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ABSTRACT 

Detection of Human Rotavirus in Southern Ontario Source Waters 

 

Bailey Helena Davis 

University of Guelph, 2012 

Advisors:      S. N. Liss 

                    M. B. Habash 

As part of a larger quantitative microbial risk assessment (QMRA) study, the raw water 

intakes of 8 different drinking water treatment plants in Ontario were sampled for 

rotavirus. Group A rotavirus was detected and semi-quantified via RT-qPCR. Rotavirus 

was detected in 6 of 8 drinking water treatment plant raw water intakes at various sampling 

times during a 2 year period at estimated quantities of 0 – 513 viral genome copies/L 

water. As hypothesized, the virus counts showed a seasonal tendency with significant 

detection most likely to occur during the spring months and a correlation with turbidity 

measurements. To our knowledge this is the first study exploring the presence of rotavirus 

in Ontario source waters. With new proposed changes to the Health Canada guidelines 

regarding the viruses in drinking water, data on the presence of rotavirus in source waters 

is required for assessment of risk to public health.  
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Chapter 1: Introduction and Literature Review 

1.1 Rotavirus 

Rotavirus, belonging to the viral family Reoviridae, has a double-stranded RNA (dsRNA) 

genome consisting of 11 segments. The genome is surrounded with a three layered protein 

capsid that measures approximately 70 nm in diameter (Pickering et al., 2000).  

There are 7 groups of Rotavirus classified as A, B, C, D, E, F, and G. This classification is 

based on differences in the viral protein known as VP6, one of the six structural proteins 

coded for in the genome. Groups A, B, and C are known to cause disease in humans, with 

Group A causing ≥ 90% of rotavirus illness worldwide (Leung et al., 2005).   

Rotavirus is mainly transmitted via the fecal-oral route and causes gastroenteritis, leading 

to vomiting, diarrhea, and dehydration. The virus infects the enterocytes in the small 

intestine that are responsible for the uptake of water and other nutrients. The non-structural 

glycoprotein-4, NSP4, is an enterotoxin that triggers the calcium concentration in the cell 

to increase causing diarrhea via increased chloride secretion into the intestinal lumen 

(Flint, 2003).  

The typical incubation period for rotavirus is 1 – 3 days and illness lasts approximately 4.5 

days. The virus is excreted in numbers as high as 10
12

 viral particles/gram stool, and 

excretion may occur before symptom onset and can last 10 days post illness (Pickering et 

al., 2000; Grabow, 2007). 
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1.2 Rotavirus and Public Health 

Rotavirus is listed as a relevant waterborne pathogen by the World Health Organization 

(WHO). The WHO lists rotavirus as: being highly significant with regards to incidence and 

severity of illness; having an ability to persist in water supplies for periods over a month; 

moderately resistant to conventional chlorine disinfection parameters; and a high 

infectivity of 1 – 100 viral particles (World Health Organization, 2011). Rotavirus is a 

significant cause of illness and mortality in children under 5 years. It has been estimated 

that, annually, rotavirus contributes to 440,000 deaths in this young population world-wide 

(Parashar et al., 2006). During a one year period, a Colombian study found rotavirus 

responsible for roughly 33% of viral gastroenteritis cases in children from a single 

municipality (Gutierrez et al., 2007). 

In Canada, death due to rotavirus is not as prevalent as it is in developing countries. 

However, it accounts for a significant proportion of hospitalizations for treatment of 

dehydration due to diarrhea and vomiting and has been shown to adversely affect health-

related quality of life (Rotavirus, 2012; Brisson et al., 2010). The total economic burden of 

illness due to rotavirus in Canada has been estimated to be around $ 46 million annually; 

approximately one-third of that cost is directly related to the healthcare system (Rotavirus, 

2012). La Saux et al. (2012) calculated the mean cost, comprised of healthcare and parental 

costs, of a single rotavirus infection in Canadian children to be $674.80. For comparison, a 

study by Majowicz et al. (2006) estimated the annual cost of gastroenteritis illness, from 

undetermined sources, in Hamilton, ON to be $56 million. The mean annual cost was 

$1,089 per case, the majority of which was owed to lost wages. Applying the Hamilton 
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estimates to the Canadian population at the time of the study would reveal an estimated 

annual cost of gastroenteritis illness to be $3.7 billion.        

1.2.1 Seasonality of Rotavirus Illness 

The occurrence of illness due to rotavirus is known to follow a seasonal pattern in 

temperate climates. A Canadian study examining rotavirus associated diarrhea in children 

in Ontario found that the majority of illness occurred between March and May. This is 

supported by data, graphed in Figure 1.1, from the Canada communicable disease report: 

Supplement (Health Canada, 1998) showing the majority of reported rotavirus infections to 

be December through May with a peak in March.  

 

Figure 1.1 Reported seasonal rotavirus infections in Canada from 1989 to 1996. Graph 

adapted from data in the Canadian communicable disease report supplement 

 

The seasonal peak of rotavirus infections has also been noted in other countries with 

temperate climates such as Great Britain, Netherlands, China, and Italy (Atchison et al., 
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2010; Orenstein et al., 2007; Ruggeri and Declich, 1999). Research done by Atchison et al. 

(2010) found transmission of rotavirus to be directly influenced by temperature, where an 

increase in temperature correlated with a decrease in infection-rate.  

As rotavirus is primarily transmitted via fecal-oral route, this seasonal peak in infection 

and illness corresponds to the presence of rotavirus in wastewater. Grassi et al. (2010) 

found that rotavirus, through detection by RT nested-PCR, was more prevalent in raw and 

treated sewage samples during the spring months in Italy; of the positive samples, 5/6 raw 

samples and 4/5 treated samples had been collected February to April. Also using RT-PCR 

methods, rotavirus was most commonly detected in sewage samples in Beijing during the 

winter and spring months (He et al., 2011; Li et al., 2011a; He et al., 2008). One study 

noted that rotavirus was detected in all of the sewage treatment plant influent samples 

collected October – January but not detected in any samples collected August and 

September (He et al., 2008). Infected populations excrete high numbers of rotavirus in 

sewage which is transported to wastewater treatment plants, which in turn treat the 

wastewater and release the effluent into waters that are often used as sources for drinking 

water. If the treatment process is not able to remove the virus then it is released to the 

source water with the effluent. Rotavirus genomes have been detected in similar numbers 

in raw and treated wastewater treated by settling, activated sludge, and phosphorus 

removal indicating inefficient removal (Lodder and de RodaHusman, 2005).   

  



 

5 
 

1.3 Persistence of Rotavirus in the environment 

Rotavirus is known for its ability to persist in aquatic environments. One of the first studies 

to examine rotavirus persistence in the environment, via cell based methods, was carried 

out by Pancorbo et al. (1987). Amongst the samples examined, they determined that 

unpolluted lake water allowed for the longest persistence, taking 16 days for a 2-log (99%) 

reduction in infectivity. More recently, using quantitative polymerase chain reaction 

(qPCR), Espinosa et al. (2008) found that it took 150 days for a 3-log (99.9%) reduction in 

groundwater, and 180 days for a 4-log (99.99%) reduction in surface water.  

Various factors are known to influence the fate of enteric viruses in water. Temperature is 

likely the most significant determinant, with lower temperatures, nearing 0
o
C, better 

preserving infectivity. An in-depth statistical review on enteric viruses and the effects of 

temperature was carried out by Bertrand et al. (2012) and should be referred to for further 

information. Besides temperature, the water type, pH, UV radiation (sunlight), aggregation 

with inorganic and organic matter, and the presence of other microbes have an effect on 

viral stability (Grabow, 2007). Virus particles will aggregate and adsorb to suspended 

particulate found in environmental waters. The aggregation and adsorption has protective 

measures against viral inactivation by factors such as UV (Romero et al., 2011; Hoff and 

Akin, 1986).  

Studies examining UV inactivation on rotavirus have found that this virus has a higher 

resistance, comparable to that of adenovirus, than other viruses (Santiago et al., 2004; 

Hijnen et al., 2006; Li et al., 2009). A 4-log reduction of rotavirus required UV doses 
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ranging from 120 – 200 mJ/cm
2
, one study found infectious particles persisting after 

treatment with 360mJ/cm
2
. Although the mechanism of persistence is not known, it is 

thought that the double-stranded RNA genome might help convey a certain resistance. 

Espinosa et al. (2008) found that the presence of enterobacteria in surface water correlated 

with reduced infectivity of rotavirus. This phenomenon is thought to be attributable to the 

proteolytic action of the bacterial enzymes on the viral capsid. The authors also examined 

the effects of free chlorine on the infectivity of rotavirus and astrovirus and found that 

rotavirus demonstrated significantly less reduction in infectivity than astrovirus, a 6-fold 

reduction versus 20-fold, respectively, at 2mg/L free chlorine.  

Li et al. (2011b) also examined the effect of free chlorine disinfection of rotavirus and 

found that infectious rotavirus was still present, as determined by integrated cell culture 

(ICC) RT-qPCR, with treatment at the highest dose tested, 20mg/L free chlorine, the 

corresponding CT value (concentration x contact time) is 1200. Strictly with regards to 

free chlorine, the Procedure for Disinfection of Drinking Water in Ontario lists CT values 

of 2 – 90 for a 4-log inactivation of viruses and a concentration of 0.05mg/L as a 

secondary disinfectant in the distribution system, seemingly not adequate for rotavirus 

inactivation according to Li et al. (2011b). The authors also noted that the disinfection 

efficiency was lower in secondary effluent samples versus tap water samples, suggesting 

protective effects of the effluent matrix for rotavirus.       

Publications looking at the presence of rotavirus in tap water found 7 – 22% of samples 

analyzed by molecular methods were found to have rotavirus present (Gratacap-Cavallier 
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et al., 2000; Gutierrez et al., 2007; He et al., 2009). Rotavirus has been the suspect agent in 

outbreaks of waterborne gastroenteritis (Karmakar et al., 2008; Scarcella et al., 2009; 

Koroglu et al., 2011); outbreaks in Lombardy and, most recently, Turkey detected 

rotavirus in ~53% of the gastroenteritis cases. In Canada, rotavirus was implicated in a 

2007 outbreak of gastroenteritis amongst children in St. John’s, Newfoundland, the source 

of transmission was not stated (CBC News, 2007). To our knowledge, no studies on the 

presence of rotavirus in Canadian tap water have been published.   

Worldwide, numerous studies have looked at the presence of rotavirus in source waters 

and have detected it in rivers, streams, lakes, and groundwater in amounts as high as 42000 

GC/L; see Table 1.1 for selected publications. Discharges from wastewater treatment 

plants are a likely a significant source of rotavirus in receiving waters. As rotavirus is 

excreted in high numbers from infected individuals, it is a known component of sewage 

and wastewater. Several studies have isolated rotavirus from these types of samples; see 

Table 1.2 for selected publications. 
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Table 1.1 Detection of rotavirus in source waters from a selection of publications 

Source Water Location 
Detection 

Method 

Sample 

Volume 

Rotavirus Detected 

Reference 
(+)ve 

samples 

Concentration 

River Venezuela RT nested-

PCR 

40 mL 15/18 N/A Rodriguez-Diaz 

et al., 2009 

 Thailand  RT nested-

PCR 

1L 2/10 N/A Kittigul et al., 

2005 

 Amsterdam RT-PCR 200-

600L 

8/8 3 – 

5.1x10
4
PDU/

L 

Lodder and de 

RodaHusman, 

2005 

 Amsterdam  ICC RT-PCR ≤600L 11/12 0.19 – 8.3 

IPDU/L, 108 

– 3203 

PDU/L 

Rutjes et al., 

2009 

 Germany RT-qPCR 10L 90% 1.2x10
1
 – 4.2 

x 10
4
 GC/L 

Hamza et al., 

2009  

 Netherlands RT-PCR 200-

600L  

33/69 0 – 2.2x10
3
 

GC/L 

Lodder et al., 

2010 

 New Zealand RT-qPCR 10L 70/109 N/A Williamson et 

al., 2011 

 Slovenia RT-qPCR 2L 10/57 N/A Steyer et al., 

2011 

Stream Brazil RT nested-

PCR 

3L 23/52 N/A Miagostovich et 

al., 2008 
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Lake/Groundwater Beijing RT nested-

PCR 

2L 9/26 N/A He et al., 2009 

Groundwater  USA RT-PCR 1500L 1/194 N/A Borchardt et al., 

2003 

 Slovenia RT-qPCR 2L 27/72 N/A Steyer et al., 

2011 

IPDU/L: infectious PCR detectable units per liter; PDU/L: PCR detectable units per liter; GC/L: genome copies per liter 
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Table 1.2 Detection of rotavirus in sewage and wastewater from a selection of publications 

Source 

Matrix 
Location 

Detection 

Method 

Sample 

Volume 

Rotavirus Detected 

Reference 
(+) ve 

samples 
Concentration 

Raw 

sewage 

Thailand RT nested-

PCR 

1L 10/40 N/A Kittigul et al., 

2005 

 Amsterdam RT-PCR 200-

600L 

5/5 16-4.9x10
5
 

PDU/L 

Lodder and de 

RodaHusman, 

2005 

 Venezuela RT nested-

PCR 

40mL 8/12 N/A Rodriguez-Diaz 

et al., 2009 

 Italy RT nested-

PCR 

1L 6/16 N/A Grassi et al., 

2010 

Activated 

sludge 

Brazil RT-PCR 5mL 4/12 N/A Schindwein et 

al., 2010 

Treated 

Wastewater 

Brazil RT-PCR 2L 5/12 N/A Schindwein et 

al., 2010 

 Amsterdam RT-PCR 200-

600L 

5/5 38-2.7x10
5
 

PDU/L 

Lodder and de 

RodaHusman, 

2005 

 Italy  RT nested-

PCR 

10L 5/16 N/A Grassi et al., 

2010 

 Beijing RT nested-

PCR 

1L 19/20 N/A He et al., 2008 

 Beijing ICC-RT-

qPCR 

20L 1
o
 

effluent 

(69%) 

2
o
 

effluent 

(47%) 

3
o
effluent 

(14%) 

N/A Li et al., 2011a 

PDU/L: PCR detectable units per liter 
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Carducci et al. (2008) examined the removal efficiency of enteric viruses from an Italian 

wastewater plant. The use of active sludge treatment, followed by chlorination, was able to 

achieve an approximate 2-log (99%) reduction in viral populations as detected by RT-PCR. 

A study in Beijing examined the rotavirus removal from wastewater effluent by secondary 

(activated sludge) and tertiary (coagulation and filtration) treatments (He et al., 2008). 

Rotavirus was detected in 100% of the secondary effluent samples and in 90% of the 

tertiary effluent samples signifying that the treatment processes were not sufficient to 

remove and/or inactivate all of the rotavirus. In one case, Lodder and de RodaHusman 

(2005), found the amount of rotavirus in treated sewage to exceed that of the 

corresponding raw sample, the treatment had consisted of settling, activated sludge, and 

phosphorus removal. A more recent study, using ICC-RT-qPCR, compared the removal of 

rotavirus from three different wastewater plants using different treatment methods by 

tracking the concentrations of rotavirus through the wastewater treatment process to the 

receiving waters (Li et al., 2011a). The average annual concentration of rotavirus in the 

influent was comparable amongst the different wastewater plants, 6.5 – 16.6 plaque 

forming units per liter (PFU/L), as well as the removal rates. The secondary treatment 

steps, all using activated sludge, achieved the greatest removal of rotavirus by an average 

reduction of 2 – 3 logs; however, only reverse osmosis membrane ultrafiltration as tertiary 

treatment produced samples with no rotavirus detection. 
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1.4 Regulations and Policies on Viral Pathogens in Drinking Water 

The general approach to ensuring safe drinking water is via a multi-barrier approach that 

includes management of raw water quality, treatment and disinfection, and final quality 

assurance of the potable water (Grabow, 2007).  

Ontario source waters are protected under the Clean Water Act (2006) which has the 

ultimate goal of stopping contaminants from entering sources of drinking water. This act 

requires risk assessment of source waters, reduction/elimination of risk, and risk 

prevention. The Drinking-Water Quality Standards Regulation (O. Reg. 169/03) of Ontario 

has established standards for 158 parameters (chemical, physical, microbiological, 

radiological) for source water analysis. Subsequently, suitable disinfection and treatment 

methods are defined and implemented, based on the outcome of the parameter analysis. 

The disinfection of raw water is achieved via one, or a combination of: chemical, 

ultraviolet, and filtration methods (Ontario Ministry of the Environment, 2006A) and the 

treatment plants have programs that perform continuous monitoring of disinfection 

parameters for quality assurance. The Ministry of the Environment monitors the drinking 

water via monthly sampling, conducted by the facilities, to ensure compliance to set 

standards, advise treatment process, establish trends, and identify hazards. 

The microbiological standards are considered to be the most important parameters of water 

quality, due to the implications of waterborne disease. Total coliforms and E.coli are the 

two parameters that are monitored and they serve as indicators for other microbial 

pathogens. The absence of these microbial indicators denotes the drinking water to be of 
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acceptable microbiological quality. The presence of enteric viruses, such as rotavirus, 

tends to have little correlation with these indicators due to differing physio-chemical 

characteristics like composition, size, structure, and resistance to inactivation (Ashbolt et 

al., 2001; Grabow, 1996).It has often been the case that rotaviruses, and other enteric 

viruses, have been detected in waters that have met accepted standards for E.coli and other 

indicator bacteria (Gratacap-Cavallier et al., 2000; He at al., 2009). Therefore, indicators 

that better correlate with the presence/absence of enteric viruses or the development of 

effective methods that can directly detect viruses in water are needed. With regards to viral 

indicators, they would ideally meet the following criteria (Grawbow, 1996):  

 Show similar resistance to disinfection and persistence in the environment as 

enteric viruses 

 Be present when enteric viruses are present 

 Be present in approximately the same numbers as the enteric viruses 

 Be directly related to sewage/fecal pollution  

 Show no human pathogenicity 

 Have simple, quick, and economical detection methods 

 

Alternative indicators to the fecal coliforms that are better suited for determining the 

potential presence of enteric viruses are being explored and include bacteriophage and 

viruses.  
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Certain types of bacteriophages, viruses that infect bacteria, are being evaluated for their 

potential as indicators as they display similar behaviours to the enteric viruses. Somatic 

coliphages are commonly found in sewage and exhibit some resistance to inactivation by 

common disinfection techniques, such as UV and chlorination. Detection of somatic 

coliphage by plaque assay is easy and quick, however, there is potential for their 

replication outside the gut if they come into contact with a suitable host (E.coli and related 

species), which is undesirable (Jofre, 2007).  

Adenovirus, a DNA virus causing various symptoms in humans, has been suggested as a 

potential indicator of waterborne viruses (Jofre, 2007). Adenoviruses are shed in the stools 

of infected individuals and, therefore, known to be present in sewage.  They have been 

found to remain infectious while in sewage and the environment, and they show a high 

resistance to disinfection compared with other enteric viruses. Thompson et al. (2003) 

reported that a UV dose of 170mJ/cm2 was required for a 4-log reduction of adenovirus, 

and they concluded that adenovirus was nearly twice as resistant to UV as MS2 coliphage. 

Hijnen et al. (2006) reviewed literature on the UV inactivation of 6 virus genera and 

determined that adenovirus was the most UV-resistant.  Adenoviruses have been found in 

raw waters, ground and river water, in numbers ranging from 5 x 10
0 

to 1 x 10
4
 genome 

copies per liter (GC/L), and in finished water, 4 x 10
-2

 to 6 x 10
0
 GC/L (Albiana-Gimenez 

et al., 2009). Unfortunately, molecular methods for human adenovirus detection are only 

capable of identifying the presence of the genome and does not distinguish infectious from 

non-infectious particles.  
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Torque teno virus is seemingly a universal and banal human enteric virus. Unlike many of 

the other human enteric viruses, it does not seem to have seasonal fluctuations or spikes 

(Griffin et al., 2008). This virus has not been fully characterized with regards to 

environmental stability or resistance to stresses, however, the outlook for its use as an 

indicator for enteric viruses seems promising.  

There are no Canadian laws directly relating to the discharge of municipal wastewater 

effluent into receiving waters. The treatment of wastewater is not standardized; therefore, 

each municipality handles their effluent differently, whether it is no treatment, one or a 

combination of: primary, secondary, and tertiary treatment (Canadian Council of Ministers 

of the Environment, 2006). Briefly, primary treatment of wastewater settles the sludge and 

removes the grease; secondary treatment deals with the organic component of the sewage, 

breaking it down via microbial processes; and tertiary treatment uses various processes 

such as filtration, physical/chemical treatment, ion exchange, and disinfection to increase 

the quality of the effluent for discharge to receiving waters.  

Pathogenic viruses are a known common contaminate in wastewater effluent (Canadian 

Council of Ministers of the Environment, 2006). There are no regulations directly relating 

to viral levels in effluents, however, Ontario’s Safe Drinking Water Act strictly prohibits 

the introduction of anything to the water intended for human consumption that could be a 

health hazard. The viral load of Ontario wastewaters has not been characterized, nor is 

there any monitoring in place for these pathogens. 
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1.5 Methodologies for the Collection and Detection of Rotavirus 

1.5.1.  Isolation and Concentration 

1.5.1.1  VIRADEL Method 

A common procedure used for the isolation and concentration of rotavirus from 

environmental samples is the viral adsorption and elution method referred to as the 

VIRADEL method. This is the method that is used by the United States Environmental 

Protection Agency (USEPA) and requires the use of charged filters (Fout et al., 2001). 

For sewage and heavily polluted water samples, negatively charged disc filters are often 

used (Wyn-Jones and Sellwood, 2001). The use of negatively charged filters requires pH 

adjustment of the sample and addition of salt, so as to create conditions where the viruses 

will adsorb to the filter. In most instances while using negative filters, the sample has to be 

transported to the laboratory for the conditioning and filtration, therefore these filters are 

not best suited for samples expected to have low virus concentrations (i.e. 1 virus/1000L) 

requiring the filtration of larger volumes (i.e. >100L) (Payment, personal communication, 

2008). 

Typically, for freshwater samples of larger volumes (i.e.1000L), positively charged filter 

cartridges are used. With positively charged filters, the water samples do not require 

conditioning, so the samples can be filtered and the filter can be subsequently transported 

to the lab for processing. The Zeta Plus 1MDS filter cartridge, composed of glass and 

cellulose, is used by the USEPA to filter volumes up to 2000L. Adsorbed to this filter, 

viruses have been found to remain viable for up to 300 hours (CUNO, 2012). A more 

economical, yet seemingly equally effective option, is the NanoCeram positively charged 
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filter cartridge. The NanoCeram filter is made from nanoalumina fibers bonded to a glass 

and cellulose support (Argonide Corporation, 2012). NanoCeram is a relatively new 

product, compared to the Zeta Plus 1MDS. Company evaluations reveal 90 – 99.8% MS2 

phage removals from volumes of water up to 140mL and at 2 different pH levels, 7.2 and 

9.2 (Tepper and Kaledin, 2012). Karim et al. (2009) found the Nanoceram filters to 

perform similar to or better than the 1MDS, with a mean retention of poliovirus at 84%.     

Once collected by filtration, an elution procedure is required to remove the viruses from 

the filter. Typically a 1.5% - 3% beef extract (BE) solution is used for this purpose, other 

eluents have been used and a selection can be found in Table 1.3. BE is known to cause 

inhibition in the downstream processes, such as polymerase chain reaction (PCR). 

Post-elution, the eluted sample undergoes a flocculation step to further concentrate the 

target viruses. When using beef extract as the eluent, an organic flocculation is commonly 

carried out by decreasing the pH of the eluate and stirring. Precipitates will form, which 

can then be pelleted by centrifugation. Ferric chloride can be added to the BE to help with 

floc formation (Payment et al., 1984). 
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Table 1.3 Different eluents used for virus elution from positively charged filters 

Eluent pH Reference 

Beef extract 1.5% + 0.05M glycine 9.5 Fout et al., 2001 

Beef extract 1.5% + 0.05M glycine + 0.01% Tween + 

0.1% sodium polyphosphate 

8.0 Polaczyk et al., 

2007 

Beef Extract 3% + 0.37% glycine 9.0 Tepper and 

Kaledin, 2012 

0.025M sodium carbonate + 0.01% Tween 9.8 Tepper and 

Kaledin, 2012 

0.05M glycine 11.5 Kittigul et al., 2001 

2.9% tryptose phosphate broth + 6% glycine 9.0 Kittigul et al., 2001 

 

 

1.5.1.2  Ultrafiltration 

Ultrafiltration is a concentration method that works via size exclusion. Many studies have 

utilized the ultrafiltration technique (Fumian et al., 2010; Grassi et al., 2010; Schlindwein 

et al., 2010; Williamson et al., 2011) as it is able to contribute to achieving small 

concentrated sample volumes. Two potential drawbacks to this method are that the 

required equipment is costly and that PCR-inhibitors present in the sample are also 

concentrated by this technique. Rajal et al. (2007) validated the use of ultrafiltration with 

quantitative polymerase chain reaction (qPCR) for the purpose of detecting and 

enumerating viruses in water samples and determined that sample dilution could eliminate 

the effects of qPCR inhibition. Hill et al. (2009) compared ultrafiltration to the VIRADEL 

method for viral recovery and found it to be at least, if not more, effective than the current 

USEPA VIRADEL method.    
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1.5.2 Detection and Enumeration 

Two types of methods tend to dominate viral detection and enumeration, they are the cell 

culture based methods and molecular based methods. Often the sample type, ability and 

experience of the researcher, purpose of the data, accessibility and affordability will 

influence which method will be used.  

1.5.2.1  Cell culture based rotavirus detection 

Cell culture is the traditional method for the detection and enumeration of viruses. This 

method is time consuming and tends to be subjective and at the researcher’s discretion. 

Viral infection is tissue specific; there is no one universal cell line that is able to culture all 

enteric viruses. Rotavirus is typically cultured in the MA104 cell line (monkey kidney 

cells); however, it tends to be more difficult to culture and does not always cause good 

visual cytopathic effect (CPE) (Arnold, 2009). Park et al. (1998) describes the use of media 

supplements and additives for better rotavirus propagation.     

To quantify virus in cell culture, either the tissue culture infection dose (TCID50) assay or 

the plaque assay can be used. The plaque assay relies on the ability of the virus to cause 

cell lysis (not always the case with rotavirus) which then allows the enumeration of 

plaques resulting in the calculation of plaque forming units (PFU). The TCID50 assay is an 

endpoint dilution technique that may also rely on the formation of CPE. The TCID50 assay 

is carried out by infecting individual cell monolayers, often grown in 24-well plates, with 

viral dilutions. The positive and negative wells are scored and calculated out to give the 

TCID50 per volume. An immune-peroxidase method for more reliable detection and 

enumeration of virus infection has been described by Payment and Trudel (1985).  
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1.5.2.2  Molecular based rotavirus detection 

Currently, the most commonly used method for the detection of rotavirus is by genome 

amplification via the polymerase chain reaction (PCR). Briefly, PCR exploits the ability of 

DNA polymerase to copy DNA. The polymerase enzyme is added to a reaction mix with 

all of the components necessary to create new DNA strands, this reaction mixture is then 

subjected to multiple rounds of annealing, extension, and melts steps achieved through 

temperature variation. The successful end product is millions of copies of the starting 

DNA.   

Rotavirus has a RNA genome therefore reverse-transcription (RT-PCR), which synthesizes 

cDNA from the RNA template, is required. The resulting cDNA can then undergo real-

time PCR also referred to as quantitative PCR (qPCR). Real-time PCR uses one or more 

fluorescent dyes which intercalate with the amplified DNA; the greater the amount of 

DNA, the more fluorescence. The fluorescence is detected and measured in real time and 

this data can be used to back calculate to the amount of virus present in the original 

sample.  The qPCR method is proving to be a very sensitive method and can detect 

rotavirus in numbers as low as 1 cDNA copy per reaction (Pang et al., in press).  

One main issue facing the qPCR is that it does not discriminate between infectious and 

non-infectious particles; as a result this method might greatly over-estimate the amount of 

infectious virus present in a sample. The integrated cell culture (ICC) PCR technique has 

arisen from this concern.  
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The ICC-PCR combines cell culture and PCR by first culturing any infectious virus present 

in the sample and then performing the PCR methods on the cell culture. Many studies have 

detected rotavirus in various sample types using this technique (Li et al., 2009; Rutjes et 

al., 2009; Li et al., 2010; Rigotto et al., 2010; Schlindwein et al., 2010; Li et al., 2011a,b). 

Li et al. (2011a) found that ICC-qPCR increased rotavirus detection in their samples 

approximately 2-fold, versus that of the RT-qPCR.  
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1.6 Quantitative Microbial Risk Assessment (QMRA) 

 Levels of risk to human health imposed by pathogenic microorganisms present within 

source waters can be estimated through a Quantitative Microbial Risk Assessment. QMRA 

uses hazard, dose, and exposure data to determine the health-related risk associated with a 

particular situation. With regards to drinking water, the application of QMRA models 

could aid in establishing a framework for regulations of enteric viruses in surface waters. 

The data would bear significance on the standards, management, and decisions facing 

drinking water treatment plants (DWTPs), as well as, sewage treatment plants (STPs), with 

relation to the presence and removal of pathogenic microorganisms.  

Quantification data for pathogenic microbes occurring in Ontario’s source water is 

absolutely necessary for QMRA. At present, this data is lacking for rotavirus.  
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1.7 Summary 

Rotavirus is a human viral pathogen that is of public health concern as it causes 

gastroenteritis which has significant societal impacts in developed and developing 

countries. Rotavirus can be found in wastewater effluents being discharged to receiving 

waters, and subsequently, in the source waters being used for human consumption. 

Although known to be present, there are no laws or regulations specific to viral pathogens 

in drinking water, nor wastewater. The lack of laws and regulations can be partially 

attributed to the fact that viral levels in the source waters have not been fully characterized. 

The application of risk assessment models to drinking water offers potential for a 

regulatory framework and creates the need for virus data of this nature. 

This study set out to characterize the rotavirus concentrations in 8 different drinking water 

treatment plant influents and to explore the relationship between rotavirus concentrations, 

seasons, and turbidity measurements. During the summer months, when reported rotavirus 

infections are at the lowest levels, the temperatures in the surface waters are highest 

(upwards of 20°C) and have higher nutrient levels compared to the winter months. These 

factors support microbial growth which would arguably lead to larger particulate matter 

via microbial growth; the larger particulate matter would be more likely to settle out 

resulting in lower turbidity. Any rotavirus bound to the particulate matter would settle out 

to conditions that would prolong infectivity, lower temperature and no UV radiation, 

creating a reservoir. During the winter months, the particulate matter will arguably break 

down and remain in the water column once suspended (via extreme weather and turnover 

events) and act as a transport mechanism for rotavirus to drinking water treatment plants. 
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The presence of the particulate matter in the water would be reflected by higher turbidity 

measurements. See Figure 1.2. 

 

 

 

Figure 1.2 Seasonality of rotavirus infections in Canada, showing a peak during the 

late winter and early spring months. The pattern in rotavirus infections is 

thought to be tied with environmental conditions and factors, specifically 

the presence of particulate matter in surface waters used for drinking water. 
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1.8 Hypothesis 

It was hypothesized that rotavirus would be detectable in the concentrated raw water 

samples and correlate with higher turbidity measurements corresponding to a peak in 

reports of rotavirus associated gastroenteritis in the late winter and early spring months due 

to the virus entering the system via wastewater effluent and adsorbing to suspended 

particulate which ultimately protects and transports the virus to the treatment plant.  

Objectives 

1. Establish and implement a method for the isolation and detection of rotavirus from 

surface waters 

2. Sample source water of 8 drinking water treatment plants 

3. Measure turbidity 

4. Quantify rotavirus in environmental water sample concentrate 

5. Examine the relationship between rotavirus and presence of suspended particulate 

matter 
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Chapter 2: Materials and Methods 

2.1 MA104 cell line and Rotavirus WA 

2.1.1 Rotavirus Propagation 

A tissue-culture adapted rotavirus, strain WA, was purchased from the American Type 

Culture Collection (ATCC, Virginia). The rotavirus was grown in the MA104 cell line 

(African Green monkey kidney epithelial cells) which was purchased from the European 

Collection of Cell Cultures (ECACC, United Kingdom). The growth media used was a 

minimal essential medium with Earle’s salts (MEM, Invitrogen) supplemented with 2mM 

Glutamine (Invitrogen), 1% non-essential amino acids (NEAA, Sigma), 10% fetal bovine 

serum (FBS, Invitrogen), 0.075% HCO3 (Invitrogen) and incubated at 37
o
C with 5% CO2. 

The MA104 cells were sub-cultured regularly 1 – 2 times a week. 

Prior to infecting the MA104 cells, the rotavirus was activated by addition of trypsin 

(Invitrogen) at 10 µg/mL and incubation at 37
o
C for 30 – 45 minutes. The activated virus 

was then added to a 75cm
2
 culture flask with a cell monolayer, approximately 80% 

confluent, which had been rinsed 3 times with either Dulbecco’s phosphate buffer solution 

(DPBS, Invitrogen) or serum-free growth medium. The flask was then placed on a rocking 

platform at 37
o
C and left for 1 hour after which, the virus was removed from the flask and 

serum-free growth medium was added to the flask. The infected flasks were incubated at 

37
o
C and checked daily for cytopathic effect (CPE). 

Stock volumes of 1 mL for both MA104 and rotavirus had been made and kept at -80
o
C. 
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2.1.2 Harvesting Rotavirus 

The virus was harvested from the infected flasks around 7 – 11 days post-infection or once 

~80-90% of the cell monolayer was destroyed. To harvest, the flasks were subject to three 

rounds of freeze-thawing. Subsequently, the virus was clarified by centrifugation (Thermo 

Scientific, Sorvall Legend RT+) at 3,000xg for 5 minutes to pellet the cell debris. The 

supernatant was then transferred to a sterile tube and stored at 4
o
C until further use. 

2.1.3 Semi-Purification of Rotavirus WA stock 

The clarified rotavirus was then semi-purified on a sucrose gradient to further concentrate 

the stock. The procedure followed can be found in Arnold et al. (2009) with the following 

deviations. The rotor used was the SW41Ti for a Beckman Ultracentrifuge. The 

accompanying tubes for this rotor accommodate less volume than the ones in the above 

mentioned protocol, so the volume of clarified stock per tube was 10mL, under laid with 

1mL of sucrose (Sigma). The samples were centrifuged at approximately 120,000 xg for 2 

hours at 4
o
C.   

The resulting rotavirus stock suspension was tested with the Remel X/pect Rotavirus 

immuno-assay card to ensure that the virus was present. 

2.1.4 Rotavirus WA Stock Titration 

About 2-3 days prior to infection for titration, MA104 cells were seeded at a density of 

125,000 cells per well in 24-well plates and incubated at 37
o
C, 5% CO2. Once the 

monolayers were approximately 80% confluent the cells were infected.  

The virus was activated as described above in section 2.1.1 and 100U of penicillin-

streptomycin (Invitrogen) added. Serial dilutions of the activated virus were made in 
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DPBS, 10
-1

 to 10
-10

. The growth medium was removed from the MA104 cells and the 

monolayers were gently rinsed two times with DPBS. The activated virus was added to the 

cells, 100 µL of dilution per well, and the plates were placed on a rocking platform at 37
o
C 

for 1 hour. The virus was then carefully removed and the wells were rinsed once with 

DPBS. Serum-free growth medium was added to the wells and the plates were placed back 

at 37
o
C and monitored daily for CPE for up to 2 weeks. The titer was calculated using the 

Reed-Muench calculation.  
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2.2 Drinking Water Treatment Plant Sampling 

2.2.1 Sampling Locations 

Raw intake water from eight different drinking water treatment plants was sampled over a 

two year period from June 2009 – August 2011. The eight study plants were not chosen 

randomly, they entered the study as willing participants. The plants indicated a desire to 

remain anonymous, to accommodate this they were coded A – H. The source of two 

treatment plants, Plant C and G, was river water, the sources for the others was lake water. 

2.2.2 Sampling Apparatus Construction 

A sampling apparatus was constructed based on similar designs used by the USEPA 

Manual of Methods for Virology (Williams et al., 2001). The sampling hook-up and 

connection system had to accommodate for shared use with a protozoan sampling 

apparatus. 

 
Figure 2.1 Diagram of the virus sampling apparatus 
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The inlet and outlet hosing was constructed of ½” braided PVC with stainless steel 

SwagLok Full-Flow Quick-Connect fittings installed at both ends. The 5” NanoCeram 

filter housing (Argonide Corporation, Florida) was fitted with a water meter from 

Lecompte (Quebec) to record the volume (L) of water passing through the filter. The 

SwagLok fittings at the filter housing inlet and outlet were different (i.e. one male, one 

female) so the inlet and outlet hoses would not be confused. Figure 2.1 shows a diagram of 

the sampling unit.  

Initially, the sampling apparatus included a flow regulator and a pressure gage, however, 

the water pressure from all of the DWTP sampling ports was much lower than expected 

and these components lead to further decreases in pressure. As a result, the regulator and 

pressure gage were removed from the system as it was determined that they would not be 

necessary. 

Each drinking water treatment plant installed a sampling port, ½” female pipe thread 

(FPT), on their raw water intake line (pre-treatment). The plants were supplied with their 

own inlet and outlet hosing for sampling which resided at the plant. The filter housings 

were shared between plants so to avoid potential sample contamination the housings were 

cleaned, in lab, after every sampling session before being shipped to another plant for 

sampling. 

2.2.3 Sampling Procedure 

A universal sampling procedure for the virus sampling, as well as for the accompanying 

protozoa sampling and bacterial testing, was composed. Each plant, with the exception of 
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Plant G and Plant H, had been visited had been visited and minor details in the universal 

sampling procedure were changed in order to tailor the procedure to the individual plants. 

The required sampling equipment was shipped to the plant in a cooler prior to the 

scheduled sampling date. Sampling dates had been scheduled based on historical plant data 

and correlated with past events of extreme turbidity and precipitation.  

The intake pipes to some of the plants were subject to chlorination during the summer 

months for the purposes of zebra mussel control. For each session, this chlorination was 

shut down for the duration of the sampling. Each sampling session started off with a test 

for the presence of chlorine using a DPD chlorine test (Vario from Sigma-Aldrich, 

Germany). Once chlorine was determined to be absent, the virus apparatus was set-up and 

the raw water was filtered using a positively charged NanoCeram (Argonide) pleated filter 

cartridge, the accompanying protozoa and bacterial water collection followed. Each plant 

was instructed to pass 1000 ±500 L of raw water through the NanoCeram (Argonide) filter 

at a maximum flow of 10 L/min. A second filter was always shipped to the plants for the 

instances where the turbidity was too high and the volume could not be captured due to the 

filter clogging. In these cases, the sampling would stop, the filters would be switched, and 

the sampling would resume, resulting in two filters being shipped back for processing to 

the laboratory in Guelph.    

After each sampling session, the samples were packed with ice and shipped to the 

University of Guelph for processing. The filters were processed within 48 hours of 

receiving the sample.   
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2.3 Sample Processing 

These procedures are based on those performed by the USEPA (Williams et al., 2001). 

2.3.1 NanoCeram Filter Elution 

An elution set-up was designed for the in-lab elution process, see figure 2.2.  

The filter(s) were eluted with a 1.2L volume of 1.5% beef extract (BD) and 0.05M glycine 

(Sigma) solution. The solution pH was adjusted to ≥ 9.75 with 4N NaOH. The filter 

housing used for the elution is identical to that used at the treatment plants, except that the 

BE flow was opposite to that of the water flow during sampling, effectively, the filter is 

reverse eluted. A peristaltic pump was used to push the BE into the housing and the 

resulting eluate was collected in a sterile glass jar. To avoid the production of foam, 2 

drops of antifoam (Sigma) was added to the catchment jar. 

The elution procedure differed slightly between a single filter elution and a two filter 

elution. 

 

Figure 2.2 Diagram showing the filter elution set-up 
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2.3.1.1  Single Filter Elution 

Single filters were eluted with the full 1.2L volume of BE solution. The filter housing was 

filled with approximately 400 mL of BE with an initial 1-minute contact time before the 

housing was voided and another volume of fresh BE, approximately 400 mL, was 

introduced for another 15-minutes. The remaining volume, approximately 400 mL, was 

pushed through the housing at the end of the 15-minutes using a peristaltic pump. After the 

housing appeared empty, it was opened, and any remaining BE was poured into the 

catchment jar. The eluate then proceeded to the organic flocculation step.  

2.3.1.2  Two-filter Elution 

Each filter in the two-filter elution was eluted with approximately 800 mL of BE. Like the 

single filter elution, two contact times of 1 and 15 minutes were used. The first filter 

housing was filled with approximately 400 mL of BE, using the peristaltic pump, and the 

left for 1 minute. After this, the housing was opened and this volume was poured into the 

second housing and left for 1 minute. The first housing was then closed and re-filled with 

fresh BE by the pump, beginning the 15-minute contact time, during which the housing 

was disconnected and set aside. The second housing was connected to the elution set-up, 

voided with the pump, and then re-filled with the remaining fresh BE. The second housing 

was then disconnected from the elution set-up, and the first housing re-connected so it 

could be voided at the end of its 15-minute contact time. After emptying the first housing 

completely, the second housing was connected to the pump and voided at the end of its 15-

minute contact time. The eluate then proceeded to the organic flocculation step.  

The volumes were as such that the filters were always in full contact with the BE. 
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Post elution, the inlet tubing was flushed with cold tap water for ≥ 5 minutes and the outlet 

tubing was soaked for ≥20 minutes in a bleach solution and then flushed with cold tap 

water. The filter housings were filled with a bleach solution at 200 ppm and left overnight 

then washed with hot soapy water and rinsed with DI water. 

2.3.2 Organic Flocculation 

A magnetic stir bar was added to the catchment jar containing the eluate and the jar was 

placed on a magnetic stir plate at medium speed. The pH was adjusted to ≥ 3.5 by slowly 

adding 1.2 N HCl. Before the eluate reached the desired pH, 1.2 mL of 0.5 M ferric 

chloride (VWR) was added (around pH 4.0) to aid with flocculation. After adjusting the 

pH, the eluate was incubated at room temperature for 15 minutes. During this time, the 

volume would be split amongst 3 centrifuge bottles and balanced for centrifugation. The 

flocculated eluate was then centrifuged at 3,000 rpm for 15 minutes at 4
o
C. 

 

After centrifugation, the supernatant was poured off and the pellet was resuspended with 

0.15 M sodium phosphate dibasic (Sigma). The resuspended volume was recorded and the 

pH was checked to be sure that it was around pH 7.0 ± 0.2, if not, then the pH was adjusted 

to 7.0 using 1.2 N HCl or 1.2 N NaOH. The concentrated sample was then split into 4x 1 

mL aliquots and 2x ~10-15 mL aliquots and placed at -80
o
C. 

 

The pH electrode was decontaminated by immersion into 1.2 N HCl and stirring for 10 

seconds. Two pH electrodes were used: one for the clean BE and one for the eluted 

samples so as to eliminate the risk of virus being introduced to the clean BE. 
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2.4 Rotavirus Detection 

2.4.1 Construction of a DNA plasmid standard 

A DNA plasmid standard was constructed using cDNA from rotavirus RNA that was 

reverse transcribed using the DyNAmo cDNA Synthesis Kit (Thermo Scientific, Waltham, 

MA) and random hexamers for priming; the amplification protocol is found in section 

2.4.3. A 131 bp sequence of the NSP3 gene in the rotavirus genome (Jothikumar et al., 

2009) was amplified from rotavirus cDNA, the protocol is found in section 2.4.4. Samples 

were loaded on a 1.5% agarose (Invitrogen) gel and run at 75 V for 1.5 hours. The 131 bp 

fragment was then cut from the gel and purified using a Wizard SV Gel and PCR Clean-

Up System (Promega, Madison, WI). The concentration and absorbance readings of the 

131bp fragment were measured using a NanoDrop 8000 spectrophotometer.  

The 131bp fragment was ligated into a pGEM-T vector using the pGEM-T Easy Vector 

System Kit (Promega, Madison, WI). The plasmid construct was transformed into 

competent JM109 E.coli cells and successful transformants were selected using 

LB/ampicillin/IPTG/X-Gal plates. A PureYield Plasmid Miniprep System (Promega, 

Madison, WI) was used to isolate the plasmid. The concentration and absorbance readings 

of the purified plasmid were measured using a NanoDrop 8000 spectrophotometer. The 

plasmids were linearized with a FastDigest ApaI restriction enzyme (Fermentas), which 

only cut at one site. The linearized plasmids were cleaned with a Wizard SV Gel and PCR 

Clean-up System (Promega, Madison, WI) and a sample was then run on 1% agarose gel to 

ensure complete digestion.  
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A PicoGreen assay (Molecular Probes Inc., Eugene, OR) was used to quantify the 

linearized plasmids. The copy numbers were obtained using the following formula:  

Copy  # = (ng of DNA x 6.022E+23)/(length in bp x 1E+9 ng/g x 650 g/mole of bp) 

This can be found on the University of Rhode Island Genomics & Sequencing Center’s 

website at http://www.uri.edu/research/gsc/resources/cndna.html.  

The linearized plasmid stock was then diluted to 3E+5, 3E+4, 3E+3, 3E+2, 3E+1, and 3 

copies which were then aliquoted into single-use volumes and stored at -20
o
C.  

2.4.2 NanoDrop Spectrophotometer 2000 verification 

The accuracy of the NanoDrop spectrophotometer for determining RNA concentration was 

checked by measuring RNA of a known concentration. The RNA used for this test was 

carrier RNA from the QIAamp Viral RNA extraction kit (Qiagen, Valencia, CA). The 

RNA was suspended in nuclease free water at a concentration of 1ug/µL and a series of 2-

fold dilutions in nuclease free water was carried out resulting in 6 RNA concentrations: 1 

µg/µL, 500 ng/µL, 250 ng/µL, 125 ng/µL, 62.5 ng/µL, and 31.25 ng/µL. 

2.4.3 RNA Extraction with MoBioPowerWater RNA Isolation Kit 

The MoBio PowerWater RNA Isolation Kit was used to extract the RNA from the 

concentrated water samples. The manufacturer’s protocol was followed with the suggested 

alternate lysis method at step 6. This step involved heating the samples to 65
o
C in a water 

bath for 10 minutes. The concentration and absorbance of the RNA extracts were then 

measured in triplicate using a NanoDrop 2000 spectrophotometer. The concentrations were 

used to determine the volume of RNA extract to be added to the cDNA synthesis reactions. 

http://www.uri.edu/research/gsc/resources/cndna.html
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A 9 mL volume of concentrated environmental sample that was determined to be negative 

for rotavirus was spiked with 1 mL of stock virus. This spiked concentrate was used as a 

positive control and it was included with each round of extractions. 

2.4.4 cDNA synthesis by RT-PCR 

Depending on the concentration of the extracted RNA from the concentrated water 

samples, a target of 25 ng or a max volume of 7 µL of total RNA was used for the reaction. 

The RNA was subjected to a 5 minute 98
o
C denaturation followed by incubation on ice for 

2 minutes to separate the dsRNA. The DyNAmo cDNA Synthesis Kit (Thermo Scientific, 

Waltham, MA) was used to perform the reverse transcription and random hexamers (300 

ng per reaction as recommended by the manufacturer) were used for priming. The 20 µL 

reactions were incubated at 25
o
C for 10 minutes, 37

o
C for 60 minutes, 85

o
C for 5 minutes, 

and then 4
o
C until retrieval from the thermocycler. Samples were then stored at -20

o
C. 

Positive, no template, and no enzyme controls were included with each run.  

2.4.5 Real-time Polymerase Chain Reaction (qPCR) 

An iCycler iQ5 PCR Thermal Cycler (Bio-Rad, Hercules, CA) and the SsoFast EvaGreen 

Supermix (Bio-Rad, Hercules, CA) was used for DNA amplification in real-time. The 

primers JVKF and JVKR, previously published by Jothikumar et al. (2009), were used at 

350 nM concentrations to amplify a target sequence found in the NSP3 gene, gene segment 

7 of the rotavirus genome. This is a conserved sequence specific to Group A rotavirus.  

The 20 µL reactions, all containing 6 µL of the cDNA, were aliquoted into 96-well plates 

and subjected to the following conditions: 95
o
C for 2 min, followed by 45 cycles of 

denaturation at 95
o
C for 10 sec and annealing at 56

o
C for 20 sec (fluorescence data 
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collected at the end of annealing step). A melt curve from 55
o
C – 97

o
C at 10 sec intervals 

was conducted at the end of the 45 cycles. The plasmid standard curve was run in triplicate 

on all plates. The threshold was automatically set by the system software.  

Positive and negative controls were included with each run.  

2.4.5. Check for PCR inhibition 

To test for inhibitors left from the RNA extraction process, cDNA synthesis was carried 

out using RNA extracts from sample concentrates previously shown by qPCR to be 

negative for rotavirus that were spiked with RNA from rotavirus WA stock. Four different 

amounts of environmental sample extracts (0.25 µL, 0.5 µL, 5 µL, 6 µL), as determined by 

the concentration of total RNA in the original extract, were added to the cDNA synthesis 

reactions. The environmental extracts represented low (1.4 ng/µL), mid (9.9 ng/µL), and 

high (96.3 ng/µL) total RNA concentrations. Each sample amount had two reactions, 

where one reaction was spiked with 5.5 ng of rotavirus WA RNA and the other had not 

been spiked. A reaction with just 5.5 ng of rotavirus WA RNA was used as a baseline 

control for comparison. The Ct values of the samples were compared to that of the baseline 

control. 

2.4.6 Check for inhibition relief using BSA and DMSO 

Two volumes of concentrated environmental sample (previously determined to be negative 

for rotavirus) were spiked with rotavirus WA stock, 1000 infectious virus particles or 

10000 infectious viral particles as determined by TCID50. The RNA in the spiked samples, 

along with an un-spiked sample, was extracted using the PowerWater RNA extraction kit 



 

39 
 

(MoBio). The sample extracts were used for cDNA synthesis and either BSA or DMSO 

was added to reactions at concentrations of 0.5 µg/µL or 5%, respectively. 

2.4.7. Extraction Controls 

A 9 mL volume of sample concentrate previously determined to be negative for the 

presence of rotavirus by RT-qPCR was spiked with a 1 mL volume of rotavirus WA stock. 

The concentration of infectious viral particles in the stock had previously been determined 

to be 1.5x10
4
 viruses per mL by TCID50 assay. A 0.5 mL volume of the spiked 

concentrate was extracted with each round of drinking water treatment plant sample 

extractions, one extraction round per plant, and carried through the molecular processes 

along with the plant samples.  
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2.5 Determination of virus recovery 

For determination of virus recovery, 140 µL of rotavirus WA stock was spiked into 1 L of 

deionized water. A filtration apparatus using a peristaltic pump, for forcing the water 

through a NanoCeram (Argonide Corporation, FL) filter, was set up and 4.5 L of deionized 

water was filtered to ensure a tight seal and that no leaking would occur. The spiked 

deionized water was then filtered followed by another 4.5 L of deionized water. The filter 

was processed following the methods above in section 2.3. The RNA in the sample 

concentrate was extracted with the PowerWater RNA Isolation kit (MoBio, Carlsbad, CA) 

as in section 2.4.2. The RNA was used for cDNA synthesis (see section 2.4.3) with a minor 

modification of adding 18 ng RNA, or a maximum volume of 7 µL if RNA concentration 

was not high enough, to the reaction in lieu of 25 ng. Real-time PCR was carried out as 

above in section 2.4.4. 

A 140 µL volume of rotavirus stock was handled in parallel from the RNA extraction step 

forward to act as a baseline control. The recovery value (%) applies to the amount of virus 

present after filter processing as compared to the baseline control, which represents the 

amount of virus that was filtered in the spiked water. 
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2.6 Statistical Analysis 

All statistical analysis was performed on the back-calculated values from the qPCR results 

using SAS version 9.1. Two data sets were analyzed, one set (referred to as Data set 1) 

with only the GC/L values that met the 3 copy cut-off and a second set (referred to as Data 

set 2) that included all of the GC/L values.  

To compare the mean virus count between river and lake sources, a Satterthwaite t-test 

statistic for unequal variance was performed. A 1-way ANOVA was used to compare the 

mean virus counts between the plants and across seasons and to compare turbidity across 

seasons. Tests for correlation were performed between the virus count and turbidity and 

temperature variables; depending on the normality of the data either a Pearson correlation 

(normally distributed) or a Spearman correlation (not normally distributed) was performed.
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Chapter 3: Results 

The accuracy of the NanoDrop spectrophotometer 2000 was tested for RNA concentration. 

The manufacturer lists a reproducibility of 2 ng/µL for dsDNA samples that are ≤100 ng 

and 2% for samples over 100 ng. The accuracy was found to be satisfactory. Based on the 

mean and SD values, the 500 ng/µL, 250 ng/µL, and 31.25 ng/µL samples were slightly 

over the stated reproducibility by 0.19%, 0.85%, and 0.06 ng/µL, respectively. The 

Nanodrop was used for measuring the RNA concentrations throughout the study. 

The virus recovery of the VIRADEL procedure was determined to be 12% (range 8% – 

20%) and it was determined to give an idea of the efficiency of our in-lab process. This 

value pertains to the in-lab recovery of 140 µL of rotavirus WA stock (5.5ng/µL) spiked 

into 1L of deionized water (preceded and followed by 4.5 L of virus-free deionized water 

through the filter) , it does not directly relate to the recovery of environmental rotavirus 

from environmental sample concentrates due to the differing nature of the two matrices. 

Rather, it gives an idea of the efficiency of our process so further adjustments can be made 

to improve the recovery of the process. This recovery is lower than the recovery of 

rotavirus spiked in deionized water for Pang et al. (2012), recovery range 27% - 55%, who 

also used NanoCeram filters and a similar elution and concentration method. Recovery 

using a typical cell-based detection method for enteric viruses has been stated to be around 

50% (±10%) (Pierre Payment, 2008, personal communication).This lower recovery for our 

process could be attributed to possible virus losses during: the filtration step, where some 

viruses were not adsorbed to the filter; the elution step, where some virus may have not 
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eluted off the filter and remained instead; the flocculation step, where viruses were not 

captured in the flocs. Loss could also have occurred after the filter processing during the 

RNA extraction step where not all RNA was extracted and isolated. A lower recovery 

could also be attributed to inhibitive effects of the beef extract or other PCR inhibitors, 

which would not have been present in the baseline control, on the downstream processing 

of the RNA. To control for this, a second volume of unspiked distilled water could have 

been filtered and processed to be used for a second baseline control, the second concentrate 

would be spiked with rotavirus stock and processed from there. 

The use of beef extract for elution of viruses from charged filters is common and is used by 

the USEPA (Williams et al., 2001). Beef extract is known to exhibit some inhibitory 

effects on PCR (Abbaszadegan et al., 1993; Schwab et al., 1993), as a result other solutions 

such as: sodium carbonate, glycine, and tryptose phosphate broth have been used for filter 

elution (Tepper and Kaledin, 2012; Kittigul et al., 2001). A preliminary check for PCR 

inhibition was performed by spiking stock rotavirus RNA into RT-PCR reactions with 

varying recoveries of total RNA from environmental samples, previously shown to be 

negative for rotavirus. The total RNA concentrations of these samples were as follows: low 

recovery sample (C7) had 1.4 ng/µL, mid recovery (C8) had 9.9 ng/µL, and high recovery 

(F3) had 96.4 ng/µL. The spiked samples were considered to be technical replicates of the 

baseline control and therefore the Ct values would all fall within a Ct value of 0.3 if no 

inhibition was present. Results can be found in Table 3.1. Inhibition was observed in the 

F3-2 and C8-2 samples. For the F3-2 sample, the inhibition was removed when the sample 

was diluted from 50 ng total RNA to 25 ng total RNA (see sample F3-4 in table 3.1). 
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Table 3.1 Results of preliminary test for PCR inhibition of environmental sample 

concentrates. 

Sample  Vol. of 

sample RNA 

extract in 

RT reaction  

Spike 

 (RV 

RNA) 

Ct value 

(mean) 

F3-1 0.5 µL - 36.4 

F3-2 0.5 µL  5.5ng  19.3 

F3-3 0.25 µL  - - 

F3-4 0.25 µL  5.5ng 18.5 

C7-1 5 µL  - 36.6 

C7-2 5 µL 5.5ng 18.7 

C8-1 6 µL - 35.5 

C8-2 6 µL 5.5ng 20.5 

Stock1 
(5.5ng 

RNA) 

1 µL - 18.3 

 

Substances other than BE are known to have inhibitory effects on downstream  molecular 

processes, such as humic acids which are present in environmental samples and are 

concentrated alongside the target organism. The presence of inhibitors in the concentrated 

samples was expected, so the MoBio PowerWater RNA Isolation Kit was chosen for RNA 

extraction, as it is designed for samples of this nature and incorporates proprietary 

solutions for inhibitor removal. Other RNA extraction kits had been tested; Qiagen 

QIAamp Viral RNA Mini Kit, MoBio PowerSoil RNA extraction Kit, and Sigma-Aldrich 

TRI Reagent. To lessen the effects of inhibitors, BSA (bovine serum albumin) and DMSO 

(dimethyl sulfoxide) are two substances that have been added to reactions (Simonovic et 

al., 2012; Kreader, 1996; Winship, 1989). DMSO is an organic solvent and it aids in DNA 

strand separation and lowers DNA melting temperature (Simonovic et al., 2012), while 
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BSA is thought to scavenge inhibitors preventing them from binding to the reaction 

enzymes (Kreader, 1996; Simonovic et al., 2012). Even though no significant inhibition 

had been detected in the preliminary check, the addition of BSA and DMSO to the cDNA 

synthesis reactions for relief of PCR inhibition underwent preliminary testing to see if they 

would have a significant positive effect on the results. Upon comparing the Ct values (see 

Table 3.2), it was determined that neither the addition of DMSO or BSA to the RT-PCR 

reaction had a positive significant effect on the qPCR results. The results indicated a 

possibility that the addition of BSA might have a negative effect on the amplification as 

indicated by a difference of 1 in Ct value compared to the control; a difference in Ct value 

greater than 0.3 indicates a significant difference as it is expected that technical replicates 

fall within 0.3 of each other. 

Table 3.2 Results of preliminary testing of BSA and DMSO for relief of PCR 

inhibition from environmental sample concentrates 

Sample Original 

sample 

spike (*V) 

Ct 

value 

   

W1 1,000 30 

W1 + DMSO 1,000 30 

W1 + BSA 1,000 31 

*V – infectious virus as determined by TCID50 assay 
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After the preliminary testing of the addition of DMSO and BSA to RT-PCR reactions, it 

was determined that they did not have a significant effect on the samples and would be 

omitted from further reactions in order to maximize the volume of sample added to the 

reaction as the template was assumed to be present in low quantities.  

For each round of RNA extractions, an environmental concentrate spiked with rotavirus 

WA stock was included as a positive control; the sample concentrate had been spiked with 

1.5E+4 infectious viral particles, as determined by TCID50 assay. Each control was taken 

from the same spiked concentrate and theoretically should have yielded similar results. The 

RNA concentration of these extraction controls varied from 4.4 ng/µL – 8.4 ng/µL; 

possibly signifying variation in the extraction efficiency or that the spiked concentrate was 

non-homologous. Rotavirus is known to aggregate, in untreated feces 35% of rotavirus 

particles have been observed to be aggregated (Moreno et al., 1998) so the variation could 

be due to viral aggregation that created a non-homologous solution and caused the aliquots 

to differ in the amounts of virus present. The results are not as uniform as expected and 

indicate variation of nearly 1 log of viral load. When examining the results as genome 

copies per nanogram (GC/ng) total RNA, the values range from 340 GC/ng – 2230 GC/ng 

RNA and appear to have an inverse relationship to the RNA concentration. See Table 3.3. 
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Table 3.3 RNA concentrations of the positive extraction controls and RT-qPCR 

results back calculated to rotavirus genome copies per ng of RNA in the 

RT-PCR reaction. All extractions were taken from the same 10 mL volume 

of environmental concentrate spiked with rotavirus and all RT-PCR 

reactions used 25 ng of total RNA.  

Control [total RNA] 

(ng/µL) 

GC/ng RNA SD 

A 4.6 640 50 

B 5.1 420 110 

C 4.4 2230 190 

D 5.0 1070 60 

E 8.4 340 250 

F 4.9 1000 40 

G 7.8 690 60 

H 7.7 1920 50 

 

 

For the cDNA synthesis 25 ng of total RNA was added to each RT-PCR reaction mixture. 

ThermoFisher, the manufacturer of the DyNAmo cDNA synthesis kit, reports successful 

cDNA synthesis over a broad range of RNA amounts, 10 pg – 1 µg. The amounts of total 

RNA used in RT-PCR procedures for rotavirus detection was not found to be reported in 

publications referenced in this thesis; 25 ng was decided on as it was the highest amount 

achievable by the majority of the samples (72 of 79). The RNA concentration of 7 of the 

sample extracts was not high enough to achieve 25 ng for the RT-PCR, these samples were 

from Plant A (July and September 2009), Plant B (June 2009, April and June 2010, and 

April 2011) and Plant C (December 2010). For these samples the maximum volume of 7 

µL of RNA was used and the resulting amounts ranged from 9.8 ng to 23.8 ng of total 
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RNA. One cDNA synthesis reaction was carried out for each sample and positive, no 

template, and no enzyme controls were run with each round of synthesis reactions.  

The quantification of rotavirus genomes present in the samples was based on a plasmid 

standard curve that ranged from 3 – 300,000 copies.  A value of 3 genome copies/reaction 

was chosen as the cut-off value, or limit of detection (LOD), for the qPCR. Any values that 

were below the 3 copy/reaction cut-off were considered to be below the detectable limit, 

any samples with values of 3 and above were considered to be positive for rotavirus. This 

value of 3 copies has been defined as the lowest limit of detection (LOD) theoretically 

possible with a 95% probability of detection for a single qPCR (Bustin, 2009; Wittwer and 

Kusukawa, 2011). The 3 copy standard amplified well and replicates rarely fell off the 

curve during preliminary qPCR runs. Studies using similar methods have reported 

sensitivities of 1 rotavirus cDNA copy/reaction (Pang et al., 2012) and 2 – 4 viral 

particles/reaction (Jothikumar et al., 2009). Going forward, sensitivity testing of this 

method should be carried out in order to determine if there is a better cut-off value for our 

laboratory’s molecular methods.  

For qPCR, the plant samples were run on four 96-well plates with plants A,B; C,H; D,E; 

and F,G grouped together on a plate. The efficiencies and coefficient of determination (r
2
) 

values of the 4 corresponding standard curves were all acceptable, ranging from 96 – 104% 

and 0.997 – 0.999, respectively. In general, efficiencies between 90% - 110% and r
2
 values 

of 0.99 – 0.999 are accepted (Raymaekers et al., 2009). The sample reactions were run in 

triplicate with positive and no-template controls on each plate, 6 µL of cDNA was added to 
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each reaction. The mean values of qPCR genome copies were back-calculated to genome 

copies per liter (GC/L) of raw water filtered (see Appendix B for calculation), and are 

further referred to as the virus count. Figure 3.1 graphs the virus count values for the 

samples from all of the drinking water treatment plants so trends and patterns can be 

visualized. The values that met the 3 copy cut-off are differentiated from those that did not 

by a red coloured column. Upon inspection of Figure 3.1, a general trend toward a seasonal 

pattern, where GC/L values peak during the winter and spring months, is apparent. The 

drinking water treatment plant that best displays this trend is Plant D, although all of the 

qPCR values were below the cut-off. The two treatment plants that do not seem to indicate 

this pattern are the ones that use a river as their source water, Plants C and G.  
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Figure 3.1 Virus counts for each drinking water treatment plant. The red columns 

indicate the samples that were positive for rotavirus (≥3 copies), the blue 

columns indicate the samples that fell below the detection limit. Note that 

the Y-axis differs for each plant.  
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For investigation of seasonality trends, the sampling dates were categorized into seasons; 

spring (SP) – March, April, May; summer (S) – June, July, August; fall (F) – September, 

October, November; and winter (W) – December, January, February. Table 3.4 lists the 

positive samples by plant and shows the breakdown by season. There were 78 samples in 

total (excluding B1), 12 of the samples (15%) were positive by qPCR. Of the positive 

samples, 75% were collected during the spring months. 

Table 3.4 Samples positive for rotavirus as determined by qPCR listed by plant and 

season  

Plant Positives Season 

Sp S F W 

A 2/11 

(18%) 

2 0 0 0 

B 4/9 

(44%) 

3 0 1 0 

C 0/11 0 0 0 0 

D 0/11 0 0 0 0 

E 2/10 

(20%) 

1 1 0 0 

F 1/10 

(10%) 

1 0 0 0 

G 1/11 

(9%) 

1 0 0 0 

H 2/5 

(40%) 

1 0 0 1 

 

For the statistical analysis, two data sets were analyzed. Data set 1 was comprised of the 

back calculated values that met or exceeded the LOD with the other values considered 
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zero. However, the values that fell below the cut-off are not all zero as seen in Figure 3.1; 

even though these values did not meet the cut-off, they still exist albeit considered less 

reliable. Therefore, analysis for a second data set (data set 2) that was comprised of all the 

back calculated values, regardless if they met the cut-off or not, was performed. 

For all statistical analyses, sample B1 had been left out. In the univariate analyses, the 

virus count for this sample is almost 2000 times higher than the next highest value and 

when plotted, B1 is far away from the other values. The quantitative and graphical 

evidence (see Figure 3.2) strongly suggest that B1 is an outlier and, therefore, was omitted 

from the analysis.  

Figure 3.2 Plotted virus count data showing sample B1 (Plant B, June 2009) as an 

outlier relative to all of the samples analyzed. 
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The means of the virus counts between the river and lake sources were compared by 

Satterthwaite t-test for unequal variance, as the t-test for un-equality of variance was 

significant (P<0.0001). Both data sets showed the virus count to be significantly different 

between the river and lake sources with the lake sources having higher virus counts. See 

Table 3.5. 

Table 3.5 Statistical calculation for Satterthwaite t-test comparing the virus counts 

(GC/L) between river and lake source waters in the study. Data set 1 

consisted of the values that met the qPCR cut-off, Data set 2 consisted of all 

the values regardless of the cut-off criteria. Where t-value is the mean of the 

differences between groups and P is probability of obtaining the test statistic 

observed 

 Mean 

Virus 

count 

SD t-value P 

Data set 1   

-2.14 0.037 Lake 29.6 95.7 

River 1.9 8.8 

Data set 2   

-2.31 0.024 Lake  37.9 93.8 

River 8.3 8.9 

 

 

Using ANOVA, the virus count means were compared between the individual plants. 

Results from data set 1 showed no overall significant differences between the plants (F = 

1.77, p = 0.11), however, in multiple comparisons, the mean virus count of Plant E was 

significantly (p< 0.05) different from A, C, D, F, and G. When comparing the virus count 

means of data set 2, the ANOVA showed significant differences between the plants (F = 
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2.30, P = 0.037) with Plant E being significantly (p <0.05) different from all the other 

plants except Plant H. See Table 3.6. 

Table 3.6 Results from ANOVA comparison of the mean virus counts between the 

drinking water treatment plants.   

Plant 

Data set 1 Data set 2 

Virus count 

mean 

(GC/L) 
SD 

Different 

from plant 

(α=0.05) 

Virus count 

mean 

(GC/L) 
SD 

Different from 

plant 

(α=0.05) 

A 14.8 34.0 E 19.2 34.4 E 

B 23.5 41.6 NONE  27.7 39.2 E 

C 0 0 E 7.3 5.5 E 

D 0 0 E 16.4 44.6 E 

E 87.8 188.3 A, C, D, F,G 113.2 187.1 A,B,C, D, F, G 

F 1.6 5.1 E 3.4  5.9 E 

G 3.7 12.4 E 9.1 11.4 E 

H 77.4 152.9 NONE 59 95.4 NONE 

 

 

An ANOVA analysis was carried out on the seasonal virus counts within each plant, see 

Table 3.7. For data set 1, the analysis was carried out on Plants A, B, E, and H; the other 

plants did not have enough values for a comparison. No statistically significant difference 

was found between all four seasons for any of the plants. Upon comparing the individual 

seasons (α = 0.05), Plant A showed a significant difference between spring and summer 

and spring and fall for data set 1; and between spring and all other seasons for data set two. 
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Table 3.7 Results from ANOVA comparison of the mean seasonal virus counts within 

each individual drinking water treatment plant and from the pooled data of 

all the plants together. Where F-value is the ratio of the variance between 

groups/within group and P-value is probability of obtaining the test statistic 

observed 

Plant 

Data set 1 Data set 2 

F value P 

Seasons which are 

different (α=0.05) F value P 

Seasons which are 

different(α=0.05) 

A 2.9 0.11 Sp-S 

Sp-F 

4.18 0.065 Sp-W 

Sp-S 

Sp-F 

B 2.73 0.15 NONE 2.21 0.21 NONE 

C N/A - - 1.14 0.41 NONE  

D N/A - - 1.99 0.20 NONE 

E 0.42 0.75 NONE 0.21 0.89 NONE 

F N/A - - 2.27 0.18 NONE  

G N/A - - 0.97 0.46 NONE  

H 0.52 0.66 NONE 0.53 0.66 NONE 

Pool 1.79 0.16 NONE 1.79 0.15 NONE 

 

When the seasonal counts were compared by ANOVA for the drinking water treatment 

plants as a single pooled group, no statistically significant difference was shown for either 

data set (Table 3.7). 

The turbidity and temperature variables were tested for correlation with the virus count 

using the pooled data for all the plants by Pearson correlation test, results are found in 

Table 3.8. For both data sets the correlation between temperature and virus count was 

negative (more temperature = fewer count), very weak, and not significant. However, a 

significant correlation was found between turbidity and virus count, where more turbidity 

equaled more virus count. See Figure 3.3. The data for each plant was also tested to see if 



 

56 
 

the correlations changed by individual plant intakes. Half of the plant data had been 

normally distributed (Plants C, E, F, G) and half was not normally distributed (Plants A, B, 

D, H), therefore the Pearson correlation test was used for the former data and the Spearman 

correlation was used for the latter data. See Table 3.9. For data set 1, a significant positive 

correlation between virus count and turbidity was determined for Plants A (r = 0.66, p = 

0.03) and B (r = 0.89, p = 0.007). For data set 2, a significant negative correlation between 

virus count and temperature was determined for Plants A (r = -0.67, p = 0.04) and D (r = -

0.63, p = 0.04) and a significant positive correlation between virus count and temperature 

was determined for Plant C (r = 0.69, p = 0.02).  

Table 3.8 Statistical calculation of correlation between virus count (GC/L) and 

turbidity and temperature variables using the pooled data from all DWTPs. 

The Pearson correlation coefficient (r) and probability of the results being a 

random occurrence (p) were calculated based on a two-tailed Pearson 

correlation test for two sets of data: Data set 1, comprised of only the values 

that met the original cut-off; Data set 2, comprised of all values. 

 

 

 

 Data set 1 Data set 2 

 r p r p 

Turbidity and Count 0.268 0.02 0.36 0.0017 

Temperature and Count -0.029 0.80 -0.028 0.81 
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Table 3.9 Statistical calculation of correlation between virus count (GC/L) and 

turbidity and temperature variables for the individual DWTPs. The 

correlation coefficient (r) and probability of the results being a random 

occurrence (p) were calculated based on either a two-tailed Pearson 

correlation or the Spearman test for two sets of data: Data set 1, comprised 

of only the values that met the original cut-off; Data set 2, comprised of all 

values. 

 

* Spearman method was used for estimation of correlations due to the non- normal 

distribution of data 

 

When an ANOVA was run to compare differences in the turbidity across seasons, no 

significant difference between the four seasons was found for either the pooled data (F = 

2.38, P = 0.08) or the individual plants. However, the turbidity in spring was found to be 

significantly (α = 0.05) different from all other seasons for Plant D and different from 

summer and fall for Plant E.  

 Data Set 1 Data Set 2 

Correlation between Count and  Correlation between Count and 

 Turbidity Temperature Turbidity Temperature 

Plant R p r p r p r p 

A* 0.66 0.03 -0.55 0.10 0.29 0.40 -0.67 0.04 

B*
 

0.89 0.007 -0.26 0.57 0.64 0.11 -0.39 0.38 

C NA NA NA NA 0.22 0.54 0.69 0.02 

D* NA NA NA NA -0.36 0.28 -0.63 0.04 

E 0.18 0.75 -0.05 0.89 0.17 0.63 -0.1 0.78 

F 0.36 0.30 -0.46 0.18 0.35 0.32 -0.49 0.14 

G 0.14 0.69 -0.37 0.26 0.10 0.78 -0.34 0.31 

H* 0.67 0.21 0.34 0.58 0.70 0.19 0.40 0.50 
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Figure 3.3 Plots of virus count vs. turbidity data (pooled) from the study where A) Plot 

for data set 1, B) Plot for data set 2.
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Chapter 4: Discussion 

The aim of this project was to implement a detection method to quantify rotavirus in water 

samples from 8 different drinking water treatment plants for two purposes:  

1. To provide an external group with data for QMRA  

2. Explore the presence of rotavirus in Ontario source waters 

There is a rising awareness that there is a gap in Ontario drinking water regulations 

regarding the presence of enteric viruses, such as the highly infectious rotavirus. It is 

accepted that safe levels of indicator bacteria in drinking water, used to indicate the 

presence of fecal pollution, do not correlate with safe levels of enteric viruses (Gratacap-

Cavallier et al., 2000; He et al., 2009). Health Canada has recently started to revise the 

drinking water guideline with regards to enteric viruses; a 4-log (99.99%) reduction of 

enteric viruses in drinking water has been proposed (Health Canada, 2010). To aid in 

achieving this, the viral loads in the source waters need to be characterized. In Ontario, 

neither the presence nor load of rotavirus in surface waters has been characterized to our 

knowledge. 

Rotavirus is known to be a difficult virus to work with in cell culture (Arnold, 2009; Rutjes 

et al., 2009) and molecular-based methods that quickly detect genetic material, like reverse 

transcriptase quantitative polymerase chain reaction (RT-qPCR), are quickly becoming the 

methods of choice for dealing with this virus and other pathogens. Molecular methods are 

more sensitive than cell-based methods, offer a more rapid turnaround for results, lack the 
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subjectivity of cell culture, and offer a high degree of specificity. However, molecular 

methods are sensitive to environmental inhibitors and currently, there is an inability to 

discriminate between infectious and non-infectious virus within a sample using molecular 

methods alone. If these molecular results were to be taken at face value for QMRA, it 

might lead to an overestimation of the public health risk; if used for regulatory purposes, 

they could lead to very stringent and costly disinfection standards. On the other hand, 

results generated by the less sensitive cell culture methods might underestimate the risk to 

public health especially for viruses such as rotavirus, which is more difficult to work with 

in cell culture as most environmental strains do not readily infect the cell culture and cause 

cytopathic effect (Arnold, 2009; Rutjes et al., 2009). This issue of underestimation of risk 

is raised by the low level detection of rotavirus during the off-peak months in this study.  

Using RT-qPCR this study semi-quantitatively determined the presence of rotavirus in 

eight different drinking water treatment plant raw water intakes provides data for the 

presence and fate of rotavirus in source waters but not adequate for QMRA purposes as the 

amount of infectious virus was not determined. As hypothesized, rotavirus detection 

trended toward a pattern of seasonality where more virus was detected in the early spring 

months which correspond with a peak in gastroenteritis in Ontario. The sample size was 

relatively small (n=78) representing a statistical limitation however, a correlation between 

turbidity and virus count was determined and a seasonal pattern was observed. 

In this study, for the samples that met the qPCR cut-off, the amount of virus detected 

ranged from 10 – 513 GC/L of raw source water. These values are in-line with those 
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reported by others who used molecular methods to detect rotavirus in source water; Rutjes 

et al. (2009), detected rotavirus in concentrations ranging 108 – 3203 PCR detectable 

units/L of source water; Hamza et al. (2009), found rotavirus in numbers ranging 12 – 

42000 GC/L; and Lodder et al. (2010) reported values up to 2200 GC/L.  

One of the more interesting observations in the current study was the number of rotavirus 

positive samples that fell below the 3 copy cut-off. Of the 78 samples, only 13 samples had 

values of 0, leaving 53 samples showing positive values for rotavirus below the detection 

level of 3 copies. This low level detection of rotavirus is why two data sets were analyzed. 

To improve the detection limit, the efficiencies of the methods could be improved and 

controls can be implemented to account for efficiency losses, then the low level positive 

values would be more likely to make the 3 copy cut-off. This low level of rotavirus 

detection in the surface waters in this study presents the possibility that the environment 

may act as a reservoir for infectious human rotavirus and that seasonal environmental 

factors lead to the transport of rotavirus to drinking water treatment plants where some are 

able to escape disinfection and make their way to the public via drinking water. This is a 

plausible theory as rotavirus is known to be more resistant to disinfection techniques and is 

highly infectious (Santiago et al., 2004; Hijnen et al., 2006; Li et al., 2009). These low 

levels of rotavirus could be of value to monitor in the future. 

As previously stated, the qPCR results from this study do not discriminate between 

infectious and non-infectious viral particles as the detection is strictly based on the 

genome. Studies that have detected both infectious viral particles and genome copies have 
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found the rotavirus genome to be detected in numbers that exceed those of the infectious 

particles on the upwards of 100 to 3,200 times more, even as extreme as 10,000 times more 

(Rutjes et. al, 2009; Gilgen et al., 1997). For the positive extraction controls in this study, 

the rotavirus WA genome was detected in amounts that exceeded the infectious particles 

on average by 600 fold (range 200 – 1,500). There is a need to discriminate between 

infectious and non-infectious virus for the purpose of assessing public health risk, the 

method implemented for this study was not able to achieve this and is a limitation. To 

address this issue methods using propidiummonoazide (PMA) and ethidiummonoazide 

(EMA) in conjunction with RT-PCR are now being explored and developed (Parshionikar 

et al., 2010; Kim et al., 2011). These methods work on the premise that a damaged viral 

capsid likely results in the virus losing its ability to infect a host and its capacity to protect 

the genome. As PMA and EMA are dsDNA intercalating dyes, they can bind to dsRNA 

that is not protected by an intact capsid (infectious virus) and render the RNA unavailable 

for cDNA synthesis and further amplification. Currently, proof of concept studies have 

been successful for RNA viruses that have been inactivated through treatment with heat or 

hypochlorite. 

For the purposes of the QMRA, it had been suggested that a correction factor be applied to 

the virus count values to account for this discrepancy in the amount of genome copies 

versus infective virus particles as non-infectious virus does not impose a health risk. 

However, this idea has been rejected as there is no way to be sure that the ratios observed 

in other studies is applicable to our values. Conceptually, it is likely that the ratios will 

differ based on several factors such as the nature of the source waters, the surrounding 
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populations, and the season. Differences might also occur due to variations in the sample 

handling, pre-analytical processing, and molecular procedure such as: differences in 

primers for RT-PCR and qPCR, the use of different enzymes, one-step versus two-step 

PCR, and the efficiencies of the methods. The Health Canada QMRA model (Douglas, 

2008) has a set of default values for estimated amounts of virus in various source water 

types to be used when no other specific data is available. Upon comparison to the values 

obtained in this study, there is a notable difference of several magnitudes. These Health 

Canada default values were derived from studies using cell based methods for virus 

detection, which could be argued to underestimate the presence of infectious virus due to 

varying abilities of viruses to infect cell culture and cause CPE. These default values are 

not specific to rotavirus and they do not reflect seasonality, which is known to occur. In 

terms of QMRA and public health risk, this raises the issue of lack of data and highlights 

the need for more research regarding the presence of pathogenic viruses in local source 

waters.  
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Table 4.1 Health Canada QMRA model’s crude values for expected amounts of 

infectious viruses in source waters  

Source water # viruses/100L # viruses/L 

Pristine  0.1 0.001 

Lightly impacted 1 0.01 

Moderately impacted 10 0.1 

Heavily impacted 100 1 

 

Rotavirus illness is known to follow a seasonal pattern in places with temperate climates, 

such as Canada, where reported illness peaks in the late winter and early spring, see Figure 

1.1 (Health Canada, 1998). Taking this peak in illness into account along with the 

knowledge that rotavirus is shed in high numbers from infected individuals, highly 

infectious, and primarily transmitted by the fecal-oral route, it was hypothesized that the 

detection of rotavirus in the raw water intakes would also follow a seasonal trend where 

numbers would be highest in the winter and spring months due to the virus entering the 

system in wastewater effluent from infected individuals. As predicted, higher virus counts 

did occur during the spring and winter months. The majority of the rotavirus positive 

samples (9/12) were collected during the spring months, with March being the month most 

likely to yield positive rotavirus results. The local health regions of the drinking water 

treatment plants were contacted for information on outbreaks of gastrointestinal illness 

during our study period (June 2009 – August 2011). Very little information was available 

as rotavirus is non-reportable; however, outbreaks of gastroenteritis are reported. All of the 

health regions we were in contact with reported that the majority of the enteric outbreaks, 

many with unknown etiology, occurred during the winter and spring months. From a 
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public health standpoint, it would be beneficial to understand the relationship between the 

peak in rotavirus illness and the peak in detection and what causes what. If the peak in 

illness is attributed to ingesting rotavirus in tap water, then precautions could be made in 

long term care facilities and daycare centers, where they are at highest risk, to avoid 

drinking tap water during March, for example. If this were to be the case then drinking 

water treatment plants could also take a closer look at their treatment regime and possibly 

increase the level of chlorination during peak detection.   

The statistical analysis, particularly the ANOVA, faced limitations with regards to the 

sample size. This is important to keep in mind when interpreting the results as a smaller 

sample size can call into question the reliability of any significance or non-significance 

found within the results as more data points mean more variation, which increases the 

reliability of the results. For this data set, samples acquired outside of the expected extreme 

turbidity and precipitation events on a monthly basis for each plant would have been ideal 

as the variation in virus count would have been better characterized increasing the 

reliability of the statistical analysis. However, this was not logistically or economically 

feasible in the present study. For the ANOVA analysis, the small data set meant that some 

results are conceptually unusual. For example, with Plant A in data set 1, virus was 

detected only in the spring and not in the other seasons, ANOVA found spring to be 

significantly (α = 0.05) different from summer and fall but not winter even though all three 

had the same value of 0. This result is due to the number of data points for each season, 

summer and fall had three points whereas winter only had two. In instances where only 
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one observation is available, occurred in data set 1, no meaningful comparison can be 

made by ANOVA as there is no variation.  

A correlation was observed between rotavirus and turbidity where higher turbidity 

measurements correlated with higher virus counts, see Table 3.8. It is known that viruses 

adsorb to particulate matter in aquatic environments (Luef et al., 2009; Peduzzi and Luef, 

2008; Simon et al., 2002) and it is thought that this particle association could play an 

important role in the transport and fate of pathogens in the aquatic environment (Droppo et 

al., 2009). Not only does this association aid in dissemination but it elicits a protective 

effects against inactivation for the virus (Romero et al., 2011), thereby maintaining virus 

infectivity while transporting it to the drinking water treatment plants. Adsorption of 

rotavirus to larger particulate matter could also cause it to settle out of the water column 

where it would be protected by cooler temperatures and decreased solar radiation, 

effectually creating a reservoir of infectious rotavirus in the bed sediments. This would 

seem particularly true for deeper lakes where the bed sediment is less likely to be disturbed 

by an active surface compared to that of flowing river systems which tend to be less deep 

and are continually moving. 

This study detected rotavirus in higher amounts in the lake sources versus the river 

sources, no other literature was found relating to this topic. Interestingly, the lakes seemed 

to show a stronger trend toward seasonality versus the rivers as detection of rotavirus in the 

river sources appeared to be more consistent across the seasons compared to the detection 

in the lakes, which tended to show spikes in the spring months. This could just be due to 
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the population, population size, watersheds, and sewage treatment plants located on these 

sources rather than to differences in the nature of these sources. 

Statistical analysis of the data using ANOVA revealed no difference in virus counts 

between all four seasons for any of the plants. Upon comparing individual seasons, only 

Plant A had significant differences (α = 0.05), denoting seasonality, where spring was 

significantly different from all other seasons for data set 2 and significantly different from 

summer and fall for data set 1. Upon inspection of Figure 3.1, a trend towards higher 

rotavirus counts during the spring for the plants is apparent, with the exception of Plants C 

and G where the presence and amount of rotavirus seems to be more consistent. This is 

interesting as Plants C and G are the only two plants that draw from a river source. 

The 2011 consensus projects a 44.6% increase in the population of the Greater Toronto 

Area (GTA) over the next 25 years. This increase will see more wastewater effluent being 

released to lakes and rivers along with an increased demand for drinking water. This study 

gives an estimation of the amount of rotavirus present in the water being treated for the 

purpose of human consumption. The data can be used to focus public health prevention 

strategies for rotaviral illness and aid in the creation of regulations relating to the presence 

of rotavirus in source waters. It can also help drinking water treatment plants implement 

treatment strategies that meet and exceed Health Canada’s proposed 4-log virus removal, 

as rotavirus is more resistant to UV and chlorine disinfection compared to other enteric 

viruses. 
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The method implemented was adequate for the purpose of exploring the trends of rotavirus 

presence in the water samples collected, however it seemingly falls short for QMRA 

purposes which requires precise numbers of infectious units. The developed method is 

more semi-quantitative than quantitative due to the variability in efficiencies and the 

inability to properly account for the efficiencies from beginning to end. Future 

development of this method for rotavirus quantification in our lab could include design of 

greater efficiency controls such as an internal RNA control which would for the 

monitoring of the extraction, cDNA synthesis, amplification, and detection points in the 

procedure. Furthermore, the testing of the RT-PCR and of the qPCR steps to determine 

accurate and precise sensitivities is also needed and inhibition present within these types of 

samples needs to be further explored. To solve the issue surrounding the detection of both 

non-infectious and infectious viral particles, the detection method can be expanded to 

include the use of PMA or EMA to render the RNA of damaged non-infectious viruses 

unavailable to PCR. Implementation of the above suggestions would aid in transitioning 

this method from semi-quantitative to a reliable quantitative method that would best satisfy 

QMRA purposes. 

 

The characterization of the amount of pathogens present in the water supply is necessary 

for establishing a framework upon which regulations regarding such will be based. The 

amount of rotavirus detected by RT-qPCR is in-line with those amounts reported by other 

studies using similar methods however; the amount of infectious virus these values 

represent is unknown. This study is the first of its kind in Ontario that we are aware of. The 
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extent of this study was impressive as it was comprised of 8 different drinking water 

treatment plants located on 6 different source waters and it took place over a two year 

period. 
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Appendix 1 

Table of study data for all processed samples from drinking water treatment plants A - H 

Sample Date 
Filtered 
Volume 

(L) 

Turbidity 
(NTU) 

Temp. 
(oC) 

Sample 
conc.vol. 

(mL) 

Extract [RNA] 
(ng/µL) 

Amt. RNA in 
RT-PCR (ng) 

SQ (copies) 
SQ Copy 

mean 
SQ SD 

Copies/L 
filtered water Rep 1 Rep 2 Rep 3 

A1 29-Jul-09 1100 0.74 
 

52.8 2.2 15.4 0.0796 0.427 0.691 0.399 0.307 1.368686 

A2 23-Sep-09 1195 0.84 20 31.3 2.3 16.1 0.434 0.473 0.5 0.469 0.032 0.877448 

A3 20-Jan-10 769 0.43 4 25.3 8.6 25.8 0.451 0 0.447 0.449 0 2.462007 

A4 8-Apr-10 816 0.72 6.4 32.9 10 25 0 0 2.21 2.21 0 17.82083 

A5 15-Jun-10 655 0.31 14.9 24.5 3.6 25.2 0.395 1.02 0.455 0.623 0.345 1.665394 

A6 22-Sep-10 
   

28.1 3.5 24.5 0 0.432 0.249 0.341 0 
 

A7 11-Nov-10 849 0.5 6.5 28.2 12.2 24.4 0.398 0 0 0.398 0 3.304947 

A8 26-Jan-11 839 0.53 3 28.1 11.5 25.3 0 0.228 0 0.228 0 1.735508 

A9 19-Mar-11 387 8.9 3 27.6 8.1 25.11 5.56 6.57 4.02 5.38 1.29 61.92381 

A10 5-Apr-11 501 3.3 3.3 27.4 6 25.2 15.7 14.3 16.4 15.5 1.09 100.7002 

A11 5-Jul-11 648 0.63 8 28 7.3 24.82 0 0 0 0 0 0 

B1 25-Jun-09 943 1 
 

27.5 2.8 19.6 2400 174000 1290000 488000 698000 1018179 

B2 10-Nov-09 827 0.85 8.4 25 4.5 25.2 2.95 5.83 2.27 3.68 1.89 9.941628 

B3 12-Jan-10 1399 1 6.2 27.5 10.5 25.2 0.0681 2.07 0 1.06905 0 4.37796 

B4 8-Apr-10 972 1.35 11.2 27.7 3.2 22.4 4.06 6.52 5.45 5.34 1.23 10.87671 

B5 15-Jun-10 806 0.3 16.4 26.9 3.4 23.8 3.21 1.87 0.996 2.03 1.12 4.828205 

B6 17-Nov-10 770 
  

30 7.1 24.85 0.763 0.383 0.949 0.698 0.289 3.886827 

B7 25-Jan-11 491 
  

28.8 6.6 25.08 1.74 0.661 2.43 1.61 0.891 12.42834 

B8 8-Mar-11 303 16.5 5 26.8 4.3 24.94 13.5 12.9 17 14.5 2.26 110.3069 

B9 6-Apr-11 733 10 7.7 26.2 3 21 31.4 37.2 25.6 31.4 5.8 80.16761 

B10 5-Jul-11 579 0.35 7.5 27 10.2 25.5 1.87 1.55 0.661 1.36 0.628 12.68705 

C1 21-Aug-09 355.5 0.69 25.5 45.1 6.5 24.7 1.62 0.0425 2.01 1.23 1.04 20.43449 

C2 22-Oct-09 705 0.56 10 40.2 8.9 24.92 0.517 0.00737 0.825 0.45 0.413 4.579929 

C3 17-Dec-09 742 0.78 0.6 26.2 7.3 24.82 0.00294 0 0.0109 0.00692 0 0.035933 

C4 11-Feb-10 1125 0.29 1 26.2 8.4 25.2 0.014 1.18 0 0.597 0 2.317244 

C5 28-Apr-10 678 0.52 12.8 35.3 6.4 24.96 0.00895 2.4 1.41 1.27 1.2 8.497147 

C6 22-Jul-10 451 1.39 24.7 33.4 6.8 25.16 0 0.37 1.51 0.94 0 9.407323 

C7 7-Oct-10 381 1.31 14.5 27.2 9.9 24.75 0 0 0.582 0.582 0 8.309921 

C8 9-Dec-10 375 0.62 2.6 33 1.4 9.8 0 0 1.3 1.3 0 8.171429 

C9 16-Feb-11 550 0.29 0.7 30.2 10.3 24.72 0.679 0.349 0.659 0.562 0.185 6.432753 

C10 16-May-11 
   

33 12.5 25 0.00913 0 0.759 0.384 0 
 

C11 13-Jun-11 1194 0.57 20 29 11.5 25.3 0.0105 1.11 1.71 0.943 0.862 5.208143 

D1 12-Aug-09 13051 3.84 16.2 35.2 5.7 25.08 0 0.0187 0 0.0187 0 0.005731 

D2 22-Oct-09 1000 0.38 13.5 36.8 5.8 24.94 0 0 0 0 0 0 
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D3 17-Dec-09 1003 0.51 6.9 26.5 4.9 24.99 0 2.47 0 2.47 0 6.397963 

D4 11-Feb-10 1000 0.15 14 25.1 4.9 24.99 0 2.92 1.49 2.21 0 5.426029 

D5 28-Apr-10 32.2 0.46 9.3 32.2 5.4 24.84 1.06 1.71 0 1.39 0 150.5435 

D6 22-Jul-10 1000 4.61 16 29.4 6.6 25.08 0 0 0 0 0 0 

D7 7-Oct-10 1000 0.45 16.4 30.8 5.4 24.84 0 0 0 0 0 0 

D8 8-Dec-10 856 0.42 7.1 27.4 5.5 24.75 0.0608 1.4 2.8 1.42 1.37 5.051312 

D9 16-Feb-11 1097 0.18 7.2 30.6 6.1 25.01 1.74 2.1 2.14 1.99 0.218 6.780799 

D10 18-May-11 1018 0.19 7.1 29 4.7 24.91 2.17 0.951 0 1.56 0 4.193804 

D11 22-Jun-11 1052 0.6 13.8 28 4.4 25.08 0.867 0 0 0.867 0 2.024215 

E1 27-Aug-09 1030 7.86 19.2 28.2 3.7 25.16 0.582 0.198 0 0.39 0 0.785123 

E2 29-Oct-09 1002 14 65.5 26 9.2 24.84 0 0 0 0 0 0 

E3 22-Apr-10 439 28.2 7.6 34.4 8 24.8 0 0 0 0 0 0 

E4 25-Jun-10 197 18.1 13.9 23.2 6.5 24.7 0.0935 0 0.0581 0.0758 0 1.174566 

E5 20-Oct-10 226 9.9 13.7 28.9 8.2 24.6 0 0 0 0 0 0 

E6 4-Nov-10 66 42 10.7 28.8 8.5 24.65 0 0 2.84 2.84 0 213.6677 

E7 12-Jan-11 276 7.5 0.6 29.8 7.5 24.75 0 0.0737 0 0.0737 0 1.205676 

E8 24-Mar-11 192 114.7 1.4 29.8 15.6 24.96 9.09 7.91 5.6 7.53 1.77 365.3863 

E9 19-Apr-11 257 151.1 4.3 27.4 11.6 25.52 0.966 3.68 0 2.33 0 37.52517 

E10 11-Aug-11 513 6.6 23.3 28.5 7 25.2 76.5 62.5 60.3 66.4 8.79 512.6029 

F1 27-Aug-09 852 1.7 22.2 28.2 5.3 24.91 0 0 0.503 0.503 0 1.771127 

F2 29-Oct-09 3813 5.6 12 33.1 9.8 25.48 0 0 0 0 0 0 

F3 22-Apr-10 1307 2.8 9.9 27.6 96.4 25 0 0 0 0 0 0 

F4 25-Jun-10 8363 1.5 17.5 25 6.7 24.79 0 0 0 0 0 0 

F5 28-Oct-10 929 1.5 13.3 29.8 5.1 24.99 0 0 0 0 0 0 

F6 17-Nov-10 872.2 1.8 8.8 29.8 4.7 24.91 0 0 0 0 0 0 

F7 30-Nov-10 376 4.9 5.5 26.2 6.1 25.01 0 0 0 0 0 0 

F8 30-Mar-11 847 5 2.2 28.8 7.2 25.2 2.13 3.87 3.88 3.29 1.01 15.9973 

F9 13-Apr-11 407 3.4 4 28 15.6 24.96 0.902 0.265 0 0.584 0 12.54453 

F10 17-Aug-11 1000 4.8 24.5 25 6.5 24.7 1 0 0 1 0 3.289474 

G1 17-Sep-09 1035 2.6 20.4 35.7 9.8 25.48 0 0.0214 0.499 0.26 0 1.725964 

G2 18-Nov-09 1413 4.8 9 24.5 7.9 25.28 1.03 1.76 0.527 1.11 0.622 2.995492 

G3 28-Jan-10 333 3.9 2.4 26.8 8.5 24.65 0 0.536 0.141 0.339 0 4.697007 

G4 31-Mar-10 1079 11.4 4.8 30.1 8.2 24.6 0.526 0.515 0 0.521 0 2.419995 

G5 13-May-10 1144 4.9 11.3 35.6 8.2 24.6 1.01 1.02 1.29 1.1 0.159 5.739705 

G6 25-Aug-10 1083 11 21.5 27 6.2 24.8 1.03 2.87 2.23 2.04 0.935 6.367729 

G7 27-Oct-10 927 3.6 9 32.2 7.2 25.2 0.295 0.508 1.01 0.604 0.367 2.998849 

G8 20-Jan-11 762 4.2 0 31.8 7.9 25.28 0.478 1.3 1.39 1.06 0.503 6.885827 

G9 24-Mar-11 802 6.8 0.8 31.2 11.1 25.53 5.18 5.7 3.71 4.86 1.03 41.12978 

G10 11-May-11 505 4.9 9.1 33 8 24.8 1.58 1.87 1.47 1.64 0.205 17.28521 
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G11 12-Jul-11 781 2.9 23.5 29 8.5 24.65 1.01 2.41 0.503 1.31 0.986 8.371746 

H1 14-Dec-10 1000 0.51 5.5 35.2 3.9 24.96 15.4 14.8 10.7 13.6 2.58 37.49167 

H2 19-Jan-11 894 0.11 3.5 29.6 8.9 24.92 0 1.54 0.98 1.26 0 7.449664 

H3 30-Mar-11 1048 0.37 3.8 27.6 15.5 24.8 1.92 0.993 0 1.46 0 11.98694 

H4 11-May-11 673 0.85 5.8 27.6 5.9 24.78 0 43.9 49.6 46.8 0 228.2424 

H5 12-Jul-11 1053 0.68 8.3 30 8.8 24.64 0 0.202 3.74 1.97 0 10.02747 
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Appendix 2 
 

Calculation used to determine the genome copies per liter of raw water: 

(((((((A/6ul)*20ul)/B)*C)*D)/E)*F)/G 

Where:  

A = SQ in genome copies 

B = amount of RNA (ng) that was added to the RT reaction 

C = Concentration of RNA (ng/µL) in the sample extract 

D = End volume (µL) of eluted RNA sample from extraction 

E = Volume (mL) of sample concentrate that was extracted 

F = Total volume (mL) of sample concentrate from filter processing 

G = Volume (L) of water that was passed through the filter at time of sampling 


