values are not comparable to the average log reduction of 4.16 for E. 

coli. This further supports the notion E. coli does not accurately indicate viral pathogen 
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reduction, and that virus testing through qPCR and culture-based detection would be preferable 

to assess virus removal and inactivation.  

As it was hypothesized, in this study there was no correlation or statistical significance 

between E. coli enumeration and RT-qPCR detection of infectious and non-infectious HAdV, 

HRV, and HNV. This confirms that E. coli enumeration is not an appropriate means for 

qualifying the safety of biosolids as it pertains to enteric viral pathogens in this study. Further, 

this challenges current testing procedures for CP2 biosolids, and suggests that a shift towards 

testing other pathogen indicators or including the detection of a pathogen that demonstrates 

resilience during treatment and does not experience reactivation may prove ideal. As reactivation 

of bacterial indicators have been previously demonstrated (Iranpour and Cox, 2006), subsequent 

testing of viral pathogens following land application may prove beneficial in confirming that 

current best management practices in Ontario are sufficient in the inactivation of viral pathogens 

following treatment. Additionally, an examination of viral transport following land application is 

essential in understanding biological contamination risks to soils and local freshwater resources. 

Further research should allow for a re-evaluation of land application best management practices 

specifically examining run-off or movement of viruses from land to water, including an 

assessment of factors that enhance movement such as slope of the land, and factors that decrease 

movement such as presence of vegetation at the water line, and distance from surface water.  

The use of more appropriate pathogen indicators will allow for a more representative 

assessment of pathogen content in CP2 biosolids; such an assessment will better inform handlers 

of potential contamination risks. A previous study assessing pathogen reduction through the 

treatment process emphasized the use of enteric strains of adenovirus as a conservative indicator 
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of viral pathogen detection due to its abundance in sewage sludge, its comparative resistance to 

removal and disinfection, and its ability to be easily cultured and enumerated under laboratory 

conditions (Irwin et al., 2017). Similarly, this study demonstrates high levels of detection of 

adenovirus and norovirus in liquid and dewatered cake biosolids through qPCR, however, 

detection through cell culture is limited to adenovirus. Although rotavirus is similarly capable of 

cell culture infection, studies have indicated that rotavirus (SA11) are less resilient to treatment 

as their adenovirus counterparts, leading to limitations as a conservative indicator. As 

demonstrated in this study, potentially due to treatment resilience, adenovirus produces higher 

levels of detection in municipal biosolids, allowing for easier detection than other target 

pathogens. This further demonstrates the benefits of utilizing adenovirus as a conservative 

indicator for viral pathogen detection and determinations of the presence of infective and non-

infective virus. 

4.3 Seasonality of Enteric Virus Pathogen 

There is a significant concern regarding safety for handling and land-application of 

biosolids as it relates to potential pathogen exposure and risk of illness. Municipal biosolids are 

acquired in part from human waste, which is treated and potentially recycled back into the 

environment as a soil amendment to promote sustainability and encourage beneficial use of 

waste products as an alternative to landfill. Despite the benefits of biosolids as a soil amendment, 

there are concerns that pathogens present within waste materials may be land-applied and cause 

further illness to handlers, potentially contaminate crops, and may pose a risk to local freshwater 

resources through contamination following agricultural run-off. To address these concerns and 

mitigate exposure risks during handling and land-application of Ontario CP2 biosolids, a profile 
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of pathogen content and infectivity risk in biosolids may allow for a reassessment of best 

management practices, demonstrate optimal treatment conditions, and provide further 

information for safer handling and ideal land-application dates and holding timeframes.  

 It was hypothesized that HAdV, HRV, and HNV would be detectable year-round in 

municipal biosolids sampled throughout Southern Ontario, with rotavirus and norovirus 

demonstrating seasonal variation, while adenovirus was hypothesized to remain detectable year-

round at a consistent quantity. Based on the findings from this study through RT-qPCR, human 

adenovirus, rotavirus, and norovirus did not show statistical significance to indicate that 

particular pathogens demonstrated any seasonal trends across sampled biosolids. Within the 

population, adenovirus serotype 41 typically demonstrates a mild spike in the autumn, while 

serotype 40 is generally present at a consistent rate year-round, therefore it was not expected that 

adenovirus would demonstrate seasonality (Pondy, 2006). Similarly, rotavirus typically 

demonstrates a seasonal peak of infection during winter and spring months in temperate regions 

within the population, while peak infection with norovirus in similar regions occurs during the 

winter months (Ansari, 1991, Kazama et al., 2016). Although this study did not show statistical 

significance to indicate seasonal presence in any of the enteric viruses examined in biosolids, a 

complete year-round assessment may better address pathogen seasonality in Ontario CP2 

biosolids. As the WWTPs that were tested serve a wide-spanning population, it is possible that 

some locations serviced within a WWTP of interest may demonstrate seasonal spikes in 

detection that was not observed in the material collected from the treatment plant if other 

locations within the region did not experience seasonal outbreaks. This would result in the 

dilution of enteric virus laden fecal material once combined with material containing little to no 
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virus from unaffected locations. Alternative studies to address enteric virus seasonality include 

an epidemiological examination to identify if enteric virus-related outbreaks were observed 

within populations served by the tested WWTPs included within this study, as a potential 

indication of the extent to which these viruses were circulating within the population. A 

comparison of enteric viruses present in MBs over multiple years to community prevalence may 

provide insight into the relationship between viral pathogen seasonality in the Southern Ontario 

population and CP2 biosolids.  

CP2 biosolids are land applied between April 1st to November 30th, therefore this study 

did not assess biosolid samples from January to March since there is no land-application at this 

time. In this study, it was anticipated that an increase in enteric viruses would be detected in 

April and May as a result of carry-over from biosolids produced over winter, when HRV and 

HNV are expected to be the most prevalent within the population, however, no such increase was 

detected. A year-round examination of enteric viruses in MBs and an examination of the 

persistence of infectious virus in stored MBs may prove advantageous in determining the safety 

of materials that are land applied in April. Seasonal peaks that occur during December 1st to 

March 31st may not present an immediate risk of biological contamination as land application 

does not occur during these months. Significant spikes in enteric viruses at the end of this storage 

window may result in the application of materials with greater concentrations of pathogenic virus 

that may potentially persist within the MBs due to minimal storage time. Further, it was 

predicted that any seasonal spikes in enteric illness would likely demonstrate a corresponding 

peak in virus detection in biosolids, with a timeframe determined by transportation time of waste 

to the WWTP, as well as the length of time required for treatment and biosolid production. This 
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information gap may be addressed through an epidemiological examination of disease rates for 

target viruses in the communities served by the tested WWTPs. 

A Brazilian study examined seasonality of adenovirus and rotavirus in sewage sludge 

using PCR and ICC-PCR. The results showed year-round presence of adenovirus through both 

testing methods (Schlindwein et al., 2010). Conversely, rotavirus provided a positive detection 

using PCR methods for July-September and February, as well as detection in September, January 

and March through ICC-PCR methods, that does not clearly indicate seasonality (Schlindwein et 

al., 2010). Although few studies have addressed seasonality of enteric viruses in municipal 

biosolids with findings that demonstrate seasonal trends, further monitoring in temperate regions 

with more prominent seasonal infection peaks may address this information gap. This study 

likely captured seasonal peaks of the three viral pathogens of interest within this delayed 

timeframe, however, it cannot be noted with certainty that there was an absence of seasonal 

trends due to the testing gap over December-March. Conversely, as there was no detection of 

significant spikes in enteric viruses tested, an alternative explanation may be that viruses persist 

within stored biosolids from peak months into subsequent months, which is impacting trend 

analysis.  

4.4 Enteric Virus Quantities in Liquid and Dewatered Cake Biosolids  

Dewatered cake samples demonstrated higher levels of E. coli than liquid samples. 

However, liquid samples consistently demonstrated statistically significant higher detection of all 

3 enteric viral pathogens than dewatered cake samples. The process of dewatering is intended to 

increase the solids concentration of biosolids; however, it may be used as an additional step in 

the removal of certain pathogens. Depending on the target’s interaction with the organic matter 
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in biosolids, dewatering may result in the removal of certain pathogens that do not associate 

strongly with the solid components such as non-enveloped viruses, or it may result in an 

increased viral concentration as solid’s content increase (Ye et al., 2016). Demonstrated in this 

study, dewatered cake biosolids consistently provided higher E. coli enumeration values 

compared to liquid biosolids, suggesting that the dewatering stage resulted in the concentration 

of this bacterial indicator as solids content increased. Conversely, liquid biosolids within this 

study consistently demonstrated higher enteric virus detection values, suggesting that the 

dewatering process resulted in the removal of viral pathogens as solids content increased. This is 

likely related to poor sorption of the non-enveloped enteric viruses to the solid’s component in 

wastewater, resulting in virus removal during the dewatering processes (Ye et al., 2016) 

The maximum land application of biosolids, under the Nutrient Management Regulation, is 

22 dry tonnes/ha/5 years, therefore the solids content of the material is determined prior to land 

application for regulatory purposes, to ensure that the maximum allowable quantity is applied. 

Table 4.1 demonstrates the mean, median, and 95th percentile values present if the maximum 

solids content of 22 dry tonnes were applied for the tested May 2018 – June 2019 samples for 

dewatered cake samples from Sites E-H and liquid biosolids from Sites J and K. These values 

were determined from the average target detection values per month for each site and are 

provided as a demonstration of possible enteric virus content that is land-applied. Values 

assuming no inactivation, as well as a 0.1% infectivity are provided. Similarity in the mean and 

median values for each enteric virus target for both liquid and dewatered cake biosolids indicates 

that overall enteric pathogen detection followed a normal distribution. Based on the results of 

this study, liquid samples that are applied at maximum solids content consistently demonstrate a 
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higher enteric virus concentration (1-2 log), suggesting that if the maximum quantity of either 

biosolid is applied within a given timeframe, land-applied liquid biosolids would contain a 

higher viral concentration. Although other factors effecting the maximum application of 

biosolids beyond solids content typically act as limiting factors, such as metals content or 

phosphorus, additional considerations for pathogen content in liquid versus dewatered cake 

biosolids should be made. Within this study, it has been demonstrated that the enumeration of E. 

coli above threshold standards for CP2 biosolids is not always indicative of positive infection of 

A549 cells from viral pathogens, and vice versa. When considering this information in 

combination with the maximum number of pathogens theoretically present in 22 tonnes of land-

applied biosolids, as well as the estimated 0.1% infectious virus content (Viau and Peccia, 2009), 

it is important to reconsider current best management practices in determining potential health 

risks due to biological contamination. The information provided in Table 4.1 could be used to 

assess potential human risks in terms of exposure to infectious virus through the use of a QMRA 

model. Microbial risk estimates of occupational and residential exposure to human enteric 

viruses has been examined in class B biosolids in the USA, which compared molecular and 

culture-based methods to determine a ratio of total infectious virus concentration to genomic 

copies of target viruses (Kumar et al., 2012). Additional studies assessing occupational and 

public exposure to bacterial pathogens in class B biosolids through contact with contaminated 

fomites, soil, crops, and through aerosol exposure, provides a mathematical approach to 

calculating exposure risk from contaminated surfaces and aerosol (Brooks et al., 2011). In 

Ontario, providing a ratio of infectious virus to total virus detected, along with the use of a 

QMRA model will allow for an assessment of exposure risk in CP2 biosolids. Data from this 
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research suggests elevated levels of norovirus, adenovirus, and rotavirus by molecular detection, 

however, a more accurate determination of infectious virus in CP2 biosolids is needed to derive 

the ratio of infectious virus to total virus detected and to conduct a relevant QMRA to determine 

levels of risk for land application of CP2 biosolids in Ontario. Current CP2 biosolids regulations 

exclusively examine the abundance of E. coli as a fecal indicator, which impacts application 

requirements such as crop yield holding times, land use stipulations, and ground and surface 

water locations. Updates to nutrient management regulations to include the assessment of viral 

pathogen contamination may prove advantageous to mitigate risks of exposure to material 

handlers, as well as to prevent environmental contamination of soil, crops, and freshwater 

following CP2 biosolid land application.  
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Table 4.1: Estimated number of infectious and non-infectious target viruses present in 22 dry 
tonnes of CP2 biosolids. Mean, median, and 95th percentile values were determined from all 
monthly detection values for each target from May 2018 – June 2019, from (A) Sites E-H for 
dewatered cake and (B) Sites J and K for liquid samples. 
(A)  
 
Dewatered 
cake 

 
Mean 

 
Median 

 
95th Percentile 

 
Infectious 
and Non-
Infectious 

0.1% 
Infectivity 

Infectious 
and Non-
Infectious 

0.1% 
Infectivity  

Infectious 
and Non-
Infectious 

0.1% 
Infectivity 

HAdV 3.26x1013 3.26x1010 3.00x1013 3.00x1010 7.46x1013 7.50x1010 

HRV 4.65x1013 4.65x1010 3.87x1013 3.87x1010 1.19x1014 1.19x1011 

HNV 3.52x1014 3.52x1011 2.44x1014 2.44x1011 1.03x1015 1.03x1012 

 
(B)  
 
Liquid 

 
Mean 

 
Median 

 
95th Percentile 

 

 Infectious 
and Non-
Infectious 

0.1% 
Infectivity 

Infectious 
and Non-
Infectious 

0.1% 
Infectivity 

Infectious 
and Non-
Infectious 

0.1% 
Infectivity 

HAdV 
1.14x1015 1.14x1012 7.05x1014 7.05x1011 3.06x1015 3.06x1012 

HRV 
9.18x1014 9.18x1011 5.14x1014 5.14x1011 3.29x1015 3.29x1012 

HNV 
5.42x1015 5.42x1012 2.90x1015 2.90x1012 1.77x1016 1.77x1013 
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4.5 Limitations in qPCR Testing Methods 

A major limitation of pathogen detection through molecular methods is the inability to 

detect infective versus non-infective viral pathogens. While high abundances of enteric viruses 

were detected in biosolids, ranging from 104 to 109 target copies/g dw or 100 mL, this high 

quantity of detection is not indicative of infective target viruses. We did examine infectivity via 

cell culture and did observe CPE indicating infective virus, the tests were not quantitative and 

did not specify which viruses were present. Previous assessments examining the use of viral 

pathogens such as adenovirus as a pathogen indicator in environmental samples and wastewater 

assume a rate of infectivity of 0.1% of total detectable virus (Viau and Peccia, 2009; He and 

Jiang, 2005). A potential method that may prove effective at reducing amplification of free 

genomic material or from viruses with substantial capsid damage is through the use of propidium 

monoazide (PMA) prior to quantification methods. There is limited data available on the 

effectiveness of PMA on viruses and their application in regard to enteric viruses is unknown. 

However, a previous study demonstrated effectiveness of PMA in reducing detection of non-

infectious MS2 through its intercalation with free genomic material or material in damaged viral 

capsids prior to genomic extraction; this resulted in a decrease in MS2 detection, as compared to 

non-UV or chlorine treated samples (McLellan et al., 2016). These results are comparable to 

similar studies examining PMA-qPCR in treated versus non-treated samples, indicating potential 

advantages with the use of PMA for reducing detection of non-infectious viruses (McLellan et 

al., 2016). It is further noted that the effectiveness with PMA-qPCR may vary with virus type 

due to variances in capsid structure and genome (McLellan et al., 2016). A study further 

investigated the effectiveness of PMA to distinguish infective versus non-infective enteric 
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viruses with RT-PCR of RNA viruses from water samples (Parshionikar et al., 2010). The study 

found that for viruses inactivated at 37ºC and 72ºC, a PMA concentration of 100 µM was 

effective for the specific detection of infectious virus (Parshionikar et al., 2010). Within this 

study, enteric viruses such as poliovirus 1, coxsackievirus B5, and echovirus 7 were selected for 

their ability to grow in cell-culture for the detection of infectious virus, which was confirmed 

through PMA-RT-PCR testing (Parshionikar et al., 2010). The examination of human norovirus 

was included in this study to represent pathogens that cannot be examined through cell 

infectivity assays. In this study, norovirus demonstrated a similar reduction following 

inactivation at 37ºC and 72ºC through PMA-RT-PCR (Parshionikar et al., 2010). Therefore, an 

assumption was made that PMA treatment is effective at distinguishing infectious and non-

infectious virus in non-cultivatable pathogens (Parshionikar et al., 2010).    

The intercalation process required for the PMA dye to render DNA and RNA 

inaccessible to PCR/RT-PCR amplification through covalent cross-linking requires exposure to 

visible light, which strongly inhibits PCR amplification (Nocker et al., 2007). Due to the 

requirement of light exposure for successful intercalation, the effectiveness of this method on 

viral pathogen reduction in municipal biosolids must be addressed, as this material consists of a 

complex organic matrix that results in an inhibitory effect. Previous studies have examined the 

effectiveness of PMA in minimizing the detection of non-infective bacteria in CP1 and Class A 

biosolids, however PMA has demonstrated limitations in effectiveness due to turbidity of the 

material (van Frankenhuyzen et al., 2011). This limitation necessitates the use of sample 

dilutions to reduce the solids concentration and allow for intercalation of PMA through light 

exposure (van Frankenhuyzen et al., 2011). Current research examining the effectiveness of 
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PMA for the detection of infectious viral targets has been limited to water samples, while other 

studies examining PMA-qPCR for the detection of viable bacterial pathogens in biosolids have 

demonstrated success with this approach (van Frankenhuyzen et al., 2011). Research has 

examined the effectiveness of PMA for the detection of viable E. coli in municipal biosolids, 

tested through qPCR and validated through cell culture. Results suggested that PMA-qPCR 

methods may prove more accurate at determining viable bacterial pathogen counts compared to 

traditional cell culture methods (van Frankenhuyzen et al., 2013). This study addressed PMA-

qPCR optimization in municipal biosolids for the detection of viable bacterial targets, which 

demonstrated challenges as a result of the complex organic matrix (van Frankenhuyzen et al., 

2013). It would be useful to extend these studies to include validation and optimization of PMA-

qPCR for the detection of infectious viral pathogens in municipal biosolids; these will require 

validation of the method to ensure appropriate concentrations, exposure time, use of light, and 

appropriate controls. 

PCR and cell culture assays individually present disadvantages in the detection of target 

pathogens, however the application of integrated cell culture-PCR (ICC-PCR) overcome these 

limitations (Schlindwein et al., 2010). Initial site-specific testing comparing qPCR to ICC-PCR 

results may allow for an effective comparison between infectious and non-infectious pathogen 

detection. Ideally, this will allow for the eventual removal of ICC-PCR techniques, if consistent 

results allow for assumptions regarding pathogen inactivation. Despite advantages with the use 

of cell culture methods for viral pathogen detection, a limitation with the use of cell infectivity 

assays occurs due to the inhibitory nature of municipal biosolids, which is more difficult to 

mitigate than with qPCR assays. Biosolids provide a complex organic matrix that may allow for 
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co-extraction of inhibitory compounds along with viral pathogens, potentially affecting host cell 

integrity or prevent viral attachment to the host cell. Biological inhibitors that are often present in 

biosolids includes humic acids, fulvic acids, fats, and proteins, and biosolids produced from 

municipal waste may contain heavy metal and polyphenol contaminants (Rock et al., 2010). 

Additionally, successful pathogen detection through ICC-PCR can only be achieved with 

pathogens capable of cell infectivity, therefore pathogens such as human norovirus, which is 

incapable of propagation in cell culture, cannot be assessed with this method. To address these 

concerns, a surrogate pathogen or a pathogen that demonstrates a conservative estimation in 

reduction following treatment may be used as an alternative.  

A previous study using PCR and ICC-PCR tested for the presence of human adenovirus 

(genogroup C, serotypes 2 and 5) from activated sewage sludge collected monthly over a 12-

month period (Schlindwein et al., 2010). Nested PCR confirmed the presence of human 

adenovirus in all twelve sampling events, as well as infection of A549 cells across all sampling 

events (Schlindwein et al., 2010). Although Schlindwein et al. (2010) did not provide 

quantitative results, they concluded that no seasonality of adenovirus was observed due to the 

consistent presence of detectable and infectious virus. The results reported by Schlindwein et al. 

(2010) also align with those reported by Formiga-Cruz et al. (2005), which similarly reported 

consistent positive results for the presence of adenovirus 41 in raw domestic sewage samples, as 

compared to other viruses such as Hepatitis A and enterovirus. The results of these two previous 

studies along with current findings suggest that the use of adenovirus as an indicator of 

environmental contamination from human waste is effective due to its resistance towards some 

forms of disinfection and its prevalence within this sample type. This study did not include ICC-
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PCR for the identification of specific pathogens through A549 infection; however, positive 

infection was demonstrated for HAdV strains 40 and 41, and HRV-wa. Although the specific 

pathogenic agent was not determined following infection, there was no seasonal trends detected 

through cell culture assays, which may have resulted from HAdV or HRV infection. 

In addition to the use of PMA or ICC-PCR to improve detection of infective target 

viruses in biosolids, validation tests comparing quantification values from PCR to infectivity 

results from cell culture assays may allow for the eventual removal of cell culture testing. In 

general, research suggests that MAD of biosolids is effective at reducing enteric viruses by 1-2 

log units (McCarthy et al., 2015). Based on these results, an assumption for the reduction of 

infectivity can be determined through a ratio of infectious versus overall detection of viral 

pathogens following MAD. Site-specific examinations into enteric virus inactivation following 

treatment may allow for the removal or reduction in the use of cell culture methods. Sufficient 

validation testing may allow for assumptions regarding pathogen reduction from qPCR results 

that will eliminate confirmation testing with cell culture.  

4.6 Limitations of Cell Culture Methods 

Similar to qPCR, limitations in the use of cell culture assays for enteric pathogen detection 

have demonstrated an array of limitations, which may be addressed through a combination of 

molecular and culture-based techniques, as well as adaptations to current molecular testing 

protocols. Similar to previous studies, the use of cell infectivity assays from biosolid samples on 

A549 cells demonstrated variable effectiveness. Through the use of positive controls, it was 

confirmed that HAdV strain 40 and 41, as well as HRV-wa, which are the gastrointestinal strains 

of interest, resulted in a positive infection of A549 cells, with differential observations of CPE. 
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Despite qPCR detection results of 104-109 copies/g dw or 100 mL of target pathogens, in 

combination with an assumption of 1-2 log reduction of enteric viruses following MAD, 

infectivity was not observed for every sample. Therefore, the infectious dose for HAdV 40 and 

41, and HRV for A549 should be examined to determine LOD values for each target. Further 

concerns regarding the effectiveness of testing virus infectivity from municipal biosolids due to 

organic contaminants impacting host cell integrity and viral attachment must be addressed to 

reduce the occurrence of false negative results. 

There are numerous limitations surrounding the use of infectivity assays for the detection 

of enteric viruses, which challenge the effectiveness of their use in risk management of CP1 

biosolids for handling and land application. A primary concern with cell infection for the 

assessment of detectible enteric viral pathogens pertains to the diversity of pathogens that can be 

studied using this method. Although specific cell lines can be selected for infection by specific 

target pathogens, a variety of cell lines are necessary to capture a broad range of enteric viral 

pathogens to determine if there are non-infectious pathogens present within the sample of 

interest. Ontario regulations for CP1 biosolids stipulates that enteric viruses cannot be detectable 

in sampled biosolids, however the use of this criteria for enteric pathogens is vague when 

considering how many cell lines are used, and what viral pathogens are detected within this 

testing method. When using this method of detection, there is likely to be a significant 

underestimation of infective viruses present, as a single cell line is only capable of infection by a 

small selection of viral pathogens (Lee et al., 2004). In Ontario CP1 biosolids, testing for 

infective enteric viral pathogens is performed through the infection of BGM cells used for the 

detection of enteroviruses and adapted for detection of infectious virus in environmental 
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samples, which are used in total culturable viral assays (TCVA) when examining treated sewage 

effluents (USEPA, 2014). Although originally developed for the clinical isolation of 

enteroviruses, BGM cells have since been adapted for the detection of enteroviruses in 

environmental sample such as water and wastewater (USEPA, 2014). A study comparing the 

efficacy of BGM cells and PLC/PRC/5 (human colon adenocarcinoma and primary liver 

carcinoma) cells for TCVA infected the cell lines with treated effluent and were observed for 14 

days post-infection for CPE, followed by adenovirus and enterovirus detection by PCR 

(Rodriguez et al., 2008). Eight percent of samples demonstrated CPE on BGM cells compared to 

57% of samples presenting with CPE on PLC/PRC/5 cells (Rodriguez et al., 2008). All BGM 

flasks were tested for adenovirus and enterovirus by PCR, and results indicated that only 

enterovirus was detected in one flask, which also demonstrated CPE. Similarly, for PLC/PRC/5 

cells, 30% and 52% of samples were positive for enterovirus and adenovirus, respectively, 

indicating that PLC/PRC/5 cells are more susceptible to infection (Rodriguez et al., 2008). This 

exemplifies a concern with the exclusive use of BGM cells for TCVA as a standard testing 

method of CP1 biosolids for the inability of adenovirus to infect this cell line, which has been 

demonstrated as a good model for pathogen detection due to its abundance and resilience to 

treatment.  

The use of a cell infectivity assay is only effective when CPE is observed, however, some 

viral pathogens are capable of infecting and reproducing within a cell line without demonstrating 

these cytopathic results (Chapron et al., 2000). Lastly, a significant limitation in the use of cell 

infection for the detection of infectious viral pathogens is in regard to the timeframe for CPE to 

be observed. Generally, cytopathic effects can be observed within 7 to 14 days following 
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infection, making this a time-consuming process with a delayed access to results (Lee et al., 

2004). Within this study, it was noted that CPE were observed within this time frame, however 

these positive results could not be stated with confidence until 21 to 28 days. As a result of the 

matrix that these viruses were extracted from, Inhibition of cell lines from co-extracted 

compounds in municipal biosolids has not been specifically examined, however it is believed co-

extraction occurred, which impacted the integrity of the cell line, as observed in studies such as 

Keegan et al. (2013).  This led to difficulty in confirming that morphological changes in the cell 

line were the result of infection rather than organic and inorganic co-extracts, as these observable 

differences were subtle.  

4.7 Enteric Viral Pathogens and Ontario Land Application Policy 

 The current Ontario regulations for the testing and land application of municipal biosolids 

were developed in 2003 in O.Reg 267/03 under the Nutrient Management Act, 2002, in part 

adapting some of the USEPA: 40 CFR Part 503 Pathogen Regulations. Regulations for land 

applied CP2 biosolids, which are a class B equivalent to USEPA standards, stipulates that 

geometric means of E. coli cannot exceed 2 million CFU/g dw for treatment plants with a design 

capacity of ≥ 45,400 cubic meters, amended from USEPA standards for fecal coliforms. 

Exceeding this minimum guideline prohibits the land application of tested CP2 biosolids as a soil 

amendment. Policies and regulations regarding the land application of CP2 biosolids as a soil 

amendment have been developed in Ontario using E. coli testing as one of the multi-barriers in 

place for risk mitigation and best management practices as an indicator for adequate biological 

treatment. Included in these policies and regulations, among other criteria listed in the CCME 

(2010) review of Canadian Legislative Framework for Wastewater Biosolids are application 
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rates, crop- and land-specific holding periods, application restrictions for well, ground and 

surface water, as well as seasonal application restrictions. Current research assessing the 

presence and infectivity of enteric viral pathogens in municipal biosolids challenges the 

exclusive use of E. coli as a pathogen indicator for CP2 biosolids, as E. coli does not accurately 

represent viral or protozoan pathogen reduction due to varying resiliencies to the treatment 

process. E. coli is used as an indicator organism to demonstrate the successful application of a 

biosolids treatment process, which results in a reduction of indicator organisms and pathogens. 

Further, this study demonstrates no correlation between E. coli enumeration and viral pathogen 

detection for any of the target pathogens examined, which indicates that the use of E. coli as an 

assessment for pathogen reduction of all target organisms may not be sufficient in producing best 

management policies for risk mitigation in both handling and land application of MBs.  

 This study has demonstrated positive detection for the presence of enteric viral pathogens 

at 104 to 109 copies/g dw with no correlation with E. coli abundance in CP2 biosolids in Southern 

Ontario, which is frequently land-applied as an organic fertilizer. Viral pathogen abundance was 

determined through RT-qPCR, which allows for the overall detection of both infectious and non-

infectious virus, therefore, a fraction of detectable virus is infective. Following this 

demonstration of viral pathogen presence in municipal biosolids, further research must aim to 

address knowledge gaps to provide essential information regarding viral pathogen persistence 

and transportation through the environment in order to minimize contact exposure through 

material handling, crop contamination, surface water contamination following rainfall events, as 

well as movement through soil. Addressing these variables will provide updated pathogen 

profiles allowing for a re-examination of current policies and regulations. Current Ontario 
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regulations of CP2 biosolids provide best management practices based on previous information 

regarding biological contaminations from bacterial pathogen indicators. The presentation of new 

information addressing viral contamination will allow for the implementation of new practices 

that may improve risks associated with material handling and land application.  

 Based on current research, minimal information is available regarding the presence of 

infectious enteric viruses present in Ontario CP2 biosolids, therefore risk mitigation of viral 

exposure has not been considered when producing land-application guidelines. Future testing 

should aim towards providing risk assessments to determine if there is a concern to public health, 

specifically in regard to potential contamination of local surface water that may be utilized for 

recreational purposes. Further testing to examine the infectivity of viral pathogens in land 

applied CP2 biosolids, as well as their transport through the environment will allow for a more 

robust risk assessment to further reduce potential exposure of the public to enteric viruses. 

Additionally, an examination of enteric viral pathogen persistence in land applied biosolids may 

provide insight into the efficacy of current land application regulations, which will determine if 

current best management practices are appropriate for reducing public health risks from 

harvested crops previously fertilized by CP2 biosolids.    
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5 Conclusion 

In this study, several information gaps regarding enteric viruses in Ontario CP2 biosolids 

were described and addressed. The primary focus of this study was to provide quantitative data 

on gastrointestinal strains of human adenovirus, rotavirus and norovirus in municipal biosolids. 

The results demonstrated a range from 104-109 copies per g/dw or 100 mL. Additionally, this 

study was intended to provide an initial assessment of viral pathogen seasonality within 

municipal biosolids and elaborate on methods of quantification through the use of molecular 

approaches compared to culture-based testing utilized for enteric virus detection of CP1 

biosolids. Results indicate that there was no correlation between enteric virus detection and E. 

coli enumeration, as well as no correlation between positive infectivity of A549 cells and the 

occurrence of E. coli above the 2 million CFU/g dw or 100 mL threshold. These results suggest 

that the use of E. coli may not be effective as a viral pathogen indicator, and that molecular and 

culture-based testing of viral pathogens may provide a better indication of risks associated with 

handling municipal biosolids.  

Follow-up examinations into infectivity of enteric viruses in amended soils following land 

application, as well as further quantitative assessments of risks regarding environmental 

contamination may suggest a need for a re-assessment of regulations and management practices 

implemented by governing bodies in regard to the land application of CP2 biosolids to minimize 

negative environmental and human impacts. Questions that may further address concerns in 

municipal biosolids as a soil amendment include persistence of enteric viruses in amended soils, 

risks associated with agricultural runoff into recreational and drinking water following heavy 

rainfalls, risks associated with biological contamination of agricultural crops following 
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municipal biosolids application, as well as risks associated with handling this material. A 

previous study examining the presence of E. coli and Bacteroides spp. markers in soils treated 

with MBs assessed their transportation through a lysimeter to simulate bacterial pathogen 

transport through soil following heavy rainfall or flooding events (McCall et al., 2015). A similar 

study examining viral pathogen transport through a soil column will provide useful information 

in understanding viral pathogen movement through soils following rainfall events, potentially 

influencing best management practices for risk mitigation for environmental contamination 

following MB land application.  

This study provides a fundamental examination of enteric viruses in final product CP2 

biosolids following mesophilic anaerobic digestion, and confirms the presence of adenovirus, 

rotavirus and norovirus through multiplex qPCR, as well as that of infective viral pathogens 

through infection of A549 cells. This confirmation provides support for the future examination of 

more specific questions regarding viral pathogen in treated biosolids following land application 

in Ontario.  
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APPENDIX 1 

gBlocks Gene Fragments for HAdV, HRV, and HNV for use as a standard in Multiplex qPCR 

5’ – TCC  GAC CCA CGA TGT AAC CAC AGA CAG GTC ACA GCG ACT GAC GCT GCG  
3’ – AGG CTG GGT GCT ACA TTG GTG  TCT  GTC  CAG TGT CGC TGA CTG CGA CGC 
 
ATT CGT  GCC AGT CGA CCG CGA GGA CAC CGC TTA TTC TTA CAA AGT GCG CTT  
TAA GCA CGG TCA GCT GGC GCT CCT GTG GCG AAT AAG AAT GTT TCA CGC GAA 
 
TAC GCT GGC  CGT GTT  TTT CCA ATG TTC AGA TGG ATG AGA TTC TCA GAT CTG  
ATG CGA CCG GCA CAA AAA GGT TAC AAG TCT ACC TAC TCT AAG AGT CTA GAC  
 
AGC ACG TGG GAG GGC GAT CGC AAT CTG GCT CCC AGC TTT GTG AAT GAA GAT  
TCG TGC ACC CTC  CCG CTA GCG TTA GAC CGA GGG TCG AAA CAC TTA CTT CTA  
 
 
GGC GTC GAT  TTT TCA TCT  ACA CAT GAC CCT CTA TGA GCA CAA TAG TTA AAA  
CCG CAG CTA AAA AGT AGA TGT GTA CTG GGA GAT ACT CGT GTT ATC AAT TTT   
 
 
GCT AAC ACT GTC AAA AAC CTA AAT GGC TAT AGG GGC – 3’ 
CGA TTG TGA CAG TTT  TTG GAT TTA  CCG ATA TCC  CCG 
 
 

Target Primer/Probes Primer Sequence 
5’ → 3’ 

Human 
Adenovirus 

HAdV-Fa 

HADV-TPb 

HAdV-Rc 

TCCGACCCACGATGTAACCA 
ACAGGTCACAGCGACT 
CACGGCCAGCGTAAAGCG 

Human 
Rotavirus 

HRV-F1 
HRV-TP 
HRV-R 

CATCTACACATGACCCTCTATGAGCA 
AATAGTTAAAAGCTAACACTGTC 
CGCCCCTATAGCCATTTAGGTTT 

Human 
Norovirus 

HNV-F 
HNV-TP 
HNV-R 

CCAATGTTCAGATGGATGAGATTCTC 
ATCGCCCTCCCACGT 
TCGACGCCATCTTCATTCACA 
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APPENDIX 2 

Table of study data for total solids (dry weight) calculation  
Year Month Site Sample ID % Total Solids 

2018 May E 1.1 27.20 

2018 May E 1.2 27.20 

2018 May E 1.3 27.20 

2018 May E 2.1 27.00 

2018 May E 2.2 26.90 

2018 May E 2.3 27.00 

2018 May G 1.11 25.38 

2018 May G 1.12 24.92 

2018 May G 1.13 24.38 

2018 May G 1.21 20.73 

2018 May G 1.22 24.41 

2018 May G 1.23 24.61 

2018 May G 2.11 23.18 

2018 May G 2.12 23.40 

2018 May G 2.13 24.31 

2018 May G 2.21 23.55 

2018 May G 2.22 24.01 

2018 May G 2.23 23.78 

2018 May H 1.11 25.66 

2018 May H 1.12 25.48 

2018 May H 1.13 25.15 

2018 May H 1.21 24.77 

2018 May H 1.22 24.52 

2018 May H 1.23 25.05 

2018 May H 2.11 24.92 

2018 May H 2.12 24.87 

2018 May H 2.13 25.20 

2018 May H 2.21 24.18 

2018 May H 2.22 24.05 

2018 May H 2.23 24.27 

2018 May C(S) F1.1 2.56 

2018 May C(S) F1.2 3.12 

2018 May C(S) F1.3 3.24 
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2018 May C(S) F2.1 3.54 

2018 May C(S) F2.2 3.56 

2018 May C(S) F2.3 1.01 

2018 May C(S) P1.1 1.81 

2018 May C(S) P1.2 N/A 

2018 May C(S) P1.3 *6.25 

2018 May C(S) P2.1 2.19 

2018 May C(S) P2.2 2.03 

2018 May C(S) P2.3 2.77 

2018 May C(S) R1.1 0.56 

2018 May C(S) R1.2 0.36 

2018 May C(S) R1.3 0.57 

2018 May C(S) R2.1 0.56 

2018 May C(S) R2.2 *5.47 

2018 May C(S) R2.3 *8.51 

2018 May C(S) T1.1 4.50 

2018 May C(S) T1.2 1.90 

2018 May C(S) T1.3 2.92 

2018 May C(S) T2.1 1.48 

2018 May C(S) T2.2 5.55 

2018 May C(S) T2.3 3.35 

2018 June E 1.1 26.17 

2018 June E 1.2 26.08 

2018 June E 1.3 25.87 

2018 June E 2.1 25.88 

2018 June E 2.2 25.87 

2018 June E 2.3 26.02 

2018 June F 1.1 27.02 

2018 June F 1.2 30.44 

2018 June F 1.3 30.70 

2018 June F 2.1 31.21 

2018 June F 2.2 31.54 

2018 June F 2.3 31.20 

2018 June G 1.1 24.70 

2018 June G 1.2 23.79 

2018 June G 1.3 23.80 

2018 June G 2.1 23.84 
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2018 June G 2.2 23.36 

2018 June G 2.3 23.62 

2018 June H 1.1 23.67 

2018 June H 1.2 23.94 

2018 June H 1.3 24.27 

2018 June H 2.1 24.20 

2018 June H 2.2 23.65 

2018 June H 2.3 24.00 

2018 June J 1.1 6.72 

2018 June J 1.2 12.01 

2018 June J 1.3 11.78 

2018 June J 2.1 11.60 

2018 June J 2.2 *14.48 

2018 June J 2.3 *16.16 

2018 June K 1.1 N/A 

2018 June K 1.2 0.72 

2018 June K 1.3 1.23 

2018 June K 2.1 1.45 

2018 June K 2.2 3.15 

2018 June K 2.3 1.54 

2018 June D F1 0.15 

2018 June D(S) F2 0.36 

2018 June D(S) F3 0.15 

2018 June D(S) P1 1.03 

2018 June D(S) P2 1.49 

2018 June D(S) P3 1.99 

2018 June D(S) R1 0.72 

2018 June D(S) R2 0.68 

2018 June D(S) R3 0.76 

2018 June D(S) T1 2.71 

2018 June D(S) T2 2.60 

2018 June D(S) T3 2.50 

2018 July E 1.1 26.28 

2018 July E 1.2 26.16 

2018 July E 1.3 24.92 

2018 July E 2.1 25.86 

2018 July E 2.2 26.63 
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2018 July E 2.3 26.73 

2018 July F 1.1 29.07 

2018 July F 1.2 29.15 

2018 July F 1.3 29.45 

2018 July F 2.1 28.41 

2018 July F 2.2 28.74 

2018 July F 2.3 30.09 

2018 July J 1.1 3.78 

2018 July J 1.2 2.82 

2018 July J 1.3 2.97 

2018 July J 2.1 2.91 

2018 July J 2.2 3.34 

2018 July J 2.3 3.04 

2018 July K 1.1 4.06 

2018 July K 1.2 5.20 

2018 July K 1.3 4.22 

2018 July K 2.1 3.61 

2018 July K 2.2 3.51 

2018 July K 2.3 3.65 

2018 July G 1.1 29.54 

2018 July G 1.2 28.62 

2018 July G 1.3 29.39 

2018 July G 2.1 29.21 

2018 July G 2.2 29.10 

2018 July G 2.3 29.256 

2018 July H 1.1 28.18 

2018 July H 1.2 28.31 

2018 July H 1.3 27.75 

2018 July H 2.1 28.94 

2018 July H 2.2 27.69 

2018 July H 2.3 28.53 

2018 July A(S) F1 1.96 

2018 July A(S) F2 2.07 

2018 July A(S) F3 2.03 

2018 July A(S) P1 2.64 

2018 July A(S) P2 2.53 

2018 July A(S) P3 2.65 
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2018 July A(S) R1 0.10 

2018 July A(S) R2 0.10 

2018 July A(S) R3 0.10 

2018 July A(S) T1 2.34 

2018 July A(S) T2 2.20 

2018 July A(S) T3 2.21 

2018 August E 1.1 28.22 

2018 August E 1.2 28.69 

2018 August E 1.3 28.34 

2018 August E 2.1 28.14 

2018 August E 2.2 28.64 

2018 August E 2.3 28.08 

2018 August F 1.1 28.28 

2018 August F 1.2 29.19 

2018 August F 1.3 28.69 

2018 August F 2.1 29.02 

2018 August F 2.2 29.38 

2018 August F 2.3 29.23 

2018 August G 1.1 28.41 

2018 August G 1.2 28.48 

2018 August G 1.3 29.10 

2018 August G 2.1 28.57 

2018 August G 2.2 27.77 

2018 August G 2.3 28.97 

2018 August H 1.1 24.65 

2018 August H 1.2 24.32 

2018 August H 1.3 24.82 

2018 August H 2.1 25.201 

2018 August H 2.2 24.65 

2018 August H 2.3 24.47 

2018 August B(S) F1 1.80 

2018 August B(S) F2 1.86 

2018 August B(S) F3 1.81 

2018 August B(S) P1 1.55 

2018 August B(S) P2 1.64 

2018 August B(S) P3 1.58 

2018 August B(S) R1 0.10 
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2018 August B(S) R2 0.05 

2018 August B(S) R3 0.10 

2018 August B(S) T1 1.60 

2018 August B(S) T2 1.63 

2018 August B(S) T3 1.61 

2018 August J 1.1 1.96 

2018 August J 1.2 1.91 

2018 August J 1.3 1.89 

2018 August J 2.1 2.01 

2018 August J 2.2 2.23 

2018 August J 2.3 2.32 

2018 August K 1.1 1.87 

2018 August K 1.2 1.89 

2018 August K 1.3 1.89 

2018 August K 2.1 0.72 

2018 August K 2.2 0.83 

2018 August K 2.3 0.87 

2018 September C(W) F1 3.10 

2018 September C(W) F2 3.11 

2018 September C(W) F3 3.20 

2018 September C(W) P1 2.97 

2018 September C(W) P2 2.99 

2018 September C(W) P3 3.01 

2018 September C(W) R1.1 *5.46 

2018 September C(W) R1.2 *5.79 

2018 September C(W) R1.3 *5.49 

2018 September C(W) R2.1 0.40 

2018 September C(W) R2.2 0.41 

2018 September C(W) R2.3 0.36 

2018 September C(W) T1 2.34 

2018 September C(W) T2 2.244 

2018 September C(W) T3 2.32 

2018 September J 1.1 2.79 

2018 September J 1.2 2.82 

2018 September J 1.3 2.81 

2018 September J 2.1 2.84 

2018 September J 2.2 2.62 
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2018 September J 2.3 2.87 

2018 September K 1.1 0.31 

2018 September K 1.2 0.31 

2018 September K 1.3 0.31 

2018 September K 2.1 0.26 

2018 September K 2.2 0.31 

2018 September K 2.3 0.26 

2018 September E 1.1 28.92 

2018 September E 1.2 28.31 

2018 September E 1.3 28.23 

2018 September E 2.1 29.20 

2018 September E 2.2 27.90 

2018 September E 2.3 28.57 

2018 September F 1.1 27.81 

2018 September F 1.2 27.98 

2018 September F 1.3 28.06 

2018 September F 2.1 27.06 

2018 September F 2.2 27.60 

2018 September F 2.3 27.25 

2018 September G 1.1 30.57 

2018 September G 1.2 28.34 

2018 September G 1.3 28.32 

2018 September G 2.1 29.07 

2018 September G 2.2 28.97 

2018 September G 2.3 29.04 

2018 September H 1.1 23.22 

2018 September H 1.2 23.05 

2018 September H 1.3 23.40 

2018 September H 2.1 24.72 

2018 September H 2.2 24.20 

2018 September H 2.3 24.80 

2018 October G 1.1 29.70 

2018 October G 1.2 30.23 

2018 October G 1.3 29.78 

2018 October G 2.1 30.39 

2018 October G 2.2 30.10 

2018 October G 2.3 30.54 
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2018 October H 1.1 25.85 

2018 October H 1.2 26.17 

2018 October H 1.3 25.90 

2018 October H 2.1 24.30 

2018 October H 2.2 23.68 

2018 October H 2.3 24.40 

2018 October E 1.1 25.83 

2018 October E 1.2 24.97 

2018 October E 1.3 24.65 

2018 October E 2.1 25.98 

2018 October E 2.2 25.83 

2018 October E 2.3 24.80 

2018 October F 1.1 29.26 

2018 October F 1.2 28.64 

2018 October F 1.3 28.51 

2018 October F 2.1 29.93 

2018 October F 2.2 28.22 

2018 October F 2.3 29.49 

2018 October D(W) F1 2.31 

2018 October D(W) F2 2.21 

2018 October D(W) F3 2.10 

2018 October D(W) P1 1.32 

2018 October D(W) P2 1.38 

2018 October D(W) P3 1.39 

2018 October D(W) R1 0.31 

2018 October D(W) R2 0.31 

2018 October D(W) R3 0.36 

2018 October D(W) T1 4.15 

2018 October D(W) T2 2.86 

2018 October D(W) T3 1.74 

2018 October J 1.1 1.08 

2018 October J 1.2 0.98 

2018 October J 1.3 1.03 

2018 October J 2.1 0.46 

2018 October J 2.2 0.46 

2018 October J 2.3 0.41 

2018 October K 1.1 3.36 
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2018 October K 1.2 3.42 

2018 October K 1.3 3.53 

2018 October K 2.1 3.45 

2018 October K 2.2 3.42 

2018 October K 2.3 3.40 

2018 November E 1.1 26.25 

2018 November E 1.2 25.90 

2018 November E 1.3 25.95 

2018 November E 2.1 26.12 

2018 November E 2.2 26.10 

2018 November E 2.3 26.15 

2018 November F 1.1 28.39 

2018 November F 1.2 28.10 

2018 November F 1.3 27.80 

2018 November F 2.1 28.53 

2018 November F 2.2 28.87 

2018 November F 2.3 28.37 

2018 November G 1.1 27.27 

2018 November G 1.2 27.42 

2018 November G 1.3 27.90 

2018 November G 2.1 29.83 

2018 November G 2.2 26.88 

2018 November G 2.3 28.84 

2018 November H 1.1 22.44 

2018 November H 1.2 21.72 

2018 November H 1.3 21.96 

2018 November H 2.1 22.2 

2018 November H 2.2 22.01 

2018 November H 2.3 21.88 

2018 November B(W) F1 3.52 

2018 November B(W) F2 2.91 

2018 November B(W) F3 2.70 

2018 November B(W) P1 1.93 

2018 November B(W) P2 1.95 

2018 November B(W) P3 2.00 

2018 November B(W) R1 0.15 

2018 November B(W) R2 0.15 
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2018 November B(W) R3 0.15 

2018 November B(W) T1 2.63 

2018 November B(W) T2 2.65 

2018 November B(W) T3 2.72 

2018 November J 1.1 1.59 

2018 November J 1.2 1.54 

2018 November J 1.3 1.55 

2018 November J 2.1 1.40 

2018 November J 2.2 1.53 

2018 November J 2.3 1.43 

2018 November K 1.1 2.69 

2018 November K 1.2 2.81 

2018 November K 1.3 3.00 

2018 November K 2.1 1.96 

2018 November K 2.2 1.95 

2018 November K 2.3 1.95 

2018 December A(W) F1 1.15 

2018 December A(W) F2 1.06 

2018 December A(W) F3 1.00 

2018 December A(W) P1 1.16 

2018 December A(W) P2 1.06 

2018 December A(W) P3 1.11 

2018 December A(W) T1 1.10 

2018 December A(W) T2 1.06 

2018 December A(W) T3 1.05 

2018 December F 1.1 29.31 

2018 December F 1.2 29.24 

2018 December F 1.3 28.86 

2018 December F 2.1 27.93 

2018 December F 2.2 27.93 

2018 December F 2.3 27.60 

2018 December E 2.1 25.80 

2018 December E 2.2 26.35 

2018 December E 2.3 25.65 

2018 December J 1.1 1.59 

2018 December J 1.2 1.64 

2018 December J 1.3 1.64 
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2018 December J 2.1 1.68 

2018 December J 2.2 1.61 

2018 December J 2.3 1.63 

2018 December K 1.1 3.15 

2018 December K 1.2 3.24 

2018 December K 1.3 3.23 

2018 December K 2.1 2.70 

2018 December K 2.2 2.99 

2018 December K 2.3 3.16 

2018 December G 1.1 28.01 

2018 December G 1.2 28.10 

2018 December G 1.3 27.96 

2018 December G 2.1 28.10 

2018 December G 2.2 27.45 

2018 December G 2.3 27.45 

2018 December H 1.1 22.38 

2018 December H 1.2 21.79 

2018 December H 1.3 21.99 

2018 December H 2.1 22.68 

2018 December H 2.2 22.53 

2018 December H 2.3 22.93 

2019 April J 1.1 2.27 

2019 April J 1.2 2.27 

2019 April J 1.3 2.25 

2019 April J 2.1 2.37 

2019 April J 2.2 2.35 

2019 April J 2.3 2.37 

2019 April K 1.1 2.19 

2019 April K 1.2 2.12 

2019 April K 1.3 2.15 

2019 April K 2.1 2.15 

2019 April K 2.2 1.96 

2019 April K 2.3 2.06 

2019 April G 1.1 25.92 

2019 April G 1.2 24.33 

2019 April G 1.3 25.50 

2019 April G 2.1 26.13 
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2019 April G 2.2 25.82 

2019 April G 2.3 26.71 

2019 April H 1.1 24.60 

2019 April H 1.2 24.38 

2019 April H 1.3 25.15 

2019 April H 2.1 24.35 

2019 April H 2.2 24.31 

2019 April H 2.3 22.96 

2019 May J 1.1 2.96 

2019 May J 1.2 2.88 

2019 May J 1.3 2.96 

2019 May J 2.1 2.97 

2019 May J 2.2 2.88 

2019 May J 2.3 2.93 

2019 May K 1.1 1.18 

2019 May K 1.2 1.17 

2019 May K 1.3 1.13 

2019 May K 2.1 1.63 

2019 May K 2.2 1.74 

2019 May K 2.3 1.74 

2019 May G 1.1 30.25 

2019 May G 1.2 29.99 

2019 May G 1.3 30.76 

2019 May G 2.1 30.37 

2019 May G 2.2 30.66 

2019 May G 2.3 30.94 

2019 May H 1.1 23.47 

2019 May H 1.2 23.63 

2019 May H 1.3 23.89 

2019 May H 2.1 20.96 

2019 May H 2.2 21.54 

2019 May H 2.3 22.70 

2019 June J 1.1 1.83 

2019 June J 1.2 1.79 

2019 June J 1.3 1.79 

2019 June J 2.1 1.07 

2019 June J 2.2 1.06 
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2019 June J 2.3 1.03 

2019 June K 1.1 0.98 

2019 June K 1.2 0.93 

2019 June K 1.3 0.97 

2019 June K 2.1 0.72 

2019 June K 2.2 0.67 

2019 June K 2.3 0.62 

2019 June G 1.1 29.63 

2019 June G 1.2 29.78 

2019 June G 1.3 30.02 

2019 June G 2.1 25.99 

2019 June G 2.2 25.50 

2019 June G 2.3 26.05 

2019 June H 1.1 22.62 

2019 June H 1.2 22.72 

2019 June H 1.3 22.45 

2019 June H 2.1 22.39 

2019 June H 2.2 22.24 

2019 June H 2.3 22.53 

*Samples removed from arithmetic mean calculations 
N/A – samples lost during testing 
**Sample IDs for dry weight calculations do not correspond with Sample IDs of E. coli 
enumeration and qPCR detection values 
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APPENDIX 3 

Table of study data for E. coli enumeration detection per g dw for dewatered cake and liquid 
biosolid samples 

Year Month Site Sample ID E. coli 
(CFU/g dw) 

2018 May E 1 5.61x106 

2018 May E 2 3.21x106 

2018 May C(S) F1 2.36x105 

2018 May C(S) P1 Non-Detect 

2018 May C(S) R1* 5.60x105 

2018 May C(S) T1 6.10x104 

2018 May G 1 5.36x105 

2018 May G 2 1.39x107 

2018 May H 1 8.05x105 

2018 May H 2 2.09x106 

2018 June F 1 1.48x104 

2018 June F 2 8.53x105 

2018 June E 1 1.77x107 

2018 June F 2 1.27x107 

2018 June D(S) F1* 5.90x106 

2018 June D(S) F2* 2.60x106 

2018 June D(S) P1 Non-Detect 

2018 June D(S) P2 Non-Detect 

2018 June D(S) R1* 2.20x105 

2018 June D(S) R2* 4.00 x105 

2018 June D(S) T1 8.05 x104 

2018 June D(S) T2 1.92 x104 

2018 June G 1.1 1.26 x106 

2018 June G 1.2 1.51 x105 

2018 June G 2.1 9.18 x106 

2018 June G 2.2 9.64 x105 

2018 June H 1.1 1.04 x107 

2018 June H 2.2 1.05 x105 

2018 June H 2.1 1.05 x105 

2018 June H 2.2 1.71 x105 

2018 June J 1 Non-Detect 

2018 June J 2 Non-Detect 
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2018 June K 1 1.11 x105 

2018 June K 2 1.94 x105 

2018 July E 1 6.36 x107 

2018 July E 2 3.56 x105 

2018 July F 1 2.57 x105 

2018 July F 2 1.03 x105 

2018 July G 1 2.16 x106 

2018 July G 2 9.76 x105 

2018 July H 1 3.19 x105 

2018 July H 2 6.41 x106 

2018 July J 1 Non-Detect 

2018 July J 2 Non-Detect 

2018 July K 1 6.56 x104 

2018 July K 2 2.48 x104 

2018 July A(S) F1 1.73 x106 

2018 July A(S) F2 2.03 x107 

2018 July A(S) P1 1.62 x104 

2018 July A(S) P2 5.58 x104 

2018 July A(S) R1* Non-Detect 

2018 July A(S) R2* 1.50 x104 

2018 July A(S) T1 3.90 x105 

2018 July A(S) T2 6.91 x105 

2018 August E 1 2.29 x108 

2018 August E 2 3.49 x108 

2018 August F 1 8.29 x105 

2018 August F 2 2.00 x105 

2018 August B(S) F1 1.54 x106 

2018 August B(S) F2 2.26 x106 

2018 August B(S) P1 3.33 x105 

2018 August B(S) P2 3.14 x104 

2018 August B(S) R1* 2.00 x104 

2018 August B(S) R2* 2.00 x104 

2018 August B(S) T1 6.83 x104 

2018 August B(S) T2 1.09 x106 

2018 August G 1 1.73 x107 

2018 August G 2 6.13 x106 

2018 August H 1 1.34 x108 
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2018 August H 2 1.66 x108 

2018 August J 1 Non-Detect 

2018 August J 2 Non-Detect 

2018 August K 1 1.16 x106 

2018 August K 2 1.27 x106 

2018 September E 1 2.49 x106 

2018 September E 2 1.32 x107 

2018 September F 1 1.81 x108 

2018 September F 2 1.52 x108 

2018 September C(W) F 1.72 x106 

2018 September C(W) P Non-Detect 

2018 September C(W) R1* N/A 

2018 September C(W) R2* 8.00 x103 

2018 September C(W) T 5.22 x104 

2018 September G 1 1.09 x106 

2018 September G 2 8.98 x105 

2018 September J 1 Non-Detect 

2018 September J 2 Non-Detect 

2018 September K* 1 3.41 x105 

2018 September K* 2 3.11 x105 

2018 September H 1 1.63 x105 

2018 September H 2 5.69 x104 

2018 October D(W) F 3.18 x108 

2018 October D(W) P Non-Detect 

2018 October D(W) R* 1.71 x105 

2018 October D(W) T Non-Detect 

2018 October E 1 2.25 x106 

2018 October E 2 3.99 x106 

2018 October F 1 3.47 x105 

2018 October F 2 1.90 x104 

2018 October G 1 3.72 x106 

2018 October G 2 3.09 x106 

2018 October H 1 9.46 x105 

2018 October H 2 6.39 x104 

2018 October J* 1 Non-Detect 

2018 October J* 2 Non-Detect 

2018 October K 1 4.42 x105 
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2018 October K 2 3.59 x105 

2018 November E 1 2.91 x106 

2018 November E 2 1.57 x107 

2018 November F 1 1.62 x104 

2018 November F 2 5.82 x103 

2018 November B(W) F 1.57 x108 

2018 November B(W) P 1.79 x106 

2018 November B(W) R* Non-Detect 

2018 November B(W) T 3.78 x107 

2018 November G 1 2.61 x107 

2018 November G 2 7.18 x107 

2018 November H 1 9.26 x106 

2018 November H 2 5.35 x106 

2018 November J 1 Non-Detect 

2018 November J 2 Non-Detect 

2018 November K 1 1.21 x104 

2018 November K 2 1.67 x104 

2018 December A(W) F 4.49 x108 

2018 December A(W) P 5.05 x107 

2018 December A(W) T 4.77 x107 

2018 December F 1 3.58 x104 

2018 December F 2 1.79 x104 

2018 December E 2 3.16 x107 

2018 December G 1 2.37 x106 

2018 December G 2 8.30 x104 

2018 December H 1 4.60 x106 

2018 December H 2 3.62 x105 

2018 December J 1 3.68 x103 

2018 December J 2 5.52 x103 

2018 December K 1 1.17 x104 

2018 December K 2 1.36 x104 

2019 April G 1 1.28 x105 

2019 April G 2 7.77 x104 

2019 April H 1 4.53 x103 

2019 April H 2 1.65 x104 

2019 April J 1 4.32 x102 

2019 April J 2 4.33 x102 
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2019 April K 1 1.52 x104 

2019 April K 2 1.71 x104 

2019 May G 1 4.10 x106 

2019 May G 2 6.89 x105 

2019 May H 1 1.01 x106 

2019 May H 2 9.25 x104 

2019 May J 1 Non-Detect 

2019 May J 2 Non-Detect 

2019 May K 1 1.47 x106 

2019 May K 2 2.66 x105 

2019 June G 1 1.98 x106 

2019 June G 2 1.11 x107 

2019 June H 1 7.56 x107 

2019 June H 2 9.56 x106 

2019 June J 1 Non-Detect 

2019 June J 2 Non-Detect 

2019 June K 1 4.30 x105 

2019 June K 2 4.30 x105 

* Samples measured per 100 mL (less than 1% total solids) 
N/A – samples lost during testing 
**Sample IDs for E. coli enumeration do not correspond with Sample IDs of dry weight 
calculation and qPCR detection values 
Non-detects – indicates target abundance is below the limit of quantification 
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APPENDIX 4 

Table of study data for qPCR detection of HAdV, HRV, and HNV per g dw for dewatered cake 
biosolid samples 

Year  Month  Site  Sample ID  

HAdV 
(genome copies 

per g dw) 

HRV 
(genome copies 

per g dw) 

HNV 
(genome copies 

per g dw) 

2018 May E 1.1 6.53 x 105 6.74 x 106 6.47 x 107 

2018 May E 1.2 1.66 x 106 5.22 x 106 3.00 x 107 

2018 May E 2.1 2.36 x 106 3.29 x 107 9.91 x 107 

2018 May E 2.2 1.78 x 106 4.86 x 106 5.99 x 107 

2018 May G 1.1 1.98 x 106 1.40 x 106 1.07 x 107 

2018 May G 1.2 2.14 x 106 1.37 x 106 9.94 x 106 

2018 May G 2.1 3.32 x 106 1.90 x 106 1.39 x 107 

2018 May G 2.2 2.69 x 106 3.66 x 106 9.74 x 106 

2018 May H 1.1 2.36 x 106 2.69 x 106 6.12 x 106 

2018 May H 1.2 2.23 x 106 1.67 x 106 1.18 x 107 

2018 May H 2.1 1.47 x 106 2.87 x 106 1.88 x 107 

2018 May H 2.2 1.04 x 106 2.35 x 106 6.83 x 106 

2018 June G 1.1 3.45 x 106 1.93 x 106 1.15 x 107 

2018 June G 1.2 4.35 x 106 1.27 x 106 2.00 x 107 

2018 June G 2.1 7.15 x 106 2.46 x 106 1.72 x 107 

2018 June G 2.2 3.43 x 106 1.86 x 106 2.61 x 107 

2018 June H 1.1 2.15 x 106 1.18 x 106 1.27 x 107 

2018 June H 1.2 2.71 x 106 1.20 x 106 9.41 x 106 

2018 June H 2.1 2.12 x 106 1.30 x 106 2.37 x 106 

2018 June H 2.2 1.56 x 106 1.57 x 106 7.60 x 106 

2018 June E 1.1 1.56 x 106 7.74 x 105 1.79 x 107 

2018 June E 1.2 9.15 x 105 1.37 x 106 1.42 x 107 

2018 June E 2.1 3.28 x 105 9.00 x 105 1.54 x 107 

2018 June E 2.2 6.33 x 104 6.86 x 105 1.21 x 107 

2018 June F 1.1 8.79 x 104 6.58 x 105 1.17 x 106 

2018 June F 1.2 3.44 x 104 4.98 x 105 1.77 x 106 

2018 June F 1.3 4.72 x 104 6.92 x 105 1.05 x 107 

2018 June F 2.1 9.44 x 104 6.26 x 105 Non-detect 

2018 June F 2.2 1.44 x 105 5.02 x 105 Non-detect 

2018 June F 2.3 2.61 x 105 8.88 x 105 1.77 x 107 

2018 July E 1.1 1.65 x 106 2.35 x 106 5.08 x 107 
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2018 July E 1.2 7.44 x 105 8.77 x 105 1.91 x 107 

2018 July E 1.3 5.46 x 106 1.04 x 107 2.34 x 108 

2018 July E 2.1 6.26 x 106 1.14 x 107 2.49 x 108 

2018 July E 2.2 3.44 x 106 7.62 x 106 1.63 x 108 

2018 July E 2.3 8.06 x 105 2.81 x 106 2.78 x 107 

2018 July E 2.4 3.04 x 106 6.95 x 106 9.64 x 107 

2018 July F 1.1 2.42 x 104 5.04 x 105 8.19 x 105 

2018 July F 1.2 2.82 x 105 4.90 x 105 6.05 x 106 

2018 July F 1.3 4.64 x 104 3.63 x 105 2.22 x 106 

2018 July F 2.1 9.48 x 104 5.53 x 105 6.21 x 106 

2018 July F 2.2 1.51 x 106 4.42 x 106 4.76 x 107 

2018 July F 2.3 1.80 x 104 1.94 x 105 Non-detect 

2018 July G 1.1 2.32 x 106 1.15 x 106 7.67 x 106 

2018 July G 1.2 3.40 x 106 1.60 x 106 1.70 x 107 

2018 July G 1.3 4.41 x 106 5.50 x 106 8.19 x 107 

2018 July G 2.1 2.14 x 106 1.49 x 106 3.22 x 107 

2018 July G 2.2 2.68 x 106 5.85 x 105 1.42 x 107 

2018 July G 2.3 7.52 x 105 6.08 x 106 1.01 x 108 

2018 July H 1.1 4.56 x 106 1.35 x 106 1.45 x 107 

2018 July H 1.2 5.42 x 106 8.77 x 105 8.97 x 106 

2018 July H 1.3 2.43 x 106 1.18 x 106 3.94 x 106 

2018 July H 2.1 3.13 x 106 9.05 x 106 7.88 x 107 

2018 July H 2.2 6.18 x 106 1.01 x 106 6.58 x 106 

2018 July H 2.3 5.62 x 105 1.62 x 106 1.80 x 107 

2018 August E 1.1 5.76 x 105 1.08 x 106 2.43 x 106 

2018 August E 1.2 3.65 x 105 1.07 x 106 4.59 x 106 

2018 August E 1.3 4.71 x 105 2.44 x 106 7.12 x 106 

2018 August E 2.1 1.29 x 104 1.91 x 106 1.23 x 107 

2018 August E 2.2 1.32 x 106 2.49 x 106 1.13 x 107 

2018 August E 2.3 1.29 x 106 1.55 x 106 8.16 x 106 

2018 August F 1.1 1.73 x 106 1.29 x 106 8.69 x 106 

2018 August F 1.2 6.85 x 105 2.70 x 106 1.53 x 107 

2018 August F 1.3 8.33 x 105 4.23 x 106 1.63 x 107 

2018 August F 2.1 2.48 x 106 2.98 x 106 2.99 x 107 

2018 August F 2.2 1.69 x 106 1.02 x 106 4.82 x 106 

2018 August F 2.3 3.96 x 105 2.70 x 106 1.15 x 107 

2018 August G 1.1 4.05 x 106 1.38 x 106 7.12 x 106 
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2018 August G 1.2 5.44 x 106 2.20 x 106 1.85 x 107 

2018 August G 1.3 1.32 x 106 3.75 x 106 4.71 x 106 

2018 August G 2.1 3.43 x 106 1.76 x 106 3.88 x 106 

2018 August G 2.2 2.04 x 106 1.37 x 106 5.64 x 106 

2018 August G 2.3 3.58 x 106 1.49 x 106 2.99 x 107 

2018 August H 1.1 1.95 x 106 1.81 x 106 5.69 x 106 

2018 August H 1.2 2.86 x 106 2.86 x 106 4.34 x 106 

2018 August H 1.3 2.66 x 106 1.83 x 106 1.07 x 107 

2018 August H 2.1 3.26 x 106 1.04 x 106 5.77 x 106 

2018 August H 2.2 2.16 x 106 1.04 x 106 5.73 x 106 

2018 August H 2.3 1.52 x 106 4.61 x 106 1.55 x 107 

2018 September E 1.1 2.76 x 105 1.26 x 106 1.41 x 106 

2018 September E 1.2 2.90 x 106 1.02 x 106 6.26 x 106 

2018 September E 1.3 4.99 x 105 8.68 x 105 6.51 x 106 

2018 September E 2.1 2.41 x 105 1.29 x 106 8.32 x 106 

2018 September E 2.2 3.82 x 105 1.43 x 106 2.17 x 107 

2018 September E 2.3 1.28 x 105 5.46 x 105 1.34 x 106 

2018 September F 1.1 1.05 x 106 2.42 x 106 2.43 x 107 

2018 September F 1.2 1.23 x 106 2.02 x 106 1.65 x 107 

2018 September F 1.3 1.67 x 105 1.53 x 106 1.40 x 107 

2018 September F 2.1 7.83 x 105 2.06 x 106 1.51 x 107 

2018 September F 2.2 †1.34 x 109 5.63 x 105 1.95 x 106 

2018 September F 2.3 3.15 x 105 1.22 x 106 1.25 x 107 

2018 September G 1.1 2.75 x 106 5.06 x 105 4.78 x 106 

2018 September G 1.2 1.67 x 106 8.58 x 105 1.07 x 107 

2018 September G 1.3 1.38 x 106 1.55 x 106 4.17 x 106 

2018 September G 2.1 2.98 x 106 1.06 x 106 4.93 x 106 

2018 September G 2.2 2.58 x 106 1.19 x 106 3.78 x 106 

2018 September G 2.3 5.19 x 105 5.51 x 105 3.28 x 106 

2018 September H 1.1 2.03 x 106 1.85 x 106 8.61 x 106 

2018 September H 1.2 3.35 x 106 1.58 x 106 5.30 x 106 

2018 September H 1.3 2.27 x 106 1.20 x 106 9.31 x 106 

2018 September H 2.1 9.12 x 105 1.39 x 106 1.07 x 107 

2018 September H 2.2 2.71 x 106 2.30 x 106 1.51 x 107 

2018 September H 2.3 1.10 x 106 7.62 x 105 5.62 x 106 

2018 October E 1.1 1.08 x 105 6.05 x 105 5.13 x 106 

2018 October E 1.2 5.04 x 105 3.05 x 105 2.02 x 106 
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2018 October E 1.3 7.28 x 104 6.01 x 105 5.37 x 106 

2018 October E 2.1 4.03 x 105 2.66 x 105 5.10 x 106 

2018 October E 2.2 1.46 x 105 6.79 x 105 6.19 x 106 

2018 October E 2.3 2.73 x 104 2.97 x 105 4.17 x 106 

2018 October F 1.1 1.34 x 105 2.38 x 105 2.59 x 106 

2018 October F 1.2 5.39 x 105 5.72 x 105 9.50 x 106 

2018 October F 1.3 4.01 x 104 4.06 x 105 9.44 x 105 

2018 October F 2.1 4.84 x 105 2.90 x 105 5.92 x 106 

2018 October F 2.2 5.47 x 104 3.37 x 105 1.47 x 106 

2018 October F 2.3 4.66 x 104 2.14 x 105 1.35 x 106 

2018 October G 1.1 1.39 x 106 7.71 x 105 1.57 x 107 

2018 October G 1.2 6.98 x 105 6.45 x 105 8.46 x 106 

2018 October G 1.3 6.40 x 105 2.49 x 105 3.87 x 106 

2018 October G 2.1 1.20 x 106 3.46 x 105 5.81 x 106 

2018 October G 2.2 3.54 x 106 3.26 x 106 4.07 x 107 

2018 October G 2.3 7.24 x 105 7.33 x 105 1.22 x 106 

2018 October H 1.1 5.65 x 106 8.71 x 106 1.25 x 108 

2018 October H 1.2 7.87 x 105 9.33 x 105 5.91 x 106 

2018 October H 1.3 1.01 x 106 7.43 x 105 2.47 x 106 

2018 October H 2.1 1.36 x 106 5.91 x 105 8.94 x 106 

2018 October H 2.2 1.14 x 106 6.35 x 105 7.80 x 106 

2018 October H 2.3 9.56 x 105 1.48 x 106 5.16 x 106 

2018 November E 1.1 1.14 x 106 2.35 x 106 1.00 x 107 

2018 November E 1.2 2.91 x 106 1.63 x 106 1.23 x 107 

2018 November E 1.3 1.02 x 106 1.51 x 106 1.22 x 107 

2018 November E 2.1 1.22 x 106 1.36 x 106 9.90 x 106 

2018 November E 2.2 1.08 x 106 3.26 x 106 9.96 x 106 

2018 November E 2.3 4.52 x 105 1.72 x 106 2.33 x 107 

2018 November F 1.1 7.74 x 104 1.36 x 106 8.82 x 106 

2018 November F 1.2 1.91 x 105 4.95 x 106 3.17 x 106 

2018 November F 1.3 1.65 x 105 9.65 x 105 6.42 x 106 

2018 November F 2.1 7.00 x 104 2.07 x 106 1.62 x 107 

2018 November F 2.2 1.20 x 104 1.34 x 106 1.78 x 106 

2018 November F 2.3 7.47 x 104 1.94 x 106 9.59 x 106 

2018 November G 1 1.34 x 106 1.77 x 106 1.02 x 107 

2018 November G 2 1.11 x 106 3.06 x 106 1.08 x 107 

2018 November H 1 1.65 x 106 2.26 x 106 1.80 x 107 
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2018 November H 2 1.19 x 106 2.99 x 106 2.65 x 107 

2018 December E 2.1 8.91 x 105 5.28 x 105 4.73 x 106 

2018 December E 2.2 1.04 x 106 3.86 x 105 1.36 x 106 

2018 December E 2.3 4.49 x 105 9.41 x 105 5.78 x 106 

2018 December F 1.1 1.73 x 105 5.35 x 105 1.39 x 107 

2018 December F 1.2 2.81 x 105 5.09 x 105 9.55 x 106 

2018 December F 1.3 7.54 x 105 8.21 x 105 1.94 x 107 

2018 December F 2.1 1.61 x 105 8.15 x 105 1.33 x 107 

2018 December F 2.2 2.65 x 105 7.07 x 105 3.28 x 106 

2018 December F 2.3 3.53 x 105 9.14 x 105 1.29 x 107 

2018 December G 1.1 2.38 x 106 5.75 x 105 1.22 x 107 

2018 December G 1.2 6.98 x 105 3.64 x 105 6.71 x 106 

2018 December G 1.3 1.40 x 106 4.17 x 105 1.21 x 107 

2018 December G 2.1 1.84 x 106 2.26 x 105 1.55 x 107 

2018 December G 2.2 2.58 x 106 9.98 x 105 1.27 x 107 

2018 December G 2.3 1.38 x 106 3.86 x 105 8.58 x 106 

2018 December H 1.1 7.84 x 105 7.79 x 105 5.74 x 106 

2018 December H 1.2 6.60 x 105 5.19 x 105 1.05 x 107 

2018 December H 1.3 3.49 x 105 3.48 x 105 4.79 x 106 

2018 December H 2.1 4.98 x 105 6.90 x 105 2.38 x 106 

2018 December H 2.2 1.07 x 106 5.19 x 105 8.08 x 106 

2018 December H 2.3 5.16 x 105 3.85 x 105 1.05 x 107 

2019 April G 1 1.92 x 106 3.06 x 106 1.46 x 107 

2019 April G 2 1.48 x 106 5.41 x 106 1.98 x 107 

2019 April H 1 Non-detect 1.72 x 105 6.71 x 105 

2019 April H 2 2.21 x 105 1.85 x 105 2.66 x 106 

2019 May G 1.1 1.50 x 106 2.09 x 105 1.67 x 106 

2019 May G 1.2 1.26 x 106 1.79 x 105 1.47 x 106 

2019 May G 2.1 8.69 x 105 1.36 x 105 Non-detect 

2019 May G 2.2 4.70 x 105 1.08 x 105 Non-detect 

2019 May H 1.1 6.99 x 105 6.07 x 105 2.79 x 106 

2019 May H 1.2 3.05 x 105 1.03 x 106 4.12 x 106 

2019 May H 2.1 8.43 x 105 5.23 x 105 3.57 x 106 

2019 May H 2.2 1.52 x 106 3.10 x 105 1.63 x 106 

2019 June G 1.1 1.89 x 106 2.08 x 106 8.43 x 106 

2019 June G 1.2 3.07 x 106 2.38 x 106 9.29 x 106 

2019 June G 2.1 2.45 x 106 5.57 x 106 2.31 x 107 
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2019 June G 2.2 2.42 x 106 9.12 x 106 1.89 x 107 

2019 June H 1.1 1.80 x 106 7.83 x 106 2.54 x 107 

2019 June H 1.2 1.70 x 105 2.45 x 106 6.25 x 106 

2019 June H 2.1 1.39 x 106 4.03 x 106 1.17 x 107 

2019 June H 2.2 2.92 x 106 6.74 x 106 1.96 x 107 

† Samples removed as outliers 
**Sample IDs for qPCR detection values do not correspond with Sample IDs of dry weight 
calculation and E. coli enumeration 
N/A – samples removed due to shipping or laboratory error 
Non-detects – indicates target abundance is below the limit of quantification 
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APPENDIX 5 

Table of study data for qPCR detection of HAdV, HRV, and HNV per g dw for liquid biosolid 
samples 

Year  Month  Site  

Sample 
ID  

HAdV 
(genome copies 

per g dw) 

HRV 
(genome copies 

per g dw) 

HNV 
(genome copies 

per g dw) 

2018 May C(S) F1 9.98 x 107 9.98 x 107 3.06 x 108 

2018 May C(S) F2 1.38 x 108 1.39 x 108 2.26 x 108 

2018 May C(S) P1 3.82 x 107 6.47 x 107 3.01 x 108 

2018 May C(S) P2 2.22 x 107 4.13 x 107 6.46 x 107 

2018 May C(S) R1* 4.48 x 107 6.18 x 107 4.58 x 108 

2018 May C(S) R2* 1.30 x 107 1.37 x 108 1.69 x 108 

2018 May C(S) T1 7.97 x 106 3.12 x 108 1.69 x 108 

2018 May C(S) T2 2.48 x 107 2.06 x 108 3.49 x 108 

2018 June D(S) F1* 1.38 x 107 2.52 x 107 1.92 x 107 

2018 June D(S) F2* 2.15 x 107 1.59 x 107 2.13 x 107 

2018 June D(S) P1 4.18 x 107 1.24 x 107 3.06 x 107 

2018 June D(S) P2 2.85 x 107 2.08 x 107 2.89 x 107 

2018 June D(S) R1* 1.21 x 107 2.84 x 107 1.12 x 108 

2018 June D(S) R2* 1.70 x 107 2.92 x 107 7.20 x 107 

2018 June D(S) T1 1.37 x 107 4.62 x 106 2.58 x 107 

2018 June D(S) T2 8.85 x 106 5.94 x 106 1.30 x 107 

2018 June J 1.1 4.87 x 106 3.68 x 106 2.77 x 107 

2018 June J 1.2 4.53 x 106 5.81 x 106 4.01 x 107 

2018 June J 1.3 4.47 x 106 5.14 x 106 9.29 x 107 

2018 June J 2.1 4.98 x 106 4.27 x 106 4.59 x 107 

2018 June J 2.2 5.35 x 106 5.00 x 106 4.68 x 107 

2018 June J 2.3 9.13 x 106 1.73 x 107 1.59 x 108 

2018 June K 1.1 9.72 x 106 6.16 x 107 4.95 x 108 

2018 June K 1.2 2.75 x 107 3.26 x 107 3.21 x 108 

2018 June K 1.3 1.29 x 107 2.28 x 107 1.26 x 108 

2018 June K 2.1 1.88 x 107 1.01 x 108 1.46 x 109 

2018 June K 2.2 2.83 x 107 7.53 x 107 1.43 x 109 

2018 July A(S) F1 1.40 x 107 2.05 x 107 3.22 x 108 

2018 July A(S) F2 4.64 x 107 9.26 x 107 1.28 x 109 

2018 July A(S) P1 Non-detect 8.29 x 107 1.78 x 108 

2018 July A(S) P2 Non-detect 6.59 x 107 2.50 x 108 
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2018 July A(S) R1* 2.69 x 107 2.84 x 107 1.24 x 109 

2018 July A(S) R2* 1.26 x 107 4.24 x 107 7.15 x 108 

2018 July A(S) T1 7.86 x 107 7.15 x 107 8.95 x 108 

2018 July A(S) T2 1.01 x 108 1.03 x 108 5.10 x 108 

2018 July J 1.1 3.52 x 107 7.62 x 106 8.37 x 106 

2018 July J 1.2 Non-detect 4.50 x 106 2.95 x 107 

2018 July J 1.3 1.43 x 105 1.29 x 107 2.34 x 107 

2018 July J 2.1 1.01 x 108 7.30 x 106 6.55 x 106 

2018 July J 2.2 3.03 x 107 1.57 x 107 8.43 x 107 

2018 July J 2.3 7.15 x 107 8.19 x 106 9.11 x 107 

2018 July K 1.1 2.06 x 106 5.21 x 106 Non-detect 

2018 July K 1.2 3.73 x 107 6.64 x 106 2.60 x 107 

2018 July K 1.3 4.28 x 107 1.06 x 107 3.71 x 107 

2018 July K 2.1 3.55 x 107 1.09 x 107 8.39 x 107 

2018 July K 2.2 N/A N/A N/A 

2018 July K 2.3 2.14 x 107 8.34 x 106 3.67 x 107 

2018 August J 1.1 3.53 x 107 2.30 x 107 2.15 x 108 

2018 August J 1.2 7.75 x 107 2.08 x 107 1.46 x 108 

2018 August J 1.3 8.15 x 107 2.64 x 107 1.58 x 108 

2018 August J 2.1 5.02 x 107 1.86 x 107 8.70 x 107 

2018 August J 2.2 6.20 x 107 2.56 x 107 1.49 x 108 

2018 August J 2.3 3.68 x 107 1.44 x 107 6.30 x 108 

2018 August K 1.1 1.36 x 108 2.97 x 107 1.38 x 108 

2018 August K 1.2 1.09 x 108 9.44 x 107 4.37 x 108 

2018 August K 1.3 4.38 x 107 3.33 x 107 9.42 x 107 

2018 August K 2.1 7.00 x 107 3.98 x 107 2.14 x 107 

2018 August K 2.2 6.06 x 107 3.98 x 107 1.11 x 108 

2018 August K 2.3 3.01 x 107 1.70 x 107 4.72 x 107 

2018 August B(S) F1 4.77 x 107 5.54 x 107 2.84 x 108 

2018 August B(S) F2 3.32 x 107 6.86 x 107 1.67 x 108 

2018 August B(S) P1 3.34 x 107 4.19 x 107 3.11 x 108 

2018 August B(S) P2 2.81 x 107 8.37 x 107 2.57 x 108 

2018 August B(S) R1* 1.44 x 107 1.05 x 108 7.39 x 108 

2018 August B(S) R2* 1.56 x 107 6.27 x 107 2.57 x 108 

2018 August B(S) T1 2.82 x 107 5.63 x 107 2.84 x 108 

2018 August B(S) T2 4.77 x 107 1.69 x 108 6.85 x 108 

2018 September J 1.1 1.05 x 107 1.47 x 107 1.24 x 108 
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2018 September J 1.2 2.30 x 107 7.97 x 106 1.43 x 108 

2018 September J 2.1 1.96 x 107 1.15 x 107 1.51 x 108 

2018 September J 2.2 5.28 x 107 1.42 x 107 1.61 x 108 

2018 September K 1.1* 2.85 x 107 4.03 x 107 2.51 x 108 

2018 September K 1.2* 3.29 x 107 3.35 x 107 2.71 x 108 

2018 September K 2.1* 2.65 x 107 3.89 x 107 2.34 x 108 

2018 September K 2.2* 2.63 x 107 3.78 x 107 2.13 x 108 

2018 September C(W) F1 6.57 x 107 1.39 x 107 1.52 x 108 

2018 September C(W) F2 6.11 x 107 1.44 x 107 1.84 x 108 

2018 September C(W) P1 4.04 x 107 1.65 x 107 2.73 x 108 

2018 September C(W) P2 3.18 x 107 3.76 x 106 3.24 x 108 

2018 September C(W) R1* 4.58 x 107 7.82 x 107 Non-detect 

2018 September C(W) R2* 2.67 x 107 2.55 x 107 6.20 x 108 

2018 September C(W) T1 1.24 x 107 1.11 x 107 1.10 x 108 

2018 September C(W) T2 2.84 x 107 8.78 x 106 6.61 x 107 

2018 October J 1.1* 3.04 x 107 1.42 x 107 1.55 x 108 

2018 October J 1.2* 2.80 x 107 1.85 x 107 1.11 x 108 

2018 October J 2.1* 2.71 x 107 1.95 x 107 2.15 x 108 

2018 October J 2.2* 3.13 x 107 1.69 x 107 1.23 x 108 

2018 October K 1.1 4.47 x 107 1.91 x 107 1.49 x 108 

2018 October K 1.2 2.77 x 107 6.46 x 106 6.64 x 107 

2018 October K 2.1 3.62 x 107 5.80 x 106 4.01 x 107 

2018 October K 2.2 3.11 x 107 3.78 x 106 3.78 x 107 

2018 October D(W) F1 1.65 x 107 4.67 x 106 6.28 x 107 

2018 October D(W) F2 1.96 x 107 9.73 x 106 1.61 x 108 

2018 October D(W) P1 7.84 x 107 2.82 x 107 1.18 x 108 

2018 October D(W) P2 5.67 x 107 2.04 x 107 1.15 x 109 

2018 October D(W) R1* 1.83 x 107 3.01 x 107 2.82 x 108 

2018 October D(W) R2* 8.77 x 106 1.95 x 107 1.94 x 108 

2018 October D(W) T1 9.11 x 106 4.65 x 106 3.76 x 107 

2018 October D(W) T2 1.18 x 107 5.03 x 106 9.49 x 107 

2018 November J J1 1.53 x 107 5.88 x 107 2.28 x 108 

2018 November J J2 1.69 x 107 3.37 x 107 6.68 x 107 

2018 November K K1 1.96 x 107 2.95 x 107 1.29 x 108 

2018 November K K2 1.03 x 107 2.97 x 107 1.46 x 108 

2018 November B(W) F1 3.47 x 105 1.84 x 107 6.00 x 106 

2018 November B(W) F2 7.58 x 106 1.08 x 107 5.88 x 106 
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2018 November B(W) P1 1.97 x 105 1.81 x 107 3.41 x 107 

2018 November B(W) P2 9.91 x 106 2.76 x 107 4.68 x 107 

2018 November B(W) R1* 6.86 x 105 3.57 x 107 1.26 x 108 

2018 November B(W) R2* 3.36 x 106 2.72 x 107 1.44 x 108 

2018 November B(W) T1 Non-detect 1.67 x 107 Non-detect 

2018 November B(W) T2 3.63 x 105 1.41 x 107 5.63 x 106 

2018 December A(W) F1 3.09 x 107 1.56 x 107 2.21 x 108 

2018 December A(W) F2 4.49 x 107 2.00 x 107 2.90 x 108 

2018 December A(W) P1 5.02 x 107 4.50 x 107 3.42 x 108 

2018 December A(W) P2 1.92 x 107 1.98 x 107 2.11 x 108 

2018 December A(W) T1 4.33 x 107 1.62 x 107 3.44 x 108 

2018 December A(W) T2 6.17 x 107 2.21 x 107 9.89 x 108 

2018 December J 1.1 9.56 x 107 1.10 x 107 1.65 x 108 

2018 December J 1.2 7.16 x 107 1.61 x 107 1.23 x 108 

2018 December J 2.1 1.30 x 108 1.17 x 107 8.16 x 107 

2018 December J 2.2 1.10 x 108 1.39 x 107 1.37 x 108 

2018 December K 1.1 1.17 x 107 8.29 x 106 5.75 x 107 

2018 December K 1.2 Non-detect 4.21 x 106 9.65 x 107 

2018 December K 2.1 2.63 x 106 6.60 x 106 6.14 x 107 

2018 December K 2.2 4.21 x 106 6.41 x 106 2.94 x 107 

2019 April J 1 3.23 x 107 1.09 x 108 2.84 x 108 

2019 April J 2 5.79 x 107 2.13 x 108 4.96 x 108 

2019 April K 1 6.55 x 105 3.06 x 107 1.04 x 108 

2019 April K 2 4.51 x 107 2.14 x 107 8.20 x 107 

2019 May J 1 3.52 x 107 1.72 x 107 1.90 x 107 

2019 May J 2 4.22 x 107 1.31 x 107 5.59 x 107 

2019 May K 1 4.64 x 107 3.47 x 107 1.00 x 108 

2019 May K 2 †1.28 x 1014 1.57 x 107 1.65 x 107 

2019 June J 1 1.46 x 108 1.55 x 108 5.59 x 108 

2019 June J 2 1.18 x 108 1.25 x 108 3.89 x 108 

2019 June K 1* 2.39 x 108 2.97 x 108 8.14 x 108 

2019 June K 2* 3.02 x 108 6.23 x 105 2.34 x 109 

† Samples removed as outliers 
* Samples measured per 100 mL (less than 1% total solids) 
**Sample IDs for qPCR detection values do not correspond with Sample IDs of dry weight 
calculation and E. coli enumeration 
N/A – samples removed due to shipping or laboratory error 
Non-detects – indicates target abundance is below the limit of quantification 


