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Rotavirus is an important cause of acute gastroenteritis affecting swine globally and this thesis 

examined important characteristics of rotavirus in swine populations in Canada to enhance current disease 

control practices. A classification tool was developed using machine learning alongside alignment-based 

methodology for dual classification of group A rotavirus genotypes and demonstrated strong 

performance. Seasonality of group A, B, and C rotaviruses was explored through descriptive analysis, 

time-series decomposition, and statistical analysis of surveillance data obtained from a diagnostic 

laboratory and was identified to not be present in Canada between 2016-2020. Genotype diversity of 

group A, B and C rotaviruses was investigated between 2011-2021 and no major shifts in the patterns of 

circulating genotypes were identified in group A and B rotaviruses, although proportion of laboratory 

positivity for genotype G6 of group C rotaviruses showed an increasing trend when evaluated 

descriptively on an annual basis.   
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CHAPTER ONE 

Introduction, literature review, and thesis objectives 

1.1 Introduction 

 Rotavirus is a leading cause of acute gastroenteritis in young children and many different species 

of animals globally such as cattle, horses, poultry, and pigs. In humans, nearly all children are expected to 

be infected with rotavirus at least once before the age of five and globally 215,000 deaths per year can be 

attributed to rotavirus infection (Lanzieri et al., 2011; Tate et al., 2016). Consequently, the economic 

burden associated with treatment and vaccination of rotavirus in human populations is high. In Canada 

alone, the economic burden is estimated at approximately $46.4 million dollars per year (Ford-Jones & 

Calvin, 2010). Similarly, rotavirus is a major cause of severe diarrhea in young piglets around the globe 

and virtually all piglets are expected to be infected with rotavirus at least once (Shepherd et al., 2019).  

Porcine rotaviruses may contribute to significant economic losses to the global swine industry through 

increased mortality, weight loss, cost of treatment, and growth impairments associated with rotavirus 

infection (Luchs & Timenetsky, 2016; Papp et al., 2013; Saif, 1999). Resultantly, the economic burden of 

porcine rotaviruses is a major concern within Canada as Canada is considered a major producer of swine 

globally and the Canadian swine industry is responsible for upwards of $5 billion in exports annually 

(McEwan et al., 2021). A thorough investigation of porcine rotavirus within Canada is therefore 

necessary to better inform aspects of swine biosecurity and disease control practices.  

1.2 Description of rotavirus 

The name rotavirus is derived from the Latin word “rota” meaning wheel and was named 

accordingly after the virus was shown to have a wheel-like appearance under an electron microscope in a 

study by Flewett et al. (1974). Rotavirus was first described in humans in 1973 and first described in 

swine in 1975 (Bishop et al., 1973; Rodger et al., 1975). Rotaviruses are double-stranded non-enveloped 

viruses which consist of 11 genome segments that encode for six structural proteins (VP1-VP4, VP6-
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VP7) and six non-structural proteins (NSP1-NSP4, NSP5/6) (Crawford et al., 2017). Viral particles are 

surrounded with a triple-layered capsid structure with the outer layer consisting of VP7 and VP4, the 

intermediate layer consisting of VP6, and the inner layer consisting of VP2 (Charpilienne et al., 2002). 

Transmission of rotavirus occurs through the fecal-oral route and rotavirus infection leads to damage of 

mature enterocytes within the small intestine which greatly contributes to diarrheal disease (Crawford et 

al., 2017). Rotavirus has been found to be very resistant to changes in environmental conditions and may 

persist in the environment for months if not properly disinfected (D’Souza et al., 2008; Estes et al., 1979; 

Keswick et al., 1983). Evidence of zoonotic transmission of rotavirus has also been identified in several 

studies where uncommon genotypes of rotavirus that are typically only found within domestic animals 

have been described within human populations (Cook et al., 2004; Dóró et al., 2015). 

1.3 Classification 

 Rotaviruses are classified into the Reoviridae family (Sherry, 2009). Rotaviruses can be further 

classified into ten (A-J) different species based on the antigenic and sequence differences of VP6 and a 

53% nucleotide identity cut-off value has been identified for VP6 classification (Matthijnssens et al., 

2012). The most common species of rotavirus that affect both humans and animals are generally group A, 

B and C rotaviruses with group A being the most prevalent, although group A, B, C, and H rotaviruses 

have been described in human populations and group A, B, C, E, and H rotaviruses have been described 

in swine populations, (Bishop, 1996; Suzuki & Inoue, 2018; Vlasova et al., 2017). 

 Rotavirus species were further classified into G and P serotypes and genotypes through a dual 

classification system based on the two outer capsid proteins VP7 and VP4 (Hoshino et al., 2005). The G 

refers to the glycoprotein of VP7 and the P refers to the protease-cleaved protein of VP4 (Crawford et al., 

2017). Serotypes and genotypes are synonymous for the G types and follow the notation of Gx where x is 

the genotype/serotype number whereas P genotyping is preferred over serotyping due to issues with 

standardizing of VP4 serotype assays and follow the notation of P [x] where x is the genotype number 
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(Greenberg & Estes, 2009). Over time, there has been a shift from serotyping to only genotyping for 

classification of rotaviruses (Logan et al., 2006). The VP7 and VP4 proteins each separately elicit 

neutralizing antibodies and classification for serotypes was done using enzyme-linked immunosorbent 

assays (ELISA) and latex agglutination tests (LA) (Hughes et al., 1984; Thouless et al., 1982). These 

methods were highly specific and had considerably low sensitivity as the levels of diversity present 

among circulating rotaviruses were continually increasing. The latter resulted in the usage of methods 

such as real-time polymerase-chain reaction (RT-PCR) for genotyping using sequence data over the less 

effective serotyping methods (Logan et al., 2006). Through genotyping, 36 G and 51 P, 26 G and 5 P, and 

18 G and 21 P VP7 and VP4 genotypes have been identified for group A, B, and C rotaviruses to date, 

respectively (Rotavirus Classification Working Group, 2021; Shepherd et al., 2018; Suzuki & Hasebe, 

2017). 

 A full genome classification system that expands upon the dual classification system by using all 

11 gene segments has also been proposed for group A, B, and C rotaviruses. This classification system 

uses the notation of Gx-P [x]-Ix-Rx-Cx-Mx-Ax-Nx-Tx-Ex-Hx (where x is the genotype number) for the 

encoding genes VP7, VP4, VP6, VP1, VP2, VP3, NSP1, NSP2, NSP3, NSP4, NSP5/6, respectively 

(Matthijnssens et al., 2011; Shepherd et al., 2018; Suzuki & Hasebe, 2017). The extended classification 

system has the advantages of allowing for investigations of distinct genotypes that may not be identifiable 

through the dual classification system as well as identification of interspecies transmission and 

reassortment events (Matthijnssens et al., 2008). However, whole genome sequencing methods have yet 

to be adopted as the standard for classification of rotaviruses due to its complexity. Instead, partial 

genome sequencing is regularly done through methods such as RT-PCR for only the VP7 and VP4 genes 

which are then genotyped using alignment-based tools (Dung et al., 2017; Logan et al., 2006). 

 Classification of rotavirus genotypes can be accomplished using many different approaches, 

including the RotaC web-based tool and the Basic Local Alignment Search Tool (BLAST). RotaC is a 
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web-based tool for the full genome classification of group A rotaviruses and can classify a sequence 

through several steps: (i) identifies the gene segment of a query sequence through comparison of the 

query sequence with a full genome reference alignment of rotavirus standards using a neighbour-joining 

algorithm, (ii) aligns the query sequence with a reference alignment from the appropriate gene segment, 

(iii) constructs a distance matrix based off of pairwise alignments using the Needleman-Wunsch 

algorithm and a neighbour-joining phylogenetic tree, and (iv) determines the genotype of the query 

sequence using nucleotide identity cut-off values (Maes et al., 2009). The other alignment-based tool is 

BLAST, which can classify a sequence through several steps: (i) generates “words” from a sequence 

above a threshold value, (ii) searches a database for “words” that match the generated “words”, and (iii) 

generates the alignment and corresponding statistics (Altschul et al., 1990). These alignment-based tools 

and the increasing number of available rotavirus sequence data have led to more and more studies being 

conducted on rotavirus sequencing which in turn have led to a positive feedback loop of more rotavirus 

sequencing being done and more rotavirus sequences being investigated (Ali et al., 2016; Damanka et al., 

2019; Maes et al., 2009). An alternative classification approach that is both efficient and accurate may 

therefore be needed to keep up with this continually expanding reservoir of rotavirus sequence data. One 

unexplored method that excels in classification of big data would be machine learning algorithms such as 

random forest (Chaudhary et al., 2016; Lakshmanaprabu et al., 2019; Lee et al., 2019). Application of 

random forest may therefore provide a more efficient and more accurate approach for VP7 and VP4 

genotype classification. 

1.4 Seasonality 

 Historically, seasonality of rotavirus within human populations has been thought to be associated 

with the winter season and was identified as the cause of diseases commonly referred to  as “winter 

gastroenteritis” and “winter vomiting disease” (Bishop et al., 1974; Kapikian et al., 1976). However, these 

names were considered as too simple of a generalization as a systematic review by Cook et al. (1990) on 
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the global seasonality of rotavirus identified that incidence of rotavirus tends to peak in the winter within 

temperate regions and was consistently present throughout the year in tropical regions. Additional studies 

were conducted investigating associations between seasonality of rotavirus within human populations and 

climate factors, with increases in rainfall, temperature, relative humidity, and atmospheric pressure found 

to sometimes lead to reductions in rotavirus incidence, although some of the results for these studies were 

not in agreement with one another (Atchison et al., 2010; Chan et al., 2013; D’Souza et al., 2008; 

Hashizume et al., 2008; Levy et al., 2009; Purohit et al., 1998). A more recent systemic review by Patel et 

al. (2013) identified that low- to middle-income countries had patterns of year-long incidence for 

rotavirus compared to a more seasonal pattern within upper middle- and high-income countries. However, 

distinctly unique seasonal patterns for rotavirus were also identified within geographic regions with 

similar climate, development, and income levels and it was not possible to explain this variability (Patel et 

al., 2013). 

 In contrast to human populations, seasonality of rotavirus in swine populations is not as well 

explored. Comparable studies for seasonality of rotavirus within swine populations are not available and 

little to no evidence supporting seasonality of rotavirus within swine has been found (Tuanthap et al., 

2018; Vlasova et al., 2017). However, a very recent study conducted by Ahmad Malla et al. (2020) 

identified a significant difference in group A porcine rotavirus incidence between the winter season 

(December 2018-February 2019) and the autumn season (September 2018 to November 2018) in Bareilly, 

India. Previous studies by Cook et al. (1990) and Sarkar et al. (2013) have already demonstrated evidence 

of seasonality of rotavirus in human populations within the winter season, and therefore seasonality may 

also be present in swine populations. Further investigation on seasonality of rotavirus in swine 

populations in other regions such as Canada should be done to further support or refute the existence of 

seasonality. Additionally, group B and C rotaviruses should also be explored for seasonality alongside 
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group A rotaviruses as group A, B and C rotaviruses are the most prevalent species in swine populations 

(Homwong et al., 2016; Marthaler et al., 2014a).  

1.5 Porcine rotavirus 

1.5.1 Description, prevalence, and genotyping of porcine rotavirus 

 Group A, B, C, E, and H rotaviruses have been described within swine populations, with the most 

prevalent species being group A, B, and C rotaviruses (Almeida et al., 2018; Chasey et al., 1986; 

Homwong et al., 2016; Marthaler et al., 2014a; Marthaler et al., 2014b; Molinari et al., 2016). Group A 

porcine rotaviruses are considered the most important species as they have been described in swine 

populations from all over the globe and were first described in 1975 (Rodger et al., 1975; Shepherd et al., 

2019). Group A rotaviruses have been described in pigs from all age groups and are typically found 

within pigs belonging to the age group of 21 to 55 days old (Marthaler et al., 2014a). VP7 genotypes G1-

G6, G8-G12, and G26, as well as VP4 genotypes P[1]-P[8], P[11], P[13], P[19], P[23], P[26], P[27], 

P[32], and P[34] have been described within pig populations, with the most prevalent VP7 genotypes 

being G3, G4, G5, G9, and G11 as well as the most prevalent VP4 genotypes being P[5], P[6], P[7], 

P[13], and P[28] in the Americas (Amimo et al., 2013; Chandler-Bostock et al., 2014; Matthijnssens et 

al., 2008; Miyazaki et al., 2011; Okitsu et al., 2011; Pham et al., 2014; Vlasova et al., 2017). The most 

common combinations of VP7 and VP4 genotypes have been identified as G4P[13], G9P[7], G9P[13], 

G11P[7], and G11P[7] in the United States, with G9P[13] being the most prevalent combination (Amimo 

et al., 2013). Additionally, several studies have discovered the occurrence of zoonotic transmission of 

group A porcine rotaviruses from swine to humans as VP7 characteristics of porcine genotypes G9 and 

G12 that are typically observed only in swine were found in human populations (Hoshino et al., 2005; 

Rahman et al., 2007; Teodoroff et al., 2005).  Overall, porcine VP7 genotypes G1-5, G9-G12, G26 and 

VP4 genotypes of P[4], P[6], P[8], P[13], P[14], P[19], and P[25] have been identified within humans 

(Chandler-Bostock et al., 2014; My et al., 2014; Vlasova et al., 2017). 
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 Group B porcine rotaviruses have only been sporadically found within pig populations in some 

parts of the globe and were first detected in the 1980s (Bridger & Brown, 1985; Chasey et al., 1989; Kuga 

et al., 2009; Marthaler et al., 2012; Nagesha et al., 1988; Theil et al., 1985). The much lower prevalence 

of group B porcine rotaviruses may be partially explained due to issues regarding detection of the virus as 

only trace amounts of the virus are present in excreted feces (Kuga et al., 2009; Marthaler et al., 2012; 

Suzuki et al., 2012). Additionally, group B porcine rotavirus strains remain poorly characterized as there 

have been many problems involved with adapting group B rotavirus strains to cell culture (Saif & Jiang, 

1994; Sanekata et al., 1996). Group B rotaviruses are typically found within pigs belonging to the age 

group of greater than 55-days-old (Marthaler et al., 2014a). Only VP7 genotypes G1-G20 have been 

identified for porcine rotaviruses using a VP7 classification system proposed by Marthaler et al. (2012) 

and a recently proposed full genome classification system by Shepherd et al. (2018) has identified VP7 

genotypes of G1-G26 and VP4 genotypes of P[1] – P[5] alongside genotypes for the remaining gene 

segments. The most prevalent VP7 genotypes have been identified as G8, G12, G16, G18, and G20, with 

no studies identifying prevalent VP4 genotypes or combinations of VP7 and VP4 genotypes to date in the 

Americas (Marthaler et al., 2012; Miyabe et al., 2020). Little to no evidence has been found supporting 

zoonotic transmission of group B porcine rotaviruses, although a study by Médici et al. (2010) was able to 

identify high levels of nucleotide identity between the NSP2 gene of porcine and human rotavirus 

sequences. 

 Group C porcine rotaviruses are considered a major cause of enteritis in neonatal pigs and have 

been described throughout most regions across the globe (Bridger et al., 1986; Chepngeno et al., 2019; 

Marthaler et al., 2013; Saif & Jiang, 1994; Theuns et al., 2016). Group C porcine rotaviruses were first 

detected in a study by Saif et al. (1980) in a 27-day-old diarrheic pig from a swine herd in Ohio. Group C 

rotaviruses are thought to have been circulating for long periods of time within swine populations as point 

estimates of antibody prevalence for group C rotaviruses within swine were found to range from 58% to 
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100% in many countries (Saif & Jiang, 1994). Overall prevalence of group C rotaviruses may be 

increasing as well as several studies have identified an increasing proportion of group C rotaviruses being 

detected within swine populations in various parts of the world (Chepngeno et al., 2019; Martella et al., 

2007; Marthaler et al., 2014a; Moutelíková et al., 2014). Group C rotaviruses are typically identified from 

pigs that are 1 to 3 days old (Marthaler et al., 2014a). VP7 genotypes G1, G3, G5-13 and VP4 genotypes 

P[1], P[4]-P[8] have been described in swine populations, with the most prevalent G genotypes being G1, 

G5, G6, and G9 (Jeong et al., 2015; Marthaler et al., 2013; Moutelíková et al., 2014, 2015; Niira et al., 

2016; Suzuki et al., 2015; Wang et al., 2021). Little evidence has been found supporting the zoonotic 

transmission of group C porcine rotaviruses although a study by Suzuki et al. (2015) identified 

similarities between porcine and human group C rotaviruses through phylogenetic analysis of the whole 

genome. 

 Group E porcine rotaviruses were first identified in the United Kingdom in a study conducted by 

Chasey et al. (1986) and little to no research has been done further exploring this species of porcine 

rotavirus. No genetic information is available for group E porcine rotaviruses (Marthaler et al., 2012). 

Further studies should be conducted exploring group E porcine rotaviruses if this species makes a 

reappearance in the future. 

 Group H porcine rotaviruses were first identified in a study conducted by Wakuda et al. (2011) in 

Japan. Group H porcine rotaviruses have been identified in Japan, the United States, Brazil, South Africa, 

Vietnam, and were detected for the first time in Europe in 2021 (Marthaler et al., 2014b; Molinari et al., 

2014; Nyaga et al., 2016; Phan et al., 2016; Puente et al., 2021; Suzuki & Inoue, 2018; Wakuda et al., 

2011). Group H porcine rotaviruses were most commonly found in pigs 21-55 days old with a prevalence 

of around 15% in swine herds within the United States (Marthaler et al., 2014b). This number is quite 

high for a very recently identified species and it is thought that group H porcine rotaviruses may have 

been circulating for a long time before being identified (Marthaler et al., 2014b; Molinari et al., 2014; 
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Wakuda et al., 2011). Sequencing of a group H porcine rotavirus for the first time in the United States 

was done by Hull et al. (2016) and a subsequent full genome analysis was performed by Suzuki & Inoue 

(2018) who identified 10 G and 6 P genotypes alongside genotypes for the other gene segments.  The 

most prevalent VP7 and VP4 genotypes are unknown and there is little information regarding the spread 

of group H porcine rotaviruses.  

1.5.2 Porcine rotavirus transmission 

 Transmission of porcine rotavirus occurs through the fecal-oral route and infection may result 

from consumption of contaminated water or interaction with material that has been cross-contaminated 

with rotavirus particles shed in the feces of infected pigs (Debouck & Pensaert, 1983; Fu & Hampson, 

1989; Gratacap-Cavallier et al., 2000). These particles are considered highly infectious as a study by 

Payment & Morin (1990) identified that as little as 90 particles were capable of inducing clinical signs of 

diarrhea and virus shedding in pigs that were colostrum deprived. Risk of transmission may be reduced 

through consistent use of phenolic or chlorine-based disinfectants on farms (Chandler-Bostock & Mellits, 

2015; Nemoto et al., 2014). 

1.5.3 Pathogenesis 

 Replication of rotavirus typically occurs in the proximal villi of the jejunum and ileum and is 

associated with atrophy, villous blunting, and lesions that are typically restricted to the small intestine 

(Theil et al., 1978). Extraintestinal replication of rotavirus is not well understood although evidence 

slightly supporting this has been found in swine where rotavirus antigens were detected in several 

different organs such as the liver, lung, and choroid plexus, with lesions in these areas considered as very 

uncommon (Alfajaro & Cho, 2014; Kim et al., 2013). Methods of cellular entry for non-enveloped viruses 

such as rotavirus are also not well understood, although some studies have identified that clathrin- and 

lipid-raft-mediated endocytosis may be important mechanisms of entry for porcine rotaviruses (Dou et al., 

2018; Gutiérrez et al., 2010). Several mechanisms may also be responsible for diarrhea associated with 
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rotavirus infection, with the most widely regarded mechanism being malabsorption resulting from 

destruction of villi of the small intestine, resulting in osmotic or malabsorptive diarrhea (Estes et al., 

2001; Ramig, 2004). The NSP4 protein may also contribute to diarrhea by acting as an enterotoxin and 

stimulating Ca2+- dependent cell permeability which in turn increases Ca2+ levels and stimulates the 

enteric nervous system leading to increased motility of the intestine and secretory diarrhea (Estes et al., 

2001; Vlasova et al., 2017). 

1.5.4 Clinical signs in pigs 

Gnotobiotic pigs experimentally infected with porcine rotavirus were identified with clinical 

signs of diarrhea, depression, anorexia, vomiting, and lesions within the small intestinal mucosa (Theil et 

al., 1978). Several studies have identified that the incubation period for rotavirus in gnotobiotic piglets 

may range from 17 to 48 hours and between 1 to 4 days in conventional piglets (Torres-Medina & 

Underdahl, 1980; Tzipori & Williams, 1978). Pigs from commercial herds and farms have been 

diagnosed with clinical signs of yellow or light-coloured watery feces, vomiting, lethargy, dehydration, 

and anorexia (Jung et al., 2008; Lecce & King, 1978; Morin et al., 1990; Shaw et al., 1989). Clinical signs 

of rotavirus infection can range from subclinical to very severe, depending on various characteristics of 

the infected pig including: diet, age, overall herd health, and immune status, as well as strain of rotavirus 

and coinfection and presence of other pathogens such as Escherichia coli (Gelberg, 1992; Greenberg & 

Estes, 2009; Neog et al., 2011; Tzipori et al., 1980; Zijlstra et al., 1997). A previous study by Debouck & 

Pensaert (1983) found that subclinical infection occurred very often among suckling piglets of all ages. 

Several studies have also identified subclinical infection to be very common among pigs  > 55 days of age 

(Amimo et al., 2015; Collins et al., 2008; Steyer et al., 2008). Age is a very important factor in 

determining the severity and susceptibility of rotavirus infection and a previous study by Gelberg (1992) 

identified that age resistance to rotavirus in swine is a result of many other factors in culmination and not 

due to formation of an age-dependent resistance to infection in the enterocytes. Younger pigs will 
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generally be more susceptible to rotavirus infection as they have little to no established immunity in 

comparison to older pigs and may also be infected from rotavirus particles shed before, during, and after 

farrowing (Benfield et al., 1982; Lecce & King, 1978). Lesions arising from rotavirus infection have also 

been identified in several studies to be very similar for group A, B and C porcine rotaviruses (Ramig, 

2004; Shepherd et al., 2019). Severe lesions are generally thought to be associated with only group A and 

C porcine rotaviruses, although a recent study has found that they may also be associated with group B 

porcine rotaviruses (Miyabe et al., 2020).  

1.5.5 Prevention and control 

 Several types of vaccines have been developed to prevent and control prevalence of rotavirus in 

swine populations with varying levels of efficacy. Efficacy of a modified live vaccine that was orally 

administered to gnotobiotic pigs was evaluated in a study by Hoblet et al. (1986) with challenge against 

the Ohio State University (OSU) and Gottfried rotavirus strains, with the former identified as homologous 

to the vaccine strain. Results from this study found that immunized pigs were able to neutralize the OSU 

strain but not the Gottfried strain (Hoblet et al., 1986). Efficacy of killed and modified live vaccines were 

also evaluated in a study by Welter & Welter (1990) where pigs were intramuscularly, orally, or 

intraperitoneally vaccinated with challenge against the virulent rotavirus strains A-1 and A-2. Results 

from this study found that only the modified live vaccines could prevent shedding of rotavirus in feces 

after challenge against both strains (Welter & Welter, 1990). In contrast, results from a study by Lecce & 

King (1979) found that a live attenuated calf rotavirus vaccine could not replicate when orally 

administered to colostrum-free pigs with challenge against a porcine rotavirus (unknown strain used). 

Additional studies investigating replication of rotavirus in pigs identified that this may be due to colostral 

antibodies inhibiting the replication of the vaccine virus (Saif & Fernandez, 1996). This may be further 

explained through passive immunity where piglets are born agammaglobulinemic and receive 

immunoglobulins IgA and IgG through milk and colostrum, which is considered as a primary prevention 
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method for rotavirus infections in piglets (Gelberg et al., 1991; Ward et al., 1996). In addition, lactogenic 

immunity functions to provide passive protection within the intestinal tract of a piglet through 

accumulation of secretory IgA antibodies that form a layer resistant to proteolytic enzymes whereas 

colostral immunity functions within the first 24 to 48 hours after birth where IgG is transferred across the 

permeable intestinal epithelium of a piglet through nursing (Langel et al., 2016). Higher concentrations of 

passive serum antibodies in conventional colostrum-fed piglets were also found to have reduced duration 

and severity of diarrhea and rotavirus shedding (Ward et al., 1996; Hodgins et al., 1999). However, high 

concentrations of maternal antibodies were shown to suppress active immune responses in some cases, 

indicating that vaccines may need to have higher concentrations of the virus or multiple dosages when 

targeting a population with high concentrations of maternal antibodies (Hodgins et al., 1999). Maternal 

immunity is therefore key in prevention of rotavirus infection in piglets and a common practice is to 

infect sows with rotavirus or infected material containing rotavirus to stimulate maternal immunity 

(Shepherd et al., 2019). A maternal live attenuated vaccine homologous to the OSU strain was found to 

transiently increase IgG and secretory IgA antibodies in milk when orally administered to pregnant or 

lactating sows, although only partial protection was demonstrated when challenged (Saif & Fernandez, 

1996).  

 An alternative approach to live attenuated oral porcine rotavirus vaccines was proposed by 

Azevedo et al. (2013) using mucosal delivery systems for virus-like particle porcine rotavirus vaccines as 

current vaccines have been shown to be effective for prevention of severe gastroenteritis but less effective 

in preventing mild gastroenteritis associated with rotavirus infection. These virus-like particle vaccines 

displayed high levels of immunogenicity and were replication independent, resolving the issue associated 

with maternal antibodies (Azevedo et al., 2013). However, this study concluded that the efficacy for these 

vaccines was insufficient on their own and priming through the usage of live attenuated vaccines may be 

necessary to increase efficacy (Azevedo et al., 2013)  
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Commercial vaccines have been developed for only group A porcine rotaviruses, with no 

vaccines developed for group B and C porcine rotaviruses to date (Miyabe et al., 2020; Shepherd et al., 

2019; Vlasova et al., 2017). In Canada, ProSystem® RCE is an available modified live group A porcine 

rotavirus vaccine that is intramuscularly injected within pregnant sows and developed by Merck Animal 

Health (Merck Animal Health, Madison, NJ). This vaccine contains two modified live G5 (G5P[7]) and 

G4 (G4P[6]) serotypes for group A rotaviruses alongside a Clostridium perfringens-E.coli bacterin-toxoid 

which consists of C. perfringens type C toxoid and the E.coli pilus antigens K88, K99, F41, and 987P 

(Merck Animal Health Product Bulletin: Prosystem® RCE). The E. coli antigens and C. perfringens Type 

C toxoid both aid in the prevention of colibacillosis, enterotoxemia, and rotavirus diarrhea in nursing 

piglets after a pregnant sow is vaccinated (Merck Animal Health Product Bulletin: Prosystem® RCE). 

Nursing piglets will be protected from these infections through passive immunity where they will receive 

antibodies from the colostrum and milk of the vaccinated sow (Merck Animal Health Product Bulletin: 

Prosystem® RCE). Vaccines may also be in development for other species of porcine rotavirus as Merck 

Animal Health recently acquired Harrisvaccines, Inc., and they received an autogenous licensure for their 

group C rotavirus vaccine using SirraVaxSM RNA Particle Technology / SequivityTM RNA Particle 

Technology (Merck Animal Health, 2014). Herd-specific vaccines may be applicable where licensed 

vaccines are not available such as in group B and C porcine rotaviruses and can be developed through this 

technology in several steps: (i) collect a sample from an infected herd and determine the gene sequence of 

the pathogen, (ii) synthesize the gene of interest and insert it into the RNA production platform (iii) 

collect, purify, and formulate the vaccine from RNA particles that are released from production cells after 

incubation (Merck Animal Health, 2018). 

 A major concern after introduction of rotavirus vaccines to a population is genotype diversity as 

emergence of certain genotypes may occur due to vaccine induced selection pressure and evidence for 

this has been shown in human populations (Roczo-Farkas et al., 2018; Truong et al., 2021). Group A 
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porcine rotavirus vaccines targeting G5 and G4 genotypes have led to reductions in prevalence for these 

genotypes, although new genotypes have emerged afterwards such as G9 and G11 as well as reassortment 

variants of G4 and G5 (Amimo et al., 2013; Vlasova et al., 2017). Other parts of the world have also been 

shown to vary in the prevalence of circulating porcine rotavirus genotypes and a study by Park et al. 

(2019) identified that the Prosystem® RCE vaccine would not be effective against circulating strains 

within South Korea and as a result developed an oral live attenuated vaccine to target endemically 

circulating genotypes. Vaccines therefore need to be developed and continually updated to match the 

changing trends in circulating genotypes of porcine rotaviruses across the globe as a prerequisite for their 

efficacy.   

1.6 Research purpose and objectives 

 The Canadian swine industry plays a key role in both producing and exporting of swine globally. 

Circulation of rotaviruses in swine populations has a negative impact on animal health and welfare, and is 

decreasing production efficiency. More thorough understanding of rotavirus epidemiology is needed for 

design and implementation of monitoring and disease control measures. The overall purpose of this thesis 

was to investigate important characteristics of rotavirus within Canada such as understanding of the 

laboratory positivity rate of discrete rotavirus genotypes, their seasonality, and genotype diversity to 

better inform aspects of swine biosecurity and disease control practices.  

Specific objectives of this thesis were to: 

1. Develop an efficient and accurate machine learning classifier using random forest alongside 

alignment-based methodology for classification of circulating group A rotavirus VP7 and VP4 

genotypes (Chapter 2) 

2. Determine if seasonality of group A, B, and C rotaviruses is present in Canadian swine herds by 

investigating diagnostic submissions to a diagnostic laboratory (Chapter 3) 
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3. Identify patterns within circulating group A, B, and C porcine rotavirus VP7 genotypes within 

Canada from sequence data obtained from a diagnostic laboratory (Chapter 4) 
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CHAPTER TWO 

Classification of Group A Rotavirus VP7 and VP4 Genotypes Using Random Forest 

2.1 Abstract 

Background 

Group A rotaviruses are major pathogens in causing severe diarrhea in young children and 

neonates of many different species of animals worldwide and group A rotavirus sequence data is 

becoming increasingly available over time. Several web-based tools currently exist that allow for 

rotavirus genotyping, but machine learning methods have yet to be explored. Usage of machine learning 

algorithms such as random forest alongside alignment-based methodology may allow for both efficient 

and accurate classification of circulating rotavirus genotypes through the dual classification system. 

Results  

 Random forest models were trained on positional features obtained from pairwise and multiple 

sequence alignment and cross-validated using methods of repeated 10-fold cross-validation thrice and 

leave-one-out cross validation. Models were then validated on unseen data from the testing datasets to 

observe real-world performance. All models were found to perform strongly in classification of VP7 and 

VP4 genotypes with high overall accuracy and kappa values during model training (0.9751-0.9920, 

0.9701-0.9891) and during model testing (0.9720-0.9962, 0.9693-0.9956), respectively. Models trained 

on multiple sequence alignment generally had slightly higher overall accuracy and kappa values than 

models trained on pairwise sequence alignment method. In contrast, pairwise sequence alignment models 

were found to be generally faster than multiple sequence alignment models in computational speed when 

models do not need to be retrained. Models that used repeated 10-fold cross-validation thrice were also 

found to be much faster in model computational speed than models that used leave-one-out cross 
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validation, with no noticeable difference in overall accuracy and kappa values between the cross-

validation methods. 

Conclusions 

  Random forest models showed strong performance in the classification of both group A rotavirus 

VP7 and VP4 rotavirus genotypes. Application of these models as classifiers will allow for rapid and 

accurate classification of the increasing amounts of rotavirus sequence data that is becoming available.  

Keywords: rotavirus, classification, machine learning, random forest, alignment 

2.2 Introduction 

 Group A rotaviruses have been found to be among the most common causes of acute 

gastroenteritis infections in both young children and animals across the globe. Nearly all young children 

are expected to be infected with rotavirus within their first five years of life, contributing to over 215,000 

deaths annually worldwide (Lanzieri et al., 2011; Tate et al., 2016). In children, several vaccines have 

been developed to prevent rotavirus infections, but efficacy of vaccines have been shown to vary greatly 

in regions such as South Africa and Bangladesh. This can be attributed to large genotypic variation within 

circulating rotavirus species across the globe (Burke et al., 2019; Harris et al., 2017; Madhi et al., 2010; 

Zaman et al., 2010). Global surveillance of rotavirus genotypes is therefore critical in order to monitor 

and to evaluate emerging and circulating genotypes of rotaviruses before and after vaccine introduction. 

This will in turn allow for more targeted development of vaccines as well as updating them on an as-

needed basis for rotavirus prevention. Although not monitored with the same intensity, rotaviruses are 

important pathogens of animals, as well. Young cattle, horses, poultry, and pigs are also commonly 

infected by rotaviruses, contributing to significant economic burdens arising from weight loss, mortality, 

and cost of treatment for infected animals (Luchs & Timenetsky, 2016). 
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 Rotaviruses are double-stranded RNA viruses classified into the Reoviridae family and can be 

further classified into ten antigenically unique groups (A-J). Of these ten groups, group A rotaviruses are 

considered to be of primary interest due to the high levels of prevalence present within avian and 

mammalian species (Maes et al., 2009). Group A rotaviruses are composed of a total of 11 double-

stranded RNA segments, which encode for six (VP1-VP4, VP6-VP7) structural proteins and six (NSP1-

NSP4, NSP5/6) non-structural proteins (Müller & Johne, 2007). A dual classification system has been 

established for the G and P genotypes, based on the two outer capsule proteins VP7 and VP4, 

respectively. Currently, 36 G and 51 P genotypes have been identified for group A rotaviruses (Rotavirus 

Classification Working Group, 2021). Several alignment-based methods currently exist for classification 

of rotavirus nucleotide sequence data into their respective genotypes, such as the RotaC web-based tool 

and Basic Local Alignment Search Tool (BLAST). RotaC uses neighbour-joining phylogenetic trees built 

from distance matrices obtained from alignment and nucleotide identity cut-off values to phylogenetically 

identify the genotype of a query sequence (Maes et al., 2009). BLAST compares query sequences to a 

known database of sequences and identifies similar sequences above a certain threshold within that 

database (Altschul et al., 1990). The amount of rotavirus nucleotide sequence data available is rapidly 

increasing however, providing opportunities to use machine learning methods for genotype classification.  

Random forest is a widely used supervised machine learning algorithm in completing both binary 

and multi-class classification tasks (Chaudhary et al., 2016; Lakshmanaprabu et al., 2019; Lee et al., 

2019). Random forest uses bootstrap samples from a training data set and grows decision trees by 

randomly sampling the number of features available (the mtry) and choosing the best split at each node 

from this value (Liaw & Wiener, 2002). Predictions from each of the decision trees are then aggregated, 

and the final prediction on new data is decided by a majority vote. Random forest can be trained on both 

categorical and numerical data, allowing for flexibility in the features present in the training data (Ion 

Titapiccolo et al., 2013). Therefore, we looked to address the objective of developing a machine learning 
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classifier using random forest alongside alignment-based methodology for efficient and accurate 

classification of circulating group A rotavirus VP7 and VP4 genotypes.  

2.3 Materials and methods 

2.3.1 Dataset retrieval 

The two datasets used in this study were obtained on November 15th, 2020 by downloading and 

excluding sequences from the NCBI Nucleotide database, as shown in Figure 2.1. Sequences were 

initially obtained by searching the database using the keywords “Rotavirus A VP7” and “Rotavirus A 

VP4” in R. Sequences that were not labelled with either the G or P genotype were excluded from their 

respective datasets. Sequence lengths were also checked and sequences that were less than 500 nucleotide 

base pairs or greater than the expected length of 1062 base pairs for the VP7 dataset and 2362 base pairs 

for the VP4 dataset were excluded. The total number of sequences available for each of the genotypes 

were also tallied, and sequences that belonged to a genotype where the total count was less than 10 were 

also excluded to prevent classification of genotypes with insufficient amount of data to train the random 

forest algorithm on. For the VP4 dataset specifically, genotypes with excess amounts of sequence data 

available ( > 500) were reduced to a maximum of 100 randomly selected sequences to reduce 

computational strain when training the models. Distribution of these sequences by animal species are 

shown in Table 2.1. 

2.3.2 Sequence alignment 

Each of the datasets were aligned separately using two different alignment methods, pairwise 

sequence alignment and multiple sequence alignment. The resulting aligned sequences were then used to 

train the random forest algorithm and model performance was compared between the two different 

alignment methods.   
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2.3.3 Pairwise sequence alignment 

Sequences were individually aligned against an appropriate complete gene segment reference 

sequence using the Needleman-Wunsch global alignment method from the Biostrings package in R 

(Needleman & Wunsch, 1970; Pagès et al., 2020).  The reference sequences used were obtained from the 

NCBI RefSeq database (O’Leary et al., 2016). After each alignment, the first nucleotide from each of the 

aligned sequences, either an “A, T, C, G, or – (gap)” was extracted and stored as position one in a new 

data frame. This was repeated for the next nucleotide in the sequence as position two and so forth, up to 

the end of each aligned sequence. This was performed separately for both the VP7 and VP4 datasets and 

the resulting 1097 and 2416 positional features from each dataset, respectively, were used to train the 

random forest algorithm. 

2.3.4 Multiple sequence alignment 

Sequences were aligned against each other using the multiple sequence alignment method from 

the MUSCLE package in R (Edgar, 2004).  Default parameters were used for the multiple sequence 

alignment and the resulting alignment was stored in a similar data frame to pairwise sequence alignment. 

This was performed separately for both the VP7 and VP4 datasets and the resulting 1223 and 2624 

positional features from each dataset, respectively, were used to train the random forest algorithm. 

2.3.5 Training and testing datasets 

Using the data consisting of positional features obtained from pairwise and multiple sequence 

alignment, training and testing datasets were formed by randomly partitioning the data into 70% training 

data and 30% testing data. The training dataset was used to train the random forest algorithm and the 

testing dataset was used to validate model performance on unseen data. Genotype distribution of the data 

into training and testing data are summarized in Table 2.2 for the VP7 dataset and Table 2.3 for the VP4 

dataset. 
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2.3.6 Model training 

Models were trained in R by using the caret package with random forest as the chosen 

classification algorithm (Kuhn, 2008). Due to the unbalanced nature of the datasets, two different cross-

validation methods of repeated 10-fold cross-validation thrice (R10FCVT) and leave-one-out cross- 

validation (LOOCV) were chosen to evaluate model performance during training. Ten-fold cross-

validation is where the training data are randomly divided into 10 distinct folds and each fold performs 

once as the test dataset and the remaining folds perform as the training dataset for that given fold. Leave-

one-out cross-validation is where the number of folds is equivalent to the number of samples in the 

dataset, and each fold performs once as the test dataset and the remaining folds perform as the training 

dataset for that given fold. Two models are trained for each alignment method, one using R10FCVT and 

one using LOOCV, for a total of four models each for the VP7 and VP4 datasets. Confusion matrices 

were also generated for each of the models and overall accuracies and kappa values are calculated from 

these confusion matrices to evaluate performance during training. 

2.3.7 Model hyperparameter tuning 

The mtry hyperparameter was also tuned during model training alongside cross-validation. The 

default value for the mtry is equal to the square root of the number of features in the data and tuning of the 

mtry allowed for obtaining the most robust models possible. Cross-validation allows for optimal tuning of 

the mtry without concern for overfitting of the models, and therefore it is beneficial to perform them 

concurrently (Probst et al., 2018).  The tuning range used to train each of the models consists of the 

default mtry value and range of 10, 20, 30, 40, 50, 60, 70, 80, 90, and 100.  

2.3.8 Model testing 

The trained models were tested by evaluating how well they perform on unseen data in the testing 

dataset. Confusion matrices were generated for each of the models after using them to predict the classes 

of unseen aligned sequence data and metrics such as overall accuracies, kappa values, 95% confidence 
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intervals, no-information rates, and p-values were generated from the confusion matrices to evaluate 

model performance on the testing dataset. Misclassified sequences were identified and explored after 

model testing by using phylogenetic trees and possible outliers were determined through visual analysis. 

2.3.9 Model computational performance  

Model computational performance was determined to see how practical each model may be in 

real-world situations where there is a query sequence that needs to be identified. Three different 

components of each model were timed to determine computational performance, the time elapsed to 

perform the initial alignment for a query sequence, the time elapsed to train the model, and the time 

elapsed for the model to predict the class of the query sequence. The total time elapsed with and without 

training were also summed to compare model performance in situations where the models need to be 

retrained regularly and when they do not. 

2.4 Results 

2.4.1 Training model performance  

Using the VP7 training dataset of 624 sequences and VP4 training dataset of 601 sequences, 

random forest models were trained using cross-validation methods of both R10FCVT and LOOCV on 

positional features from aligned sequence data. Overall accuracies and kappa values were calculated to 

compare model performance during training directly and are summarized in Table 2.4.  The best 

performing model for the VP7 dataset was found to be the multiple sequence alignment LOOCV model, 

which had mtry, overall accuracy, and kappa values of 30, 0.9920, and 0.9858, respectively. The worst 

performing model for the VP7 dataset was found to be the pairwise sequence alignment LOOCV model, 

which had mtry, overall accuracy, and kappa values of 33, 0.9808, and 0.9757, respectively. For the VP4 

dataset, the best performing model was found to be either of the multiple sequence alignment models, 

R10FCVT and LOOCV, where both models had the same mtry, overall accuracy, and kappa values of 40, 

0.9900, and 0.9891, respectively. The worst performing model for the VP4 dataset was found to be the 
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pairwise sequence alignment R10FCVT model, which had mtry, overall accuracy, and kappa values of 90, 

0.9751, and  0.9763, respectively. Confusion matrices were generated for each of the trained models to 

observe class accuracies for the imbalanced VP7 and VP4 datasets and are shown in Figure 2.2 and 

Figure 2.3, respectively. 

2.4.2 Model validation  

 Using the VP7 testing dataset of 260 sequences and VP4 dataset of 250 sequences, random forest 

model performance was validated by using each of the trained models to predict the class of unseen 

aligned sequences from the testing datasets. This was done to observe how well they may perform in real-

world situations where the class of query sequences need to be identified.  

 Overall accuracies, kappa values, 95% confidence intervals, no information rates, and p-values 

were calculated for each of the models to compare performance on the testing datasets directly and are 

summarized in Table 2.5. The best performing model on the VP7 testing dataset was found to be either of 

the multiple sequence alignment models, R10FCVT and LOOCV, where both models had overall 

accuracy, 95% confidence interval, and kappa values of 0.9962, (0.9788, 0.9999), and 0.9951, 

respectively. The worst performing model on the VP7 testing dataset was found to be the pairwise 

sequence alignment R10FCVT model, which had overall accuracy, 95% confidence interval, and kappa 

values of 0.9846, (0.9611, 0.9958), and 0.9804, respectively. Similarly, the best performing model on the 

VP4 testing dataset was found to be either of the multiple sequence alignment models, R10FCVT and 

LOOCV, where both models had overall accuracy, 95% confidence interval, and kappa values of 0.9960, 

(0.9779, 0.9999), and 0.9956, respectively. The worst performing model on the VP4 testing dataset was 

found to be the pairwise sequence alignment R10FCVT model with overall accuracy, 95% confidence 

interval, and kappa values of 0.9720, (0.9432, 0.9887), and 0.9693, respectively. 
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 VP7 and VP4 models were found to have no-information rates of 0.3538 and 0.1200, 

respectively. Null hypotheses for these models would be that there is no significant difference between 

the overall accuracy and no-information rate, which is the rate obtained by predicting every class as the 

majority class. All models were found to have p-values < 0.05 and the no-information rate values were 

not present in any of the 95% confidence intervals, indicating that the overall accuracies of each of the 

models were significantly greater than the no-information rates.  

Confusion matrices were generated to observe class accuracies on the VP7 and VP4 testing 

dataset and are shown in Figure 2.4 and Figure 2.5, respectively. Misclassified sequences were identified 

through these confusion matrices and are summarized in Table 2.6. Possible outliers from these 

misclassified sequences were determined through phylogenetic analysis (see Figures S2.1-10). 

Misclassified sequences with the ascension numbers AB735641.1 and EU033979.1 were found to be 

possible outliers in the VP7 testing dataset. Misclassified sequences with the ascension numbers 

EU033986.1 and MH446387.1 were found to be possible outliers in the VP4 testing dataset. 

2.4.3 Model computational performance results 

 The time elapsed for alignment of a query sequence, training of models, and model predictions 

were recorded to compare model computational performance and are summarized in Table 2.7. The time 

elapsed for pairwise and multiple sequence alignment of a query VP7 sequence were found to be 0.14 and 

17.21 sec, respectively. The time elapsed for pairwise and multiple sequence alignment of a query VP4 

sequence were found to be 0.22 and 44.17 sec, respectively.  

 The models with the shortest time elapsed for both the VP7 and VP4 datasets during training 

were found to be the pairwise sequence alignment R10FCVT models, with time elapsed of 502.01 and 

1377.69 sec. The models with the longest time elapsed for both the VP7 and VP4 datasets during training 

were found to be the pairwise sequence alignment LOOCV models, with time elapsed of 8145.21 and 
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26136.72 sec, respectively. Multiple sequence alignment R10FCVT models were found to have much 

longer time elapsed during training than their pairwise counterparts for both the VP7 and VP4 datasets, 

with time elapsed of 1323.69 and 3395.97 sec, respectively. On the other hand, multiple sequence 

alignment LOOCV models were found to have shorter time elapsed than their pairwise counterparts for 

both the VP7 and VP4 datasets, with time elapsed of 7612.43 and 18273.13 sec, respectively. 

 The models with the shortest time elapsed for class prediction of a query VP7 sequence were 

found to be either of the pairwise sequence alignment models, R10FCVT and LOOCV, which both had 

time elapsed of 0.47 sec. Similarly, the models with the shortest time elapsed for class prediction of a 

query VP4 sequence were found to be either of the pairwise sequence alignment models, R10FCVT and 

LOOCV, which both had time elapsed of 1.45 sec. The models with the longest time elapsed for class 

prediction of a query VP7 sequence were found to be either of the multiple sequence alignment models, 

R10FCVT and LOOCV, which both had time elapsed of 0.53 sec. Similarly, the models with the longest 

time elapsed for class prediction of a query VP4 sequence were found to be either of the multiple 

sequence alignment models, R10FCVT and LOOCV, which both had time elapsed of 1.74 sec. 

 The total time elapsed with and without training were summed to compare model performance in 

circumstances where models may or may not need to be retrained and are summarized in Table 2.8. The 

models with the shortest total time elapsed with training for both the VP7 and VP4 datasets were found to 

be the pairwise sequence alignment R10FCVT models, with total time elapsed of 502.62 and 1379.36 sec, 

respectively. The models with the longest total time elapsed with training for both the VP7 and VP4 

datasets were found to be the pairwise sequence alignment LOOCV models, with total time elapsed of 

8145.82 and 26138.39 sec, respectively. Multiple sequence alignment R10FCVT models were found to 

have much longer total time elapsed than their pairwise counterparts for both the VP7 and VP4 datasets, 

with total time elapsed of 1341.43 and 3441.88 seconds, respectively. On the other hand, multiple 

sequence alignment LOOCV models were found to have shorter total time elapsed than their pairwise 
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counterparts for both the VP7 and VP4 datasets, with total time elapsed of 7630.17 and 18319.04 sec, 

respectively. 

 The models with the shortest total time elapsed without training for the VP7 dataset were found to 

be either of the pairwise sequence alignment models, R10FCVT and LOOCV, which both had total time 

elapsed of 0.61 sec. Similarly, the models with the shortest total time elapsed without training for the VP4 

dataset were found to be either of the pairwise sequence alignment models, R10FCVT and LOOCV, 

which both had total time elapsed of 1.67 sec. The models with the longest total time elapsed without 

training for the VP7 dataset were found to be either of the multiple sequence alignment models, 

R10FCVT and LOOCV, which both had total time elapsed of 17.74 sec. Similarly, the models with the 

longest total time elapsed without training for the VP4 dataset were found to be either of the multiple 

sequence alignment models, R10FCVT and LOOCV, which both had total time elapsed of 45.91 sec. 

2.5 Discussion 

2.5.1 Previous literature and significance of results 

 Previous studies have looked at prevalent strains found in humans and many different animal 

species globally. Strains that commonly infect humans worldwide consist of G1, G2, G3, G4, G9, and 

G12 VP7 genotypes as well as P[4], P[6], and P[8] VP4 genotypes (Gentsch et al., 2005; Matthijnssens et 

al., 2009; Santos & Hoshino, 2005). Strains that commonly infect equines consist of G3, G5, G10, and 

G14 VP7 genotypes as well as the P[12] VP4 genotype. Strains that commonly infect bovines consist of 

G1, G6-G8, G10, G11, G15, G18, and G21 VP7 genotypes as well as P[1], P[5], P[11], P[14], P[17], 

P[21], and P[29] VP4 genotypes. Strains that commonly infect swine consist of G1-G6, G8-G12, and G26 

VP7 genotypes as well as P[1]-P[8], P[11], P[13], P[19], P[23], P[26], P[27], P[32], and P[34] VP4 

genotypes (Luchs & Timenetsky, 2016; Vlasova et al., 2017). Given that circulating genotypes within 

humans and animal species are known, we compared the distribution of species and genotypes within our 

VP7 and VP4 datasets to check for agreement with the literature. Most of the sequences found within our 
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VP7 dataset were from humans and equines. The most prevalent genotypes within our VP7 dataset were 

found to be G1, G3, G12, and G14, which agrees with current literature. Within our VP4 dataset, most of 

the sequences were found to be from humans, bovines, and swine. The most prevalent genotypes within 

this dataset were found to be P[4], P[5], P[6], P[8], P[11], and P[14], which is also in agreement with 

current literature. 

 A previous study has also looked at alignment-based classification of group A rotavirus 

genotypes, although using a full genome classification system rather than the dual classification system 

(Maes et al., 2009). The RotaC web-based tool initially identifies the gene segment that a query sequence 

belongs to by comparing it to a full genome reference alignment containing group A rotavirus standards. 

Distance matrices are then generated from pairwise alignment between the query sequence and an 

appropriate reference sequence using the Needleman-Wunsch algorithm. Neighbour-joining phylogenetic 

trees are then generated using the distance matrices from alignment alongside nucleotide identity cut-off 

for classification into genotypes. The full genome classification system uses all 11 genome segments, and 

nomenclature is defined using the notation of Gx-P [x]-Ix-Rx-Cx-Mx-Ax-Nx-Tx-Ex-Hx (where x is the 

genotype number) for the encoding genes VP7, VP4, VP6, VP1, VP2, VP3, NSP1, NSP2, NSP3, NSP4, 

NSP5/6, respectively (Matthijnssens et al., 2011). Classification through the full genome classification 

system is considerably more descriptive and may allow for further studies analyzing strain reassortments 

between same and different host species as well as for discovering new genotypes (Maes et al., 2009; 

Matthijnssens et al., 2008). The main drawback however is that complete genome sequence data for 

rotaviruses are not as readily available in comparison to partial genome sequence data. In consideration of 

this, we looked to see how well our models performed using the readily available partial genome 

sequence data with the dual classification system of G and P genotypes. Expansion of our models into full 

genome classification can be done when these data become more readily available. 
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 Results from our model training showed that random forest models trained on positional features 

from pairwise and multiple sequence alignment perform very well in learning and predicting the 

genotypes for labelled VP7 and VP4 sequences. Overall, multiple sequence alignment models were 

shown to outperform pairwise sequence alignment models in both overall accuracy and kappa during 

training. R10FCVT and LOOCV models were shown to perform very similarly during training, with 

LOOCV models having slightly higher overall accuracy and kappa in most cases. Tuning of each of the 

models during training also demonstrated that the optimal mtry value of VP7 and VP4 models can be both 

identical or different when using either R10FCVT or LOOCV for each alignment method. This in turn led 

to some models being almost identical in terms of overall accuracy and kappa values during model 

training, and performance of these models were expected to also be very similar during model validation. 

In circumstances where model validation also demonstrated that these models were identical in overall 

accuracy and kappa, the models were expected to differ in terms of computational performance during 

training and tuning due to the use of different cross-validation methods. 

Results from model validation showed that the trained random forest models perform very 

strongly in classification of unseen data. Overall, multiple sequence alignment models were again found 

to outperform pairwise sequence alignment models in overall accuracies and kappa values. R10FCVT and 

LOOCV models were also shown to perform the same in multiple sequence alignment models, with 

LOOCV outperforming R10FCVT for pairwise sequence alignment models. All models were also found 

to perform significantly better than the no-information rates, which demonstrates that the random forest 

algorithm was robust against model tendencies to predict classes as the majority class in situations 

involving imbalanced datasets (Breiman, 2001).  

Phylogenetic analysis of each of the datasets also revealed that some of the misclassified 

sequences in the testing dataset were possibly outliers, as both the models and phylogenetic trees were not 

able to correctly classify some of these sequences into the correct genotype. These sequences could be 
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further analyzed through other tools such as BLAST to confirm whether they are indeed outliers. Moving 

these sequences from the testing dataset to the training dataset may also allow for the models to learn 

from these misclassified sequences and improve the next time it encounters a similar sequence. Some of 

the misclassified sequences were also incorrectly classified by only the pairwise sequence alignment 

models and not the multiple sequence alignment models or phylogenetic trees. This further supports that 

multiple sequence alignment models are generally more accurate at classifying VP7 and VP4 genotypes 

than the pairwise sequence alignment models.  

 Results from model computational performance showed that pairwise sequence alignment models 

generally outperform multiple sequence alignment models in terms of speed for alignment of a query 

sequence, training of the models, and model prediction. R10FCVT models were also found to be much 

faster than LOOCV models specifically during the training of the model, with no difference during model 

prediction time. Total time elapsed summed from these 3 components and summed without the training 

component also showed that pairwise sequence alignment models generally outperform multiple sequence 

alignment models. In situations where models may need to be continually retrained due to factors such as 

constant influxes of new sequence data, pairwise sequence alignment R10FCVT models are favoured. 

Similarly, in situations where models do not need to be retrained and classification speed is a major 

consideration, such as in general query sequence classification, pairwise sequence alignment R10FCVT 

models are also favoured (Williams et al., 2006). Situations where rare genotypes are being classified or 

where cost of misclassification is very high such as in targeted vaccine development may favour multiple 

sequence alignment LOOCV models at the expense of speed to achieve the maximum classification 

accuracy possible.  

2.5.2 Limitations 

A major limitation for these models is that they rely on sufficient sequence data being available 

for each of the genotypes in order to train the random forest algorithm. Sequence data retrieved from 
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NCBI for VP7 and VP4 sequences were still lacking for many of the known genotypes, and therefore, the 

classifier is not able to predict the classes of these genotypes yet. The number of VP7 and VP4 genotypes 

have also been shown to be increasing over time, which will lead to more and more sequence data being 

required (Matthijnssens et al., 2008; Mwanga et al., 2020). Models will also need to be continually 

retrained over periods of time to account for these new genotypes as the sequence data become more 

available.  

Another limitation that these models face would be that they are not able to recognize a new 

genotype for group A rotaviruses. Sequence data for a new group A rotavirus genotype will most likely be 

incorrectly classified as a current genotype that it is most similar too, even though it may be distinct 

enough to be categorized as a new genotype. Identification of new group A rotavirus genotypes will have 

to be done through alternative methods, such as the RotaC tool or other hierarchical agglomerative 

clustering algorithms (Maes et al., 2009). In addition, although distribution of genotypes in our dataset is 

in general agreement with reported genotypes, it is likely that important genotypes, for a specific species 

and jurisdiction, were not included into training and test datasets. However, these genotypes could be 

available internally in diagnostic laboratories and the results of this study suggest that random forest 

could be used to develop classification models on sufficient data in such situations.  

2.6 Conclusion 

In conclusion, random forest models trained on positional features from pairwise and multiple 

sequence alignment were shown to achieve very high levels of performance for the dual classification of 

group A rotavirus VP7 and VP4 genotypes. Multiple sequence alignment models were shown to perform 

more accurately than pairwise sequence alignment models in both training and testing, with the trade-off 

being that pairwise sequence alignment models are much faster in computational performance when 

models do not need to be retrained. Application of these models as classifiers will allow for more efficient 

and accurate classification of group A rotaviruses on increasing amounts of new sequence data, which 
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may aid in vaccine development. Further improvements to these models and expansion towards the full 

genome classification system can be done as these data become more readily available. 
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2.9 Tables and Figures 

Table 2.1:  Distribution of VP7 and VP4 sequences from their respective datasets by animal species after 

retrieval from the NCBI Nucleotide database 

 

  
Species VP7 Sequences VP4 Sequences 

Human 405 397 

Equine 409 53 

Bovine 2 221 

Avian 45 1 

Swine 21 101 

Other 2 78 

Total 884 851 
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Table 2.2:  Distribution of VP7 genotypes obtained from the NCBI nucleotide database sequences and 

after division into training (70%) and testing (30%) datasets  

 

  

Genotype 

Labelled Sequences 

Obtained 

Sequences After 

Exclusion 

Training 

Dataset 

Testing 

Dataset 

G1 176 134 94 40 

G2 22 18 13 5 

G3 330 309 217 92 

G4 22 22 16 6 

G5 7 0 0 0 

G6 7 0 0 0 

G7 4 0 0 0 

G8 20 20 14 6 

G9 53 49 35 14 

G10 7 0 0 0 

G11 4 0 0 0 

G12 102 95 68 27 

G13 2 0 0 0 

G14 196 194 136 58 

G15 5 0 0 0 

G16 1 0 0 0 

G17 2 0 0 0 

G18 9 0 0 0 

G19 49 43 31 12 

G20 2 0 0 0 

G21 2 0 0 0 

G22 2 0 0 0 

G23 0 0 0 0 

G24 1 0 0 0 

G25 3 0 0 0 

G26 6 0 0 0 

G27-G36 0 0 0 0 

Total 1034 884 624 260 
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Table 2.3:  Distribution of VP4 genotypes obtained from the NCBI nucleotide database sequences and 

after division into training (70%) and testing (30%) datasets 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

a  36 of 42 sequences were excluded by criteria of sequence length less than < 500 base pairs  

  

Genotype 

Labelled Sequences 

Obtained 

Sequences After 

Exclusion 

Training 

Dataset 

Testing 

Dataset 

P[1] 48 48 34 14 

P[2] 3 0 0 0 

P[3] 18 18 13 5 

P[4] 574 100 70 30 

P[5] 80 79 56 23 

P[6] 294 100 70 30 

P[7] 45 43 31 12 

P[8] 2840 100 70 30 

P[9] 52 52 37 15 

P[10] 1 0 0 0 

P[11] 95 95 67 28 

P[12] 53 51 36 15 

P[13] 31 24 17 7 

P[14] 65 65 46 19 

P[15] 1 0 0 0 

P[16] 0 0 0 0 

P[17] 8 0 0 0 

P[18] 2 0 0 0 

P[19] 7 0 0 0 

P[20]-P[22] 0 0 0 0 

P[23] 24 24 17 7 

P[24] 1 0 0 0 

P[25] 6 0 0 0 

P[26] 0 0 0 0 

P[27] 5 0 0 0 

P[28] 1 0 0 0 

P[29] 0 0 0 0 

P[30] 2 0 0 0 

P[31]a 42 0 0 0 

P[32] 17 17 12 5 

P[33] 1 0 0 0 

P[34] 0 0 0 0 

P[35] 1 0 0 0 

P[36]–P[37] 0 0 0 0 

P[38] 1 0 0 0 

P[39] 1 0 0 0 

P[40]  1 0 0 0 

P[41]–P[46] 0 0 0 0 

P[47] 1 0 0 0 

P[48] 1 0 0 0 

P[49] 35 35 25 10 

P[50]–P[51] 0 0 0 0 

Total 4357 851 601 250 
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Table 2.4: Comparison of overall accuracy, kappa, and mtry values after training and tuning of random 

forest models using positional features from pairwise and multiple sequence alignment 

 

 

 

 

 

 

 

 

 

 

                                

R10FCVT – Repeated 10-fold cross-validation thrice 

LOOCV – Leave-one-out cross-validation 

 

 

 

 

Methods mtry   Accuracy Kappa 

Pairwise Sequence 

Alignment    

R10FCVT VP7 90 0.9813 0.9736 

LOOCV VP7 33 0.9808 0.9757 

R10FCVT VP4 90 0.9751 0.9763 

LOOCV VP4 90 0.9767 0.9701 

    

Multiple Sequence 

Alignment    

R10FCVT VP7 90 0.9919 0.9878  

LOOCV VP7 30 0.9920 0.9858 

R10FCVT VP4 40 0.9900   0.9891 

LOOCV VP4 40 0.9900   0.9891 
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Table 2.5: Comparison of overall accuracy, kappa, 95% confidence intervals, no-information rates, and p-values for trained VP7 and VP4 random 

forest models on testing data using positional features from pairwise and multiple sequence alignment 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

R10FCVT – Repeated 10-fold cross-validation thrice                                                                                                                                           

LOOCV – Leave-one-out cross-validation 

  

Methods Overall Accuracy Kappa 95% Confidence Interval No- Information Rate 

P-Value     

[ACC > NIR] 

Pairwise Sequence 

Alignment      

R10FCVT VP7 0.9846           0.9804 (0.9611, 0.9958) 0.3538 < 0.01 

LOOCV VP7 0.9885           0.9854           (0.9668, 0.9976) 0.3538 < 0.01 

R10FCVT VP4 0.9720           0.9693 (0.9432, 0.9887) 0.1200 < 0.01 

LOOCV VP4 0.9760 0.9737 (0.9485, 0.9911) 0.1200 < 0.01 

      

Multiple Sequence 

Alignment      

R10FCVT VP7 0.9962           0.9951          (0.9788, 0.9999) 0.3538 < 0.01 

LOOCV VP7 0.9962           0.9951          (0.9788, 0.9999) 0.3538 < 0.01 

R10FCVT VP4 0.9960          0.9956 (0.9779, 0.9999) 0.1200 < 0.01 

LOOCV VP4 0.9960          0.9956 (0.9779, 0.9999) 0.1200 < 0.01 
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Table 2.6: Comparison of model predictions for misclassified sequences obtained from using the trained models on the VP7 and VP4 testing 

datasets 

PW R10FCVT – Pairwise repeated 10-fold cross-validation thrice                                                                                                                            

PW LOOCV – Pairwise leave-one-out cross-validation                                                                                                                                           

MSA R10FCVT – Multiple sequence alignment repeated 10-fold cross-validation thrice                                                                                      

MSA LOOCV – Multiple sequence alignment leave-one-out cross-validation 

  

Unique Identifier 

          

Animal 

Species 

         

Reference 

Genotype 

PW R10FCVT 

Model Prediction 

 

PW LOOCV 

Model Prediction 

MSA R10FCVT 

Model Prediction 

                                

MSA LOOCV 

Model Prediction    

VP7 Dataset       

EU033979.1 Human G3 G4 G3 G1 G1 

AB735641.1 Swine G9 G4 G4 G9 G9 

KU372573.1 Avian G19 G4 G4 G19 G19 

AY750923.1 Equine G14 G4 G1 G14 G14 

       

VP4 Dataset       

KY077643.1 Swine P13 P11 P11 P13 P13 

KT906385.1 Swine P13 P6 P6 P13 P13 

KT261372.1 Bovine P14 P11 P11 P14 P14 

EF672605.1 Human P9 P11 P11 P9 P9 

MH446387.1 Human P8 P11 P11 P4 P4 

KF414619.1 Unknown P8 P4 P8 P8 P8 

EU033986.1 Human P6 P11 P11 P6 P6 
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Table 2.7: Comparison of computation performance times for query sequence alignment, training, and prediction for each of the trained models 

from pairwise and multiple sequence alignment on the VP7 and VP4 datasets 

 

 

 

 

 

 

 

 

 

 

 

 

R10FCVT – Repeated 10-fold cross-validation thrice                                                                                                                                          

LOOCV – Leave-one-out cross- validation 

  

Methods 

Query Sequence Alignment        

Time Elapsed (seconds) 

 

Training Time Elapsed 

(seconds) 

Prediction Time Elapsed 

(seconds) 

 Pairwise Sequence Alignment    

VP7 R10FCVT Model 0.14 502.01 0.47 

VP7 LOOCV Model  0.14 8145.21 0.47 

VP4 R10FCVT Model 0.22 1377.69 1.45 

VP4 LOOCV Model  0.22 26136.72 1.45 

    

Multiple Sequence Alignment    

VP7 R10FCVT Model 17.21 1323.69 0.53 

VP7 LOOCV Model  17.21 7612.43 0.53 

VP4 R10FCVT Model 44.17 3395.97 1.74 

VP4 LOOCV Model  44.17 18273.13 1.74 
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Table 2.8: Comparison of total time elapsed with and without training for each of the models using pairwise and multiple                                             

sequence alignment for classification of a query sequence from the VP7 and VP4 datasets 

 

 

 

 

 

 

 

 

                         

             
R10FCVT –  Repeated 10-fold cross-validation thrice                                                                                                                                        

LOOCV – Leave-one-out cross-validation 

  

Methods 

Total Time Elapsed With Training 

(seconds) 

Total Time Elapsed Without Training 

(seconds) 

Pairwise Sequence Alignment   

VP7 R10FCVT Model 502.62 0.61 

VP7 LOOCV Model  8145.82 0.61 

VP4 R10FCVT Model 1379.36 1.67 

VP4 LOOCV Model  26138.39 1.67 

   

Multiple Sequence Alignment   

VP7 R10FCVT Model 1341.43 17.74 

VP7 LOOCV Model  7630.17 17.74 

VP4 R10FCVT Model 3441.88 45.91 

VP4 LOOCV Model  18319.04 45.91 
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Figure 2.1: Flow chart of data processing for the VP7 and VP4 datasets 



 

 

68 

 

 

 

Figure 2.2: Confusion matrixes for the trained VP7 models on the cross-validated training dataset composed of 624 VP7 sequences 
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Figure 2.3: Confusion matrixes for the trained VP4 models on the cross-validated training dataset composed of 601 VP4 sequences 
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Figure 2.4: Confusion matrixes for the trained VP7 models on the testing dataset composed of 260 VP7 sequences 
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Figure 2.5: Confusion matrixes for the trained VP4 models on the testing dataset composed of 250 VP4 sequences 
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2.10 Supplementary Information 

 

Figure S2.1. Phylogenetic tree of the VP7 dataset by genotype with misclassified sequences highlighted in red  

 



 

 

73 

 

 

Figure S2.2: Zoomed in version of the red misclassified sequences present on the VP7 phylogenetic tree between the G1 and G4 groups  
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Figure S2.3: Zoomed in version of the red misclassified sequence present on the VP7 phylogenetic tree within the G19 group 
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Figure S2.4: Zoomed in version of the red misclassified sequence present on the VP7 phylogenetic tree within the G14 group 



 

 

76 

 

 

 

Figure S2.5: Phylogenetic tree of the VP4 dataset by genotype with misclassified sequences highlighted in red  
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Figure S2.6: Zoomed in version of the red misclassified sequence present on the VP4 phylogenetic tree within the P[14] group 
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Figure S2.7: Zoomed in version of the red misclassified sequences present on the VP4 phylogenetic tree within the P[9] and P[13] groups 
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Figure S2.8: Zoomed in version of the red misclassified sequence present on the VP4 phylogenetic tree between the P[49] and P[6] groups 

  



 

 

80 

 

 

Figure S2.9: Zoomed in version of the red misclassified sequence present on the VP4 phylogenetic tree within the P[8] group 
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Figure S2.10: Zoomed in version of the red misclassified sequence present on the VP4 phylogenetic tree within the P[4] group 
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CHAPTER THREE 

Assessment of Seasonality of Rotavirus in Swine within Canada between 2016-2020 

3.1 Abstract 

 Seasonality of rotavirus has been investigated in human populations but has not been examined in 

swine populations to any extent. Exploration of seasonality of rotavirus in swine populations may inform 

certain aspects of biosecurity and disease control practices. Previous studies have looked at seasonality of 

other infectious diseases in swine by investigating submission data from surveillance systems and similar 

methodology could be applied to rotavirus data. The goal of this study was to determine if seasonality of 

group A,B and C rotaviruses is present in Canadian swine herds by investigating diagnostic submissions 

to a diagnostic laboratory. One thousand five hundred fifty-seven samples within 755 case submissions 

from Canadian swine herds between 2016 and 2020 were tested for positivity of group A, B, and C 

rotaviruses using real-time polymerase-chain reaction assays. Data were analyzed using boxplots, 6-week 

rolling averages, time-series decomposition, and negative binomial models. Percentage positivity for 

group A, B, and C rotaviruses were found to be highest in nursery/weaner (n = 237, 81.8%, 47.7%, 

75.5%) and grower/finisher (n = 23, 91.3%, 39.1%, 69.6%) pigs and lowest in gilt/sow (n = 124, 66.1%, 

13.7%, 33.9%) and suckling pigs (n = 250, 56.4%, 10.0%, 34.4%), respectively. The most common 

combination of rotavirus was found to be AC (n = 252, 17%) and ABC (n = 175, 23.2%) at the sample 

and submission level, respectively. Percent positivity of group A, B, and C rotaviruses across all 

Canadian provinces were found to be 69.9%, 32.6%, and 53.1%, respectively. Descriptive analysis found 

little to no evidence of seasonal patterns although a spike in November was found in the monthly total 

submissions and monthly total positive submissions. Statistically, the overall month effect could not be 

identified as statistically significant (P > 0.05) for any of the evaluated submission counts. Overall, little 

to no evidence was found supporting seasonality of rotavirus within Canadian swine herds between 2016-

2020.  
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3.2 Introduction 

 Seasonality is an important characteristic of many infectious diseases found to endemically 

circulate in animals and people. Seasonality can be defined as periodic spikes in disease incidence that are 

correlated with seasons or calendar time periods (1). Clear evidence of strong seasonality could inform 

certain aspects of biosecurity and infection and disease control practices such as vaccinations within 

swine populations. Identification of seasonality may also play a key role in enhancing the accuracy of 

both disease surveillance systems and forecasting for when epidemics and pandemics may occur for a 

given infectious disease within human populations (1,2). One infectious disease of interest where 

seasonality has been explored in both humans and swine is a disease caused by rotavirus. 

Rotaviruses are double-stranded RNA viruses which cause severe diarrhea in nearly all young 

children under the age of five globally (3). Rotaviruses are members of the Reoviridae family and consist 

of 11 double-stranded RNA segments which encode for the six structural proteins (VP1-VP4, VP6-VP7) 

and six non-structural proteins (NSP1-NSP4, NSP5/6). Rotavirus species are classified through 

sequencing of the VP6 gene using a 53% nucleotide identity cut-off value and have been classified into 

ten (A-J) antigenically unique groups (4). Seasonality of group A rotaviruses in humans have been 

thoroughly investigated within temperate regions of the northern hemisphere, with peaks found primarily 

within the winter seasons and increases in factors such as relative humidity, rainfall, and temperature 

thought to be responsible for reductions in rotavirus incidence (5–9). In contrast to human populations, 

seasonality of rotavirus in swine populations are not as well explored despite being a very common cause 

of diarrhea in all young swine (10). 

 Swine populations have been detected with group A, B, C, E, and H rotaviruses with the most 

common  being A, B, and C. Group A rotaviruses have been identified in pig populations on every 
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continent across the globe and are commonly detected in pigs of all age groups, with the highest 

prevalence found in pigs in the age group of 21-55 days. In comparison, group B and C rotaviruses are 

not as widespread and are primarily detected in pigs in the age groups of  > 55 days and 1-3 days, 

respectively (11). Overall, little to no evidence has been found supporting seasonality of group A, B and 

C rotaviruses within swine populations (12,13) Several studies have been done to assess seasonality of 

other infectious diseases such as influenza in swine populations by exploring diagnostic submission data 

from surveillance systems (14–16). Using a similar approach on rotavirus data may also allow for 

investigation of seasonality of rotavirus within swine populations. Therefore, the objective of this study 

was to assess if seasonality of group A, B, and C rotavirus is present in Canadian swine herds by 

investigating diagnostic submissions to a diagnostic laboratory.  

3.3 Materials and methods 

3.3.1 Diagnostic submission data 

Diagnostic submission data consisting of 1,557 samples from 755 case submissions for rotavirus 

from swine herds within Canada between January 2016 and December 2020 were received from the 

Animal Health Laboratory (AHL, University of Guelph, Guelph, ON, Canada). Submissions from 

veterinarians, herd owners or farm employees consisted of a variety of diagnostic specimens from swine 

herds.  Fluid samples were mixed by vortexing and then centrifuged at 13,200 g for 2 min. Tissue samples 

and fecal samples were stab-swabbed and swabs were then immersed into a 2 mL vial with 1±0.5 mL 

sterile PBS, mixed by vortexing and then centrifuged at 13,200 g for 2 min.  

3.3.2 Nucleic acid extraction and polymerase chain reaction (PCR).   

Nucleic acids were extracted from 50 μL aliquots using the MagMAX-96 Viral RNA Isolation 

Kit in a MagMAX Express-96 Magnetic Particle Processor (Thermo Fisher). Armored RNA Enterovirus 

(Asuragen) was added to the kit lysis buffer as an internal control. Nucleic acids extracted from samples 

and enterovirus internal control RNA were reverse-transcribed and amplified with a real-time PCR assay 
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using Ag Path-ID One-Step RT-PCR Kit (Thermo Fisher) with primers and probes described in Table 3.1. 

Reverse transcription, PCR amplification and detection were carried out in 25 µL reactions in a Light 

Cycler 480 (Roche) under standard conditions as shown in Table 3.2. Samples with cycle threshold values 

below 37 were considered positive and samples with cycle threshold values above 37 were considered as 

inconclusive, with all inconclusive results considered as negative. Any sample that indicated a positive 

result for a group A, B, or C rotavirus was considered as a positive individual virological test. Any 

submission that contained at least one positive individual virological test for any rotavirus group was 

considered as a positive submission for rotavirus.  

3.3.3 Dataset processing 

Dataset processing of the sample and submission data are illustrated in Figure 3.1. Three samples 

within 1 submission were excluded from the dataset as the species of these records were found to be not 

from swine. Seventy-three samples were removed from the dataset as they were found to be duplicates of 

existing records in the dataset. Samples were then organized and explored at the production class level 

with categories of suckling, nursery/weaner, gilt/sow, grower/finisher, swine, and unlabelled. 

Simultaneous detection of group A, B, and C rotaviruses were also explored at the sample and submission 

level for all possible combinations. The submissions within the dataset were then organized by province 

with Alberta, Saskatchewan, and Manitoba categorized as Prairie provinces, Prince Edward Island and 

Nova Scotia categorized as Atlantic provinces, and Ontario and Quebec as individual provinces. This was 

done to prevent revealing of sensitive data in provinces where swine herds could potentially be 

identifiable. To explore seasonality, 124 samples within 45 submissions were then excluded from the 

dataset, consisting of all submissions from the Atlantic and Prairie provinces. These data were excluded 

on the basis that there was an insufficient amount of data present for these provinces and assessment of 

seasonality of rotavirus in these provinces would therefore not be meaningful.   
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3.3.4 Datasets and dataset exploration 

The submission data were split into two separate datasets and a combined dataset, one dataset 

consisting of submissions from only Ontario, one dataset consisting of submissions from only Quebec, 

and one combined dataset consisting of submissions from both Ontario and Quebec. The combined 

dataset was used only if dataset exploration revealed that the separate Ontario and Quebec datasets did not 

differ greatly from one another. Each of the datasets had five different outcomes of interest: (i) the total 

number of submissions, (ii) the total number of positive submissions, and (iii, iv, v) the total number of 

positive submissions for group A, B, or C rotavirus. A week was defined as beginning on Monday and 

ending on Sunday and every year consisted of 52 weeks.  Submissions on the 53rd week of 2020 were 

merged into the 52nd week of 2020 to prevent issues with conversion to time-series. Weekly and monthly 

data for the two provinces were explored for seasonality by using boxplots in R to observe weekly and 

monthly submission variability for the outcomes of total number of submissions and total number of 

positive submissions. Weekly and monthly submission data were then converted into five weekly and five 

monthly time-series for each dataset, with one weekly and one monthly time-series for each outcome, for 

a total of 20 time-series. Weekly submission data for each dataset were further explored by plotting the 

weekly time-series for all five outcomes with 6-week rolling averages to better visualize seasonal patterns 

within the trend.  

3.3.5 Time-series decomposition 

Weekly and monthly time-series for each of the five outcomes from both datasets were separated 

into trend, seasonal, and remainder components using the STL algorithm from the stats package in R (17). 

The STL algorithm is a filtering procedure which can decompose a time-series into components by using 

loess smoothing. The smoothing window for season in each time-series decomposition was set to 

periodic. Results for the weekly and monthly time-series decompositions were analyzed to determine the 

components responsible for most of the variation within each of the respective time-series.  
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3.3.6 Combined dataset 

The Ontario and Quebec datasets were then combined into a single dataset after no major 

differences were found between them for any of the five outcomes. This combined dataset was then 

explored in the same manner as the separate Ontario and Quebec datasets using boxplots, weekly time-

series with 6-week rolling averages, and weekly and monthly time-series decompositions. 

3.3.7 Statistical modelling 

The combined dataset was further analyzed by fitting negative binomial regression models for 

each of the five outcomes on only the combined monthly submission data. Each model consisted of 

month as a fixed effect and year as a linear effect (18). The significance of the fixed effect of month was 

determined by using a likelihood ratio test comparing a full model with month against a partial model 

without month. January was used as the referent month in all models. Coefficients and 95% confidence 

intervals in each model were then exponentiated to obtain rate ratios and corresponding 95% confidence 

intervals. Significance levels were set at P < 0.05 for all models. 

3.4 Results 

3.4.1 Sample data distribution by reported production class 

 Distribution of the sample data by reported production class was explored and is shown in Table 

3.3. Of the 1,481 samples, 489 (33%), 250 (16.9%), 237 (16%), 124 (8.4%), 23 (1.6%), and 358 (24.2%) 

were categorized into the production class of swine, suckling, nursery/weaner, gilt/sow, grower/finisher, 

and unlabelled, respectively. In Table 3.3, the total number of positive samples were found to be 428 

(36.3%), 222 (18.8%), 207 (17.6%), 198 (16.8%)  101 (8.6%), and 22 (1.9%) for production classes of 

swine, nursery/weaner, suckling, unlabelled , gilt/sow, and grower/finisher, respectively. From the 

labelled production classes, prevalence of group A rotaviruses were shown to be highest in 

grower/finisher and nursery/weaner pigs, slightly lower in “swine” and gilt/sow pigs, and lowest in 

suckling pigs with percent positivity values of 91.3-81.8%, 67.9-66.1%, and 56.4%, respectively, as 
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shown in Table 3.3. Samples with unlabeled production class had the lowest percent positivity overall for 

group A rotavirus with a value of 43.3%. Percent positivity of group B rotaviruses were found to be 

highest in nursery/weaner and grower/finisher pigs, slightly lower in ‘swine’ and unlabeled pigs, and 

lowest in gilt/sow and suckling pigs with percent positivity values of 47.7-39.1%, 26.6-18.2%, and 13.7-

10.0%, respectively, as shown in Table 3.3. From the labelled production classes, prevalence of group C 

rotaviruses were found to be highest in nursery/weaner and grower/finisher pigs, slightly lower in ‘swine’, 

and lowest in suckling and gilt/sow pigs with percent positivity values of 75.5-69.6%, 59.3%, and 34.4-

33.9%, respectively, as shown in Table 3.3. Samples with unlabeled production class had the lowest 

percent positivity overall for group C rotaviruses with a value of 22.1%. 

3.4.2 Simultaneous detection of group A, B, C rotaviruses  

 Sample data were examined for simultaneous detection of all possible combinations of group A, 

B, and C rotaviruses and results are shown in Table 3.4. Of the 1,481 samples, 228 (15.4%), 60 (4.1%), 

252 (17%), and 30 (2%), were found to be positive for combinations ABC, AB, AC, and BC, 

respectively. In Table 3.4, the number of samples positive for only a single group of either A, B, or C 

rotavirus or negative for all 3 groups were found to be 385 (26%), 41 (2.8%), 182 (12.3%), and 303 

(20.5%), respectively. The number of samples positive for either group A, B, or C rotaviruses were found 

to be 925 (62.5%), 359 (24.2) and 692 (46.7%), respectively, as shown in Table 3.4. Overall, prevalence 

of rotaviruses at the sample level were found to be highest in group A followed by group C and then 

group B with the most common combination found to be AC. 

 Submission data were also examined for simultaneous detection of all possible combinations of 

group A, B, and C rotaviruses and the results are shown in Table 3.5. Of the 754 submissions, 175 

(23.2%), 40 (5.3%), 142 (18.8%), 14 (1.9%) were found to be positive for combinations ABC, AB, AC, 

and BC, respectively. In Table 3.5, the number of submissions positive for only a single group of either 

A, B, or C rotavirus or negative for all 3 groups were found to be 170 (22.5%), 17 (2.3%), 69 (9.2%), and 
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127 (16.8%), respectively. The total number of submissions positive for either group A, B, or C rotavirus 

were found to be 527 (69.9%), 246 (32.6%), and 400 (53.1%), respectively, as shown in Table 3.5. 

Overall, prevalence of rotaviruses at the submission level were found to be highest in group A followed 

by group C and then group B with the most common combination found to be ABC. 

3.4.3 Submission data distribution by province 

Distribution of the submission data by province was examined and the results are shown in Table 

3.6. Of the 754 submissions, 443 (58.8%) , 266 (35.3%), 34 (4.5%), and 11(1.5%) were found to be from 

Ontario, Quebec, Prairie provinces, and Atlantic provinces, respectively. In Table 3.6, the total number of 

positive submissions were found to be 379 (85.6%), 205 (77.1%), 34 (100%), and 9 (81.8%) for Ontario, 

Quebec, Prairie provinces, and Atlantic provinces, respectively. From the positive submissions, Ontario, 

Quebec, and Prairie provinces had similar distributions of percent positivity for group A, B, and C 

rotaviruses, with values of (71.1%, 31.4%, 52.8%), (66.2%, 33.1%, 50.4%), and (79.4%, 32.4%, 76.5%), 

respectively, as shown in Table 3.6. In contrast, Atlantic provinces had much higher group B rotavirus 

percent positivity (72.7%), with 81.8% for A and 54.5% for C. The overall percent positivity for group A, 

B, and C rotaviruses across all provinces in Canada were found to be 69.9%, 32.6%, and 53.1%, 

respectively, as shown in Table 3.6. The Ontario and Quebec submission data were then explored 

separately given the large number of submissions present and similar distribution of positive submissions.  

3.4.4 Dataset exploration results 

Submission data for the Ontario and Quebec datasets were aggregated into weekly and monthly 

submissions and explored using boxplots for the two outcomes of total number of submissions and total 

number of positive submissions, as shown in Figure S3.1 and Figure S3.2. Seasonal fluctuations were not 

visually evident in either dataset, although descriptive analysis of the median monthly submissions in 

both datasets found spikes in the month of November. Weekly submissions for both datasets were further 

explored using 6-week rolling averages on weekly time-series for all five outcomes and are shown in 
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Figure S3.3 and Figure S3.4. Seasonal fluctuations were descriptively found to be not evident in the trend 

of the 6-week rolling averages for all outcomes in both datasets. Time-series decomposition on the 

weekly and monthly time-series for both datasets on all outcomes are shown in Figure S3.5 and Figure 

S3.6. Decomposition of weekly and monthly time-series for both datasets found seasonal effects to not be 

the most important component in any of the time-series and the least important component in some cases. 

Overall, dataset exploration and time-series decomposition revealed that these two datasets were similar 

enough to combine into one dataset. 

3.4.5 Combined dataset exploration results 

The Ontario and Quebec datasets were combined into a single dataset after dataset exploration 

and time-series decomposition revealed that they do not differ greatly from each other. Submission data 

for the combined dataset were aggregated into weekly and monthly submissions and explored 

descriptively using boxplots for the two outcomes of total number of submissions and total number of 

positive submissions, as shown in Figure 3.2. Seasonal fluctuations were not evident in the weekly 

combined dataset boxplots. Weekly time-series with 6-week rolling averages for all five outcomes in the 

combined dataset were then explored to better visualize the trend in the weekly submission data and are 

shown in Figure 3.3. Distinct seasonal patterns within the trend were not observed in the 6-week rolling 

averages for all five outcomes in the combined dataset. Descriptively, the number of weekly submissions 

were shown to have slightly increased over the study period with spikes generally found in early-2018,  

mid-2019, and early-2020, although no evidence of a major shift in the trends was found. Seasonal 

fluctuations were also not evident in the combined dataset monthly boxplots and are also shown in Figure 

3.2. Descriptively, the median total number of submissions for both outcomes were found to generally 

stay flat or slightly increase from January to April, decrease in May and generally stay flat or slightly 

increase up until October, and surge in November for a large spike followed by a drop in December.  
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3.4.6 Combined dataset time-series decomposition results 

 Weekly and monthly submission data for the combined dataset were converted into weekly and 

monthly time-series for all five outcomes and decomposed into trend, seasonal, and remainder 

components using the STL algorithm. The decomposition for the outcome of total number of positive 

submissions for the monthly submission data in the combined dataset is shown in Figure 3.4. The scale 

bar in the monthly time-series was descriptively compared to the scale bar in each of the 3 components 

and the component with the scale bar most similar in size to the scale bar in the monthly time-series is 

responsible for most of the variation present in the data. Descriptively, the remainder component was 

found to have the scale bar most similar in size to the scale bar in the monthly time-series followed by 

seasonal effects and then trend. The remaining decompositions for both weekly and monthly time-series 

in the combined dataset are shown in Figure S3.7. Nearly all time-series decompositions for the combined 

dataset found the remainder component to be responsible for most of the variation within the original 

time-series followed by seasonal effects and then trend. Two exceptions were found in the monthly time-

series decompositions for total number of submissions and total number of positive group C rotavirus 

submissions. Time-series decompositions for these outcomes found that the remainder component was 

responsible for most of the variation within the original time-series followed by trend and then seasonal 

effects. Overall, seasonal effects were not found to be the component responsible for most of the variation 

within any of the time-series decompositions for all five outcomes in the combined dataset and were 

found to be the least important component in some cases. 

3.4.7 Statistical modelling results 

 The combined dataset was further explored by fitting negative binomial models for all five 

outcomes with month as a fixed effect and year as a linear effect. January was used as the referent month 

for all models and coefficients and 95% confidence intervals were exponentiated to obtain the rate ratios 

and respective 95% confidence intervals, as shown in Table 3.7. Overall, seasonal effect, represented by 
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the partial likelihood ratio test for the ‘month of the year’, was not found to be statistically significant for 

any of the explored models (P > 0.20). Despite this lack of statistical significance for the overall effect of 

the month, the effect of November was found to be statistically significant when compared to the baseline 

level month of January ( P < 0.05) for increased number of submissions in all models except for the group 

B rotavirus positive submissions model. This model found February to be the only significant month 

when compared to the baseline month of January ( P < 0.05) for decreased number of submissions. Year 

as a linear effect was found to be significant ( P < 0.05) in three of the five models, which were the total 

positive submissions model, group A rotavirus positive submissions model, and group C rotavirus 

positive submissions model. Overall, little to no evidence supporting seasonality of rotavirus was found in 

any of the negative binomial models for all five outcomes in the combined dataset. 

3.5 Discussion 

3.5.1 Previous literature and significance of results 

Distribution of our sample data by reported production class revealed that group A rotaviruses are 

the most prevalent in pig populations followed by group C and then group B rotaviruses. From the 

labelled production classes, nursery/weaner and grower/finisher pigs were found to generally have the 

highest percent positivity for all three rotaviruses and suckling and gilt/sow pigs generally having the 

lowest percent positivity for all three rotaviruses. However, grower/finisher pigs consisted of only 23 

samples and this may be too small of a sample size to draw a conclusion from and should be interpreted 

with caution.  

Other studies using fecal samples from swine populations in Canada, United States, and Mexico 

also found group A rotaviruses to be the most commonly detected group across all ages, with pigs aged 4-

21 days (suckling) and 22-55 days (nursery/weaner) having the highest prevalence. Pigs older than 55 

days (grower/finisher) were found with the highest prevalence of group B rotavirus infections, and pigs 1-

3 days of age (neo-natal) were noted to have the highest prevalence of group C rotavirus (11). This is in 
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general agreement with what was found for the nursery/weaner and grower/finisher pigs in the present 

study, although suckling pigs differed by having the lowest percent positivity in labelled production 

classes for group A rotaviruses in our dataset and a neo-natal production class was not available. 

Prevalence by production class is heavily dependent on accuracy at the time of data labelling and many 

samples were unlabelled, therefore conflicting results for suckling pigs may have resulted from error in 

data labelling. Comparative results for the remaining production classes were not present in this study.  

The most common combination of rotavirus groups at the sample level was found to be AC and 

the most common combination at the submission level was found to be ABC. Several studies have 

identified the most common combinations of rotaviruses in Canada, United States, and Mexico to be AC 

and ABC (11,19). Additionally, a study investigating a farrow-to-grower pig operation in southwestern 

Ontario has detected both group A and C rotaviruses within the nursery area, supporting the prevalence of 

the dual combination within Canada (20). Furthermore, a study in Brazil on farrowing units that were not 

vaccinating, found outbreaks of all combinations of group A, B and C rotaviruses, with the most common 

combination being AC followed by combinations of ABC and BC, with the least common combination 

being AB (21). This supports the existing notion that with regard to swine, group C rotaviruses are just as 

important as group A rotaviruses in causing diarrhea (22). Overall, the combination of group A and C 

rotaviruses are most likely to be detected in individual samples from a farm and all three groups of 

rotaviruses are likely to be present in swine populations within farms. 

 Distribution of our submission data by province revealed the same trend where group A rotavirus 

is the most prevalent group in swine populations across all Canadian provinces followed by group C and 

then group B rotaviruses. Similar results have been found in the USA and Mexico (11). The Atlantic 

provinces were found to be an exception to this where group B rotaviruses were much more prevalent 

than the group C rotaviruses. However, this may not be an accurate representation of the distribution for 

group A, B and C rotaviruses in Atlantic provinces as a total of only 11 submissions were available for 
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these provinces and this is not a large enough sample size to draw conclusions regarding prevalence. 

Studies in the USA, Brazil, and Japan have found frequencies of porcine group B rotaviruses to be 46.8%, 

25.9%, and 32% in swine herds, respectively, which is similar to what was reported for the other 

provinces in our dataset (23–25). Aside from this, submissions were found to slightly increase over the 

study period with no major shifts in the trends for rotavirus percent positivity. This may change in the 

future however, as some studies in Brazil have found that widespread vaccination against group A 

rotavirus in swine populations may allow for the emergence of other porcine rotaviruses such as group B 

and group C  (21,26,27). Further monitoring of rotaviruses within swine populations should provide 

valuable information in identifying future trends in emerging and circulating species of rotavirus. 

 Exploration of our combined dataset did not find strong evidence of seasonality for rotavirus in 

swine herds within Canada. Seasonal fluctuations were not very evident in the weekly and monthly 

submission data and time-series decompositions, although spikes in the monthly total number of 

submissions and total number of positive submissions were generally found in November. Similarly, 

negative binomial models found November to be a significant month for increased total number of 

monthly submissions when compared to January as the baseline month for all outcomes except for group 

B rotavirus submissions, which found February as the only significant month when compared to January 

as the baseline month for decreased total number of monthly submissions. However, seasonal effects 

represented by month overall could not be identified as statistically significant in any of the models. In 

human populations, rotavirus has been identified to be more common in the cooler and dryer months 

within temperate regions, therefore it is reasonable to expect that November would have higher monthly 

submission levels from pig populations (5,28). However, the decreased number of submissions for group 

B rotaviruses in February will need to be investigated further, as February would also be considered as 

one of the colder months of the year in Canada. Strain-specific characteristics or climate factors 

associated with group B rotaviruses should be further explored to investigate this discrepancy. Overall, 
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these results only slightly support seasonality of rotavirus as stronger evidence for seasonality would have 

showed multiple sequential cooler months having significantly higher total number of monthly 

submissions rather than just November. In contrast, a very recent study has identified a significant 

difference within piglets for group A rotaviruses between the winter season (December 2018-February 

2019) and the autumn season (September 2018 to November 2018) in Bareilly, India (29). Results from 

this study may differ for temperate regions such as Canada as the winter season in Bareilly ranged from 

8.4-22.93°C, which is a lot warmer in comparison to the much colder winters of Canada. Additionally, 

Cook et al. (5) identified differences in seasonality of rotavirus within human populations between 

temperate regions and tropical regions such as India, which may explain the different results found for 

swine populations in India. Furthermore, pig production within Canada is generally carried out in 

environmentally controlled indoor facilities and barns where factors such as temperature, humidity, and 

ventilation rate are continuously controlled and monitored, although significant differences in these 

factors may be found from barn-to-barn (30). A further investigation of these environmental factors may 

prove useful in further supporting or refuting seasonal patterns for porcine rotavirus in Canada. 

3.5.2 Limitations 

A limitation of this study would be the surveillance nature of the submission data obtained from 

Animal Health Laboratory. Submission data were few for the Prairie and Atlantic provinces resulting in 

datasets focused on only the Ontario and Quebec submissions. This may have been due to issues with the 

varying number of swine herds and swine herd sizes between provinces as well as issues in voluntary 

participation by provinces or other reasons resulting in an unbalanced distribution of submissions by 

province. The source population for this dataset was also not available and is therefore unknown. 

Selection biases may have occurred during the two-step process of samples being submitted and samples 

being retrieved for analysis, which may have impacted our findings in detection of seasonality. 

Additionally, data on other potentially important factors that may also contribute to seasonality of 
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rotavirus such as temperature, relative humidity, and rainfall were not considered. These data could 

potentially provide evidence supporting seasonality of rotavirus in swine populations and should be 

explored in a future study. 

3.6 Conclusion 

In conclusion, little to no evidence was found supporting seasonality of rotavirus in swine herds 

within Canada between 2016 and 2020. Trends in the prevalence of porcine rotaviruses and co-detection 

of porcine rotavirus combinations within Canada were found to be very similar to other swine producing 

regions. Descriptive analysis through boxplots, 6-week rolling averages, and time-series decompositions 

did not detect evidence of distinct seasonal fluctuations although spikes in November were generally 

found for the total number of monthly submissions and total number of monthly positive submissions. 

Modelling of the data found seasonal effects represented by month overall to be not statistically 

significant, although November was found to be a significant month when compared to the baseline 

month of January for increased number of submissions in all five outcomes except for group B 

rotaviruses, which found February as the only significant month when compared to the baseline month of 

January for decreased number of submissions. Future studies should look to investigate other important 

factors such as temperature, rainfall, and relative humidity that may also contribute to seasonality of 

rotaviruses in swine populations when this data becomes available. 
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3.9 Tables and Figures 

Table 3.1: Real-time PCR primer and probe sequences used in rotavirus sequencing from Animal Health 

Laboratory 

 

a Source: Otto PH, Rosenhain S, Elschner MC, Hotzel H, Machnowska P, Trojnar E, et al. Detection of 

rotavirus species A, B and C in domestic mammalian animals with diarrhoea and genotyping of bovine 

species A rotavirus strains. Veterinary microbiology. 2015;179(3):168–76. 
b Source: Designed internally for this study 
c Source: Veterinary Diagnostic Laboratory, University of Minnesota 
d Source: The National Centre for Foreign Animal Disease, Winnipeg, Manitoba 
 

TEST OLIGO NAME SEQUENCE 5′-3’ FINAL 

CONC. 
 RVA7_1F RCATRACCCYCTATGAGCAC  0.50 µM 

RVAa RVA7_Probe1 FAM/ATAGTTAAAAGCTAACACTGTCAAAAACCTAAA 0.25 µM 

 Rota_NVP3-R GGTCACATAACGCCCC  0.50 µM 

 PRotB_VP7-F   GGAAATAATCAGAGATGGCGTT  0.25 µM 

RVB_AHLb PRotB_VP7-LNA 

Probe  
HEX/ACG+CTG+CTT+CTCG 0.125 µM 

 PRotB_VP7Rev   GCRCAAGCAGCAAGGA  0.25 µM 

 RGBRV_41-60-F   TGCTGCTTGTGCAAAAGCTC  0.20 µM 

RVB_MNc RuRotB_Probe Hex/ATTACWCCAATMAGCAAYCCGGA 0.30 µM 

 RGBRV_159-133-R  CAAAAATATTTGTAAAGTTRTCGCCGA  0.20 µM 

 RVC6_3F GTTGCATCCGTGAAGAGAATG  0.50 µM 

RVCa RVC_Probe2 TexasRed/ACCATGTAGCATGATTCACGAATGGGT 0.25 µM 

 C4_F AGCCACATAGTTCACATTTCATCC  0.50 µM 

 Entero_31_F ATGCGGCTAATCCCAACCT 0.50 µM 

Enterovirusd Entero_LNA_Probe Cy5/CA+G+GTGGTCA+C+AAAC/3IAbRQSp 0.25 µM 

 Entero_R CGTTACGACAGGCCAATCACT 0.50 µM 
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Table 3.2: Real-time PCR cycling parameters used in rotavirus sequencing from Animal Health 

Laboratory 

 
 

 

 

 

 

 

 

  

STEP TEMPERATURE 

(°C) 

HOLD 

(h:mm:ss) 

CYCLES   (X) 

Reverse transcription 45 0:10:00 1 

Activation 95 0:10:00 1 

Denaturation 94 0:00:05 
45 

Annealing/extension 60 0:01:00 

Cool 40 0:10:00 1 
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Table 3.3: Animal Health Laboratory sample data by production class for the total number of samples, total number of positive samples, total 

number of positive samples for group A, B, and C rotavirus, and percent positivity for group A, B, and C rotavirus 

 

  

Production Class 

Total 

Samples  

Positive 

Samples 

Rotavirus 

A Positive 

Rotavirus 

B Positive 

Rotavirus 

C Positive 

A % 

Positivity 

B % 

Positivity 

C % 

Positivity 

Grower/Finisher 23 22 21 9 16 91.3 39.1 69.6 

Nursery/Weaner 237 222 194 113 179 81.8 47.7 75.5 

Gilt/Sow 124 101 82 17 42 66.1 13.7 33.9 

Suckling 250 207 141 25 86 56.4 10.0 34.4 

Swine 489 428 332 130 290 67.9 26.6 59.3 

Unlabelled 358 198 155 65 79 43.3 18.2 22.1 

Total 1481 1178 925 359 692 62.5 24.2 46.7 
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Table 3.4: Combination patterns for positivity of group A, B, and C rotavirus on the sample data from Animal Health Laboratory 

 

Pattern # Rotavirus A  Rotavirus B Rotavirus C N % 

1 + + + 228 15.4  

2 + + - 60 4.1 

3 + - + 252 17.0 

4 - + + 30 2.0 

5 + - - 385 26.0 

6 - + - 41 2.8 

7 - - + 182 12.3 

8 - - - 303 20.5 

Total 925 (62.5%) 359 (24.2%) 692 (46.7%) 1481  
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Table 3.5: Combination patterns for positivity of group A, B, and C rotavirus on the submission data from Animal Health Laboratory 

 

  
Pattern # Rotavirus A  Rotavirus B Rotavirus C N % 

1 + + + 175 23.2  

2 + + - 40 5.3 

3 + - + 142 18.8 

4 - + + 14 1.9 

5 + - - 170 22.5 

6 - + - 17 2.3 

7 - - + 69 9.2 

8 - - - 127 16.8 

Total 527 (69.9%) 246 (32.6%) 400 (53.1%) 754  
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Table 3.6: Animal Health Laboratory submission data by province for the total number of submissions, total number of positive submissions, total 

number of positive submissions for group A, B, or C rotavirus, and percent positivity for group A, B, or C rotavirus 

 

  

Province 

Total 

Submissions  

Positive 

Submissions 

Rotavirus A 

Positive 

Rotavirus 

B Positive 

Rotavirus 

C Positive 

A % 

Positivity 

B % 

Positivity 

C % 

Positivity 

Prairie Provinces 34 34 27 11 26 79.4 32.4 76.5 

Atlantic Provinces 11 9 9 8 6 81.8 72.7 54.5 

Ontario 443 379 315 139 234 71.1 31.4 52.8 

Quebec 266 205 176 88 134 66.2 33.1 50.4 

Total 754 627 527 246 400 69.9 32.6 53.1 
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Table 3.7: Final negative binomial models for the 5 different outcomes for the combined Ontario and Quebec dataset 

                  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

a 
Chi Square value from a likelihood ratio test comparing a model with and without month to determine significance of month as a fixed effect in the models 

  

 Total Submissions Model Total Positive Submissions Model Rotavirus A Positive Submissions Model Rotavirus B Positive Submissions Model Rotavirus C Positive Submissions Model 

 RR 95% CI P RR 95% CI P RR 95% CI P RR 95% CI P RR 95% CI P 

Month2 1.13 0.72 1.77 0.60 1.03 0.63 1.67 0.91 1.07 0.63 1.81 0.81 0.35 0.13 0.85 0.03 1.01 0.53 1.91 0.98 

Month3 1.35 0.87 2.09 0.18 1.22 0.77 1.96 0.40 1.32 0.80 2.19 0.29 0.75 0.34 1.61 0.46 0.91 0.47 1.74 0.77 

Month4 1.20 0.77 1.88 0.41 1.41 0.89 2.24 0.14 1.60 0.99 2.63 0.06 0.96 0.46 2.00 0.91 1.38 0.75 2.54 0.30 

Month5 1.06 0.67 1.67 0.81 1.22 0.76 1.95 0.41 1.38 0.84 2.29 0.21 0.79 0.36 1.68 0.54 1.09 0.58 2.05 0.79 

Month6 0.89 0.56 1.42 0.63 1.00 0.62 1.63 0.99 1.03 0.61 1.75 0.91 0.83 0.39 1.76 0.63 0.86 0.44 1.66 0.66 

Month7 0.95 0.59 1.50 0.81 1.03 0.63 1.67 0.91 1.19 0.71 2.00 0.50 0.92 0.44 1.93 0.82 1.02 0.54 1.94 0.95 

Month8 0.98 0.62 1.55 0.93 1.13 0.70 1.83 0.60 1.29 0.78 2.15 0.32 0.97 0.46 2.02 0.93 1.20 0.64 2.25 0.56 

Month9 1.04 0.66 1.64 0.88 1.01 0.62 1.64 0.98 1.16 0.69 1.95 0.57 0.52 0.22 1.19 0.13 1.03 0.54 1.95 0.93 

Month10 0.91 0.57 1.45 0.69 1.03 0.63 1.67 0.90 1.13 0.67 1.90 0.65 0.79 0.37 1.69 0.55 1.22 0.66 2.27 0.53 

Month11 1.65 1.08 2.54 0.02 1.83 1.18 2.86 < 0.01 2.03 1.28 3.28 < 0.01 1.31 0.65 2.67 0.45 2.04 1.15 3.67 0.02 

Month12 0.98 0.62 1.56 0.95 1.04 0.64 1.69 0.87 1.18 0.71 1.98 0.53 0.74 0.34 1.59 0.44 1.07 0.57 2.01 0.84 

Year 0.98 0.92 1.05 0.60 1.09 1.02 1.17 < 0.01 1.10 1.03 1.18 < 0.01 1.03 0.92 1.15 0.65 1.16 1.06 1.27 < 0.01 

Pr(Chi)a    0.26    0.26    0.20    0.40    0.34 
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Figure 3.1: Flowchart of data processing for the Animal Health Laboratory diagnostic submission data 
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Figure 3.2: Boxplots of the weekly and monthly combined Ontario and Quebec submissions for total number of submissions and total number of 

positive submissions 
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Figure 3.3: Weekly time-series data for each of the 5 outcomes with 6-week rolling averages in red for the combined Ontario and Quebec 

submissions  
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Figure 3.4: Monthly decomposition for the outcome of total number of positive submissions on the time-series data for the combined Ontario and 

Quebec dataset 
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3.10 Supplementary Information 

 

Figure S3.1: Boxplots of the weekly and monthly Ontario submissions for total number of submissions and total number of positive submissions 
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Figure S3.2 : Boxplots of the weekly and monthly Quebec submissions for total number of submissions and total number of positive submissions 

  



 

 

114 

 

 
Figure S3.3: Weekly time-series data plots for each of the 5 outcomes with 6-week rolling averages in red for the Ontario submissions 
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Figure S3.4: Weekly time-series data plots for each of the 5 outcomes with 6-week rolling averages in red for the Quebec submissions 
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Figure S3.5: Weekly and monthly decompositions for all 5 outcomes of the time-series data for Ontario 

submissions 
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Figure S3.6: Weekly and monthly decompositions for all 5 outcomes of the time-series data for Quebec 

submissions 
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Figure S3.7: Weekly and monthly decompositions for all 5 outcomes of the time-series data for the 

combined Ontario and Quebec submission 
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CHAPTER FOUR 

Investigation of Porcine Rotavirus VP7 Genotypes within Canada between 2011-2021 

4.1 Abstract 

 Diversity of porcine rotavirus genotypes after vaccine introduction is a major concern globally. 

Investigation of surveillance data on group A, B, and C porcine rotavirus genotypes will allow for 

monitoring and control of the changing patterns within circulating porcine rotavirus genotypes pre- and 

post-vaccine introduction. The goal of this study was to identity patterns within circulating VP7 

genotypes of group A, B, and C porcine rotaviruses within Canada from sequence data obtained from a 

diagnostic laboratory. The VP7 genotypes of 447 porcine rotavirus sequences from 2011 to 2021 were 

descriptively labelled by aligning sequences with standards obtained from the NCBI nucleotide database 

and phylogenetic analysis of neighbour-joining trees. Patterns within the distribution, province of origin, 

and year obtained were explored for all present genotypes using maximum-likelihood representative 

phylogenetic trees. Intra- and inter-genotype identities were explored using nucleotide identity matrices. 

For group A porcine rotaviruses, circulating VP7 genotypes were identified as G3-G5, G9, and G11 with 

the most prevalent being G9 (n= 89, 56%) which was descriptively found throughout 2014-2021 with a 

flat trend in proportion of laboratory positivity and a spike in 2019. For group B porcine rotaviruses, 

circulating VP7 genotypes were identified as G11-G12, G14, G16-G18, G20 and GX, with the most 

prevalent being G20 (n= 26, 29%) which was present in 2011 and descriptively found throughout 2014-

2021 with a decreasing trend in proportion of laboratory positivity and a spike in 2017. For group C 

porcine rotaviruses, circulating VP7 genotypes were identified as G1, G3, G5-G6, and G9 with the most 

prevalent being G6 (n= 121, 61.4%) which was descriptively found throughout 2017-2021 with an 

increasing trend in proportion of laboratory positivity. In conclusion, no major shifts in the patterns of 

VP7 genotypes were descriptively identified for group A and B porcine rotaviruses in Canada from 2011-

2021 although the proportion of laboratory positivity for group C porcine rotavirus genotype G6 was 
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descriptively found to be increasing annually. Group C porcine rotavirus genotype G6 should be 

monitored closely to observe if prevalence of G6 continues to increase. Further studies may look towards 

investigating the group B porcine rotavirus genotype GX and circulating VP4 genotypes within Canada. 

Keywords: rotavirus, swine, phylogenetic trees, genotype 

4.2 Introduction 

Rotaviruses are double-stranded RNA viruses and a major cause of acute gastroenteritis affecting 

young swine globally (Greenberg & Estes, 2009; Shepherd et al., 2019). Rotaviruses are classified into 

the Reoviridae family and consist of 11 double-stranded RNA segments which encode for the structural 

proteins (VP1-VP4, VP6-VP7) and six non-structural proteins (NSP1-NSP4, NSP5/6). Species of 

rotavirus are classified using a 53% nucleotide identity cut-off value and ten (A-J) antigenically unique 

groups have been identified (Matthijnssens et al., 2012). Group A, B, C, E and H rotaviruses have been 

described in swine populations, with the most common species being group A, B and C rotaviruses.  

Group A, B and C rotaviruses are commonly classified using a dual classification system for G 

and P genotypes from the outer capsid proteins VP7 and VP4 as well as an extended classification system 

which uses the notation of Gx-P [x]-Ix-Rx-Cx-Mx-Ax-Nx-Tx-Ex-Hx (where x is the genotype number) 

for the encoding genes VP7, VP4, VP6, VP1, VP2, VP3, NSP1, NSP2, NSP3, NSP4, and NSP5/6, 

respectively (Matthijnssens et al., 2011). Currently, 36 G and 51 P, 26 G and 5 P, and 18 G and 21 P, VP7 

and VP4 genotypes have been identified for group A, B and C rotaviruses, respectively. (Rotavirus 

Classification Working Group, 2021; Shepherd et al., 2018; Suzuki & Hasebe, 2017). However, group B 

VP4 rotavirus genotypes remain poorly characterized in comparison to group A and C as the 

classification system proposed by Marthaler et al. (2012) only identified group B rotavirus VP7 

genotypes, and group B rotavirus VP4 genotypes have only been recently identified through the proposed 

full genome classification system by Shepherd et al. (2018). As a result, labelled sequence data for group 



 

 

121 

 

B VP4 genotypes are not as readily available in comparison to group A and C rotaviruses and further 

research will need to be done before VP4 genotypes can be explored for group A, B and C porcine 

rotaviruses simultaneously. 

Porcine group A rotavirus vaccines have been developed targeting genotype combinations of 

G4P[6] and G5P[7], leading to reductions in prevalence of G4 and G5 genotypes and have consequently 

resulted in novel genotypes emerging thereafter (Vlasova et al., 2017). No commercial vaccines have 

been developed for group B and C porcine rotaviruses to date, although herd-specific vaccines have been 

developed to treat continually evolving diseases such as influenza in swine and development of these 

herd-specific vaccines may be in progress for group B and C porcine rotaviruses (Merck, 2014; Miyabe et 

al., 2020; Shepherd et al., 2019; Vlasova et al., 2017). Surveillance data on genotypes for group A, B, and 

C porcine rotaviruses pre- and post-vaccine introduction are therefore crucial to monitor and control 

changing patterns within circulating genotypes of rotavirus. Several studies throughout North America, 

Southeast Asia, and Brazil have identified porcine rotavirus genotypes through phylogenetic analysis of 

sequence data and patterns within genotypes over time could be explored in Canada by applying the same 

methodology to sequence data collected over a wide time frame (Amimo et al., 2013; Miyabe et al., 2020; 

Tuanthap et al., 2019). Therefore, the objective of this study was to identity patterns in circulating VP7 

genotypes of group A, B, and C porcine rotaviruses within Canada and this was achieved by investigating 

sequence data obtained from the Animal Health Laboratory, University of Guelph between 2011 and 

2021. 

4.3 Materials and methods 

4.3.1 Dataset retrieval 

 The primary dataset used in this study consisted of 447 porcine rotavirus sequences obtained from 

the Animal Health Laboratory (AHL, University of Guelph, Guelph, ON, Canada). Sequences were 

labelled with the year obtained, province of origin, and as group A, B, or C rotavirus. Year obtained 
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ranged from 2011 to 2021 and sequences originated from four provinces, Ontario, Quebec, Alberta, and 

Manitoba. Some sequences were not labelled with province data and were consequently categorized into 

an “unlabelled provinces” category. Sequences were then organized as group A, B, or C rotaviruses and 

split into three separate datasets consisting of 159, 91, and 197 sequences, respectively.  

4.3.2 Sequence genotype labelling 

Genotypes for sequences in each dataset were descriptively labelled by aligning sequences with 

rotavirus standards downloaded from the NCBI Nucleotide database and phylogenetic analysis of a 

neighbour-joining tree constructed from each alignment, as illustrated in Figure 4.1. Standards were 

obtained by searching the NCBI Nucleotide database in R using the keywords “Rotavirus A VP7”, 

“Rotavirus B VP7”, and “Rotavirus C VP7”. Standards that were not labelled with a genotype, were not 

from the VP7 gene, or from a rotavirus group that was not A, B, or C were excluded. Standards were then 

aligned with the corresponding group A, B, or C dataset using the multiple sequence alignment method 

from the MUSCLE package in R (Edgar, 2004). Default parameters were set for the multiple sequence 

alignment. Neighbour-joining phylogenetic trees were then created from each alignment and used to 

descriptively label the genotypes for sequences in each dataset. Distribution, province of origin, and year 

obtained were then explored for genotypes in each dataset. Six group B porcine rotavirus sequences could 

not be categorized into a specific genotype and were given the genotype GX label. These sequences were 

then inputted into Basic Local Alignment Search Tool (BLAST) on July 15th, 2021 to determine if these 

sequences could be correctly classified using an 80% nucleotide identity cut-off value (Altschul et al., 

1990; Shepherd et al., 2018). 

4.3.3 Representative phylogenetic trees 

  Representative phylogenetic trees were constructed to focus on visual presentation of only the 

genotypes present in each of the group A, B and C rotavirus datasets. Standards that were labelled with 

genotypes that were not present in the group A, B, or C datasets were excluded. Ten standards were then 
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randomly selected from the remaining genotypes from each dataset, and in cases where less than ten 

standards were available, all standards were selected. These standards were then aligned with the 

corresponding group A, B, or C rotavirus dataset using the multiple sequence alignment method from 

MUSCLE in MEGA version 10 software (Kumar et al., 2018). Default parameters were used for this 

alignment with cluster method set to “neighbour joining”. Maximum likelihood representative 

phylogenetic trees were then constructed using default parameters with bootstrap iterations set to 100. 

Representative phylogenetic trees for group A, B and C rotaviruses were then colour coded by year and 

province using the Interactive Tree of Life webtool (iTOL) to identify patterns within rotavirus genotypes 

(Letunic & Bork, 2021). 

4.3.4 Genotype nucleotide identity comparison 

Nucleotide percentage identity for intra- and inter-genotypes within group A, B, and C 

rotaviruses were compared by constructing nucleotide identity matrices for each dataset. Alignments for 

each dataset obtained after multiple sequence alignment were exported into R and nucleotide identity 

matrixes were constructed for each dataset in R using the Bio3D package (Grant et al., 2006). Average, 

maximum, and minimum nucleotide identity values were then calculated for intra- and inter-genotypes 

within each dataset. 

4.4 Results 

4.4.1 Genotype labelling 

 Unlabelled sequences from each dataset were aligned with standards obtained from the NCBI 

Nucleotide database and genotypes were descriptively labelled through phylogenetic analysis of 

neighbour-joining trees constructed from each alignment. The genotype distribution after labelling of the 

159 group A porcine rotavirus sequences is shown in Table 4.1. Genotypes present in the dataset were 

found to be G3, G4, G5, G9, and G11, with sequence counts of 14 (8.8%), 11 (6.9%), 44 (28%), 89 

(56%), and 1 (0.6%), respectively. The genotype distribution after labelling of the 91 group B porcine 
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rotavirus sequences is shown in Table 4.2. Genotypes present in this dataset were found to be G11, G12, 

G14, G16, G17, G18, G20, and GX, with sequence counts of 5 (5.5%), 10 (11%), 15 (17%), 10 (11%), 12 

(13%), 7 (7.7%), 26 (29%), and 6 (6.6%), respectively. The genotype distribution after labelling of the 

197 group C porcine rotavirus sequences is shown in Table 4.3.  Genotypes present in this dataset were 

found to be G1, G3, G5, G6, and G9, with sequence counts of 53 (27%), 1 (0.51%), 8 (4.1%), 121 (61%), 

and 14 (7.1%), respectively. 

 Sequences labelled as GX in the group B rotavirus dataset were further explored in BLAST to 

confirm whether these sequences could be correctly classified. Four out of six of the GX sequences had 

sequence AB490445.1 as the top match, with max score and percent identity values ranging from 693 to 

798 and 83.19% to 86.50%, respectively. All other matches were under 80% percent identity and not 

considered.  Sequence AB490445.1 had an unlabelled genotype, supporting the GX classification for 

these 4 sequences. One of the six GX sequences had sequence MF522401.1 as the top match, with max 

score and percent identity values of 516 and 79.23%. All other matches were under 80% and not 

considered. Sequence MF522401.1 had an unlabelled genotype, supporting the GX classification for this 

sequence. The last GX sequence had sequence KX362383.1 as the top match with max score and percent 

identity values of 508 and 86.84%. All other matches were under 80% and not considered. Sequence 

KX362383.1 had an unlabelled genotype, supporting the GX classification for this sequence as well. 

4.4.2 Genotypes by province 

 Sequences in each dataset were organized by province and distribution of genotypes by province 

is illustrated in Table 4.4. For the group A, B, and C datasets, the highest number of sequences were 

found to originate from Ontario (40%, 27%, 40%), with the second and third most sequences from 

Manitoba (7.5%, 4.4%, 5.6%) and Quebec (3.8%, 5.5%, 8.1%), and the least number of sequences from 

Alberta (3.1%, 1.1%, 3.6%), respectively. Unlabelled sequences by province for each dataset had counts 
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of 72 (45.2%), 56 (61.5%), and 84 (42.6%) for group A, B, and C rotavirus datasets, respectively, as 

shown in Table 4.4.  

In the group A porcine rotavirus dataset, the only genotype present across all four provinces was 

found to be G9, which had sequence counts of 41 (64%), 3 (50%), 2 (40%), 9 (75%), and 34 (47%) for 

Ontario, Quebec, Alberta, Manitoba, and unlabelled provinces, respectively, as shown in Table 4.4. 

Genotypes G4 and G5 were found across all provinces, except Manitoba, with sequence counts of 4 

(6.3%), 1 (17%), 2 (40%), 4 (5.6%), and 14 (22%), 2 (33%), 1 (20%), 27 (38%) for Ontario, Quebec, 

Alberta, and unlabelled provinces, respectively. Genotype G3 was found in only Ontario, Manitoba, and 

unlabelled provinces with sequence counts of 5 (7.8%), 3 (25%), and 14 (8.8%), respectively, as shown in 

Table 4.4. Lastly, one (1.4%) sequence for genotype G11 was found in only unlabelled provinces. 

In the group B porcine rotavirus dataset, no genotypes were found to be present across all four 

provinces, although genotypes G14 and G16 were found in all provinces except for Alberta, with 

sequence counts of 4 (16%), 1 (20%), 2 (50%), 8 (14%) and 3 (12%), 1 (20%), 2 (50%), 4 (7.1%) for 

Ontario, Quebec, Manitoba, and unlabelled provinces, respectively, as shown in Table 4.4. Genotype G12 

was found in only Ontario, Quebec, and unlabelled provinces with sequence counts of 2 (8%), 2 (40%), 

and 6 (11%), respectively. Genotypes G17, G18, and 20 were found in Ontario with sequence counts of  2 

(8%), 1 (4%), and 13 (52%) and found in unlabelled provinces with sequence counts of 10 (18%), 6 

(11%), and 13 (23%), respectively, as shown in Table 4.4. Genotype G11 was found in only unlabelled 

provinces with a sequence count of 5 (8.9%). Genotype GX was found in only Quebec, Manitoba, and 

unlabelled provinces with sequence counts of 1 (20%), 1 (100%), and 4 (7.1%), respectively, as shown in 

Table 4.4. 

In the group C porcine rotavirus dataset, the only genotype present across all four provinces was 

found to be G6, which had sequence counts of 42 (53%), 4 (25%) , 5 (71%), 10 (91%), and 60 (71%) for 
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Ontario, Quebec, Alberta, Manitoba, and unlabelled provinces, respectively, as shown in Table 4.4. 

Genotype G1 was found in all provinces except for Alberta, with sequence counts of 27 (34%), 12 (75%), 

1 (9.1%), and 13 (15%) for Ontario, Quebec, Manitoba, and unlabelled provinces, respectively. Genotype 

G9 was found in only Ontario, Alberta, and unlabelled provinces with sequence counts of 7 (8.8%), 2 

(29%), and 5 (6%), respectively, as shown in Table 4.4. Genotypes G3 and G5 were found in Ontario 

with sequence counts of 1 (1.3%) and 2 (2.5%) and found in unlabelled provinces with sequences counts 

of 0 and 6 (7.1%), respectively. 

4.4.3 Genotypes by year 

Sequences in each dataset were organized by year obtained and distribution of sequence 

genotypes by year were explored. The distribution of genotypes by year for the group A porcine rotavirus 

dataset is illustrated in Table 4.5.  Genotypes G5 and G9 were present in all years between 2014 to 2021, 

except G5 was absent in 2019. Descriptively, G5 sequences showed a generally decreasing trend in the 

proportion of sequences present per year, as shown in Table 4.5. For genotype G9, a generally flat trend 

could be descriptively identified in the proportion of sequences present per year. Genotype G3 was the 

only genotype that was present in 2011 and reappeared in 2015, 2017, 2019-2021 with a generally flat 

trend descriptively identified in the proportion of sequences present per year, as shown in Table 4.5. 

Genotype G4 was present in 2015, 2017, 2018, 2020-2021 with a generally decreasing trend descriptively 

identified in the proportion of sequences present per year. Lastly, one genotype G11 sequence was present 

in 2021, as shown in Table 4.5. 

The distribution of genotypes by year for the group B porcine rotavirus dataset is illustrated in 

Table 4.6. Genotypes G14 and G20 were present in all years from 2013 to 2021, except G20 was absent 

in 2013. Descriptively, G14 showed a generally flat trend in the proportion of sequences present per year, 

as shown in Table 4.6. For G20, a generally decreasing trend could be descriptively identified in the 

proportion of sequences present per year. Genotype G11 was present in 2013 and reappeared only in 2015 
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with a generally decreasing trend descriptively identified in the proportion of sequences present per year, 

as shown in Table 4.6. Genotype G12 was present between 2015-2018 and in 2021 with a generally flat 

trend descriptively identified in the proportion of sequences present per year. Genotype G16 was present 

between 2014-2016, in 2018, 2020, and 2021, with a generally decreasing trend descriptively identified in 

the proportion of sequences present per year, but with a spike in 2020, as shown in Table 4.6. Genotype 

G17 was present in 2015, 2018, and 2021, with a generally increasing trend descriptively identified in the 

proportion of sequences present per year. Genotype G18 was present in 2011-2013, 2015, 2017, and 

2021, with a generally decreasing trend descriptively identified in the proportion of sequences present per 

year, as shown in Table 4.6. Lastly, genotype GX was present in 2014-2016 and 2020, with a generally 

flat trend descriptively identified in the proportions of sequences present per year. 

The distribution of genotypes by year for the group C porcine rotavirus dataset is illustrated in 

Table 4.7. Genotypes G1 and G6 were the only genotypes present in all years from 2017-2021. 

Descriptively, G1 was identified with a generally decreasing trend in the proportion of sequences present 

per year. For G6, a generally increasing trend could be descriptively identified in the proportion of 

sequences present per year, as shown in Table 4.7.  Genotype G9 was present in 2017-2018 and 2020-

2021 and a generally flat trend could be descriptively identified in the proportion of sequences present per 

year. Genotype G5 was present in only 2020-2021 and a generally flat trend could be descriptively 

identified in the proportion of sequences present per year, as shown in Table 4.7. Lastly, one sequence 

with genotype G3 was present in only 2017. 

4.4.4 Representative maximum-likelihood phylogenetic trees by province 

 Representative maximum-likelihood phylogenetic trees coloured by province were constructed to 

identify patterns within province of origin for sequence genotypes. The representative maximum-

likelihood phylogenetic tree by province for group A porcine rotavirus is illustrated in Figure 4.2. For 

genotype G3, a sister group of two clades could be descriptively identified, with one clade consisting of 
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only standards and one clade consisting of sequences from Ontario, Manitoba, unlabelled provinces, and 

standards. For genotype G4, a sister group of two clades could be descriptively identified, with one clade 

consisting of a mix of sequences from Ontario, Quebec, Alberta, unlabelled provinces, and standards, and 

one clade consisting of sequences from only Ontario, unlabelled provinces, and standards, as shown in 

Figure 4.2. For genotype G5, a sister group of two clades could be descriptively identified, with one clade 

consisting of sequences from Ontario, Alberta, unlabelled provinces, and standards, and one clade 

consisting of sequences from Ontario, Quebec, unlabelled provinces, and standards. For genotype G9, a 

sister group of two clades could be descriptively identified, with one clade consisting of a single sequence 

from Alberta, and one clade consisting of a mix of sequences from Ontario, Quebec, Alberta, Manitoba, 

unlabelled provinces, and standards, as shown in Figure 4.2. In the latter clade, several additional 

subgroups could be descriptively identified consisting of only Ontario sequences as well as a few 

subgroups consisting of only sequences from Manitoba and sequences from only Quebec. For genotype 

G11, two separate clades could be descriptively identified, with one clade consisting of only standards 

and one clade consisting of a single sequence from unlabelled provinces and standards, as shown in 

Figure 4.2. 

 The representative maximum-likelihood phylogenetic tree by province for group B porcine 

rotaviruses is illustrated in Figure 4.3. For genotype G11, a sister group of two clades could be 

descriptively identified, with one clade consisting of only standards and one clade consisting of only 

sequences from unlabelled provinces. For genotype G12, a sister group of two clades could be 

descriptively identified, with one clade consisting of only sequences from unlabelled provinces and 

standards and one clade consisting of a mix of sequences from Ontario, Quebec, unlabelled provinces, 

and standards, as shown in Figure 4.3. For genotype G14, two separate clades could be descriptively 

identified, with one clade consisting of sequences only from Ontario and unlabelled provinces and one 

clade consisting of a mix of sequences from Ontario, Quebec, Manitoba, unlabelled provinces, and 
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standards. For genotype G16, a sister group of two clades could be descriptively identified, with one clade 

consisting of only sequences from unlabelled provinces and standards and one clade consisting of a mix 

of sequences from Ontario, Quebec, Manitoba, unlabelled provinces, and standards, as shown in Figure 

4.3. For genotype G17, a sister group of two clades could be descriptively identified, with one clade 

consisting of sequences from only Ontario, unlabelled provinces, and standards and one clade consisting 

of only sequences from only unlabelled provinces. For genotype G18, a sister group of two clades could 

be descriptively identified, with one clade consisting of sequences from only Ontario and unlabelled 

provinces and one clade consisting of sequences from only unlabelled provinces and standards, as shown 

in Figure 4.3. For genotype G20, a sister group of two clades could be descriptively identified, with one 

clade consisting of only a single standard and one clade consisting of sequences from only Ontario, 

unlabelled provinces, and standards. In the latter clade, many subgroups could be descriptively identified 

consisting of sequences from only Ontario, only unlabelled provinces, and only standards, as shown in 

Figure 4.3. For genotype GX, a sister group of two clades could be descriptively identified, with one 

clade consisting of only a single sequence from Quebec and one clade consisting of a mix of sequences 

from Alberta and unlabelled provinces. 

 The representative maximum-likelihood phylogenetic tree by province for group C porcine 

rotaviruses is illustrated in Figure 4.4. For genotype G1, a sister group of two clades could be 

descriptively identified, with one clade consisting of only one sequence from Ontario and one clade 

consisting of a mix of sequences from Ontario, Quebec, Manitoba, unlabelled provinces, and standards. In 

the latter clade, several additional subgroups could be descriptively identified consisting of only Ontario 

sequences, with a few subgroups consisting of sequences from only Quebec and only unlabelled 

provinces, as shown in Figure 4.4. For genotype G3, a sister group of two clades could be descriptively 

identified, with one clade consisting of a single sequence from Ontario and one clade consisting of only 

standards. For genotype G5, a sister group of two clades could be descriptively identified, with one clade 



 

 

130 

 

consisting of sequences from only unlabelled provinces and one clade consisting of sequences from only 

Ontario, unlabelled provinces, and standards, as shown in Figure 4.4. For genotype G6, a sister group of 

two clades could be descriptively identified, with one clade consisting of a mix of sequences from 

Ontario, unlabelled provinces, and standards and one clade consisting of a mix of sequences from 

Ontario, Quebec, Alberta, Manitoba, unlabelled provinces, and standards. In the latter clade, many 

subgroups could be descriptively identified consisting of only sequences from Ontario with a few 

subgroups consisting of sequences from only Alberta, only Quebec, and only unlabelled provinces, as 

shown in Figure 4.4. For genotype G9, a sister group of two clades could be descriptively identified, with 

one clade consisting of only one sequence from Ontario and standards and one clade consisting of 

sequences from Ontario, Alberta, and unlabelled provinces. 

4.4.5 Representative maximum-likelihood phylogenetic trees by year 

 Representative maximum-likelihood phylogenetic trees coloured by year were constructed to 

identify patterns within sequence genotypes by year obtained. The representative phylogenetic tree by 

year for group A porcine rotaviruses is illustrated in Figure 4.5. For genotype G3, a sister group of two 

clades could be descriptively identified, with one clade consisting of only standards and one clade 

consisting of a mix of sequences from 2011, 2015, 2017, 2019-2021 and standards. For genotype G4, a 

sister group of two clades could be descriptively identified, with one clade consisting of a mix of 

sequences from 2015, 2017, 2018, 2020, and standards and one clade consisting of a mix of sequences 

from 2015, 2020-2021, and standards, as shown in Figure 4.5. For genotype G5, a sister group of two 

clades could be descriptively identified, with one clade consisting of a mix of sequences from 2015, 2017, 

2020-2021, and standards and one clade consisting of a mix of sequences from 2014-2018, 2020-2021, 

and standards. For genotype G9, a sister group of two clades could be descriptively identified, with one 

clade consisting of only one sequence from 2020 and one clade consisting of a mix of sequences from 

2014-2021, as shown in Figure 4.5. In the latter clade, several subgroups consisting of only 2020 
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sequences and only 2021 sequences could be descriptively identified. A few subgroups consisting of only 

2017 sequences, only 2018 sequences, and only 2019 sequences could also be descriptively identified. 

For genotype G11, two separate clades could be descriptively identified, with one clade consisting of 

standards and a single 2021 sequence and one clade consisting of only standards, as shown in Figure 4.5. 

 The representative maximum-likelihood phylogenetic tree by year for group B porcine 

rotaviruses is illustrated in Figure 4.6. For genotype G11, a sister group of two clades could be 

descriptively identified, with one clade consisting of a mix of sequences from 2013 and 2015 and one 

clade consisting of only standards. For genotype G12, a sister group of two clades could be descriptively 

identified, with one clade consisting of a mix of sequences from 2015-2018, 2021, and standards and one 

clade consisting of sequences from only 2021 and standards, as shown in Figure 4.6. For genotype G14, 

two separate clades could be descriptively identified, with one clade consisting of a mix of sequences 

from 2017-2019 and 2021 and one clade consisting of a mix of sequences from 2013-2016, 2018, 2020-

2021, and standards. For genotype G16, a sister group of two clades could be descriptively identified, 

with one clade consisting of only a single sequence from 2014 and standards and one clade consisting of a 

mix of sequences from 2015-2016, 2018, 2020-2021, and standards, as shown in Figure 4.6. For genotype 

G17, a sister group of two clades could be descriptively identified, with one clade consisting of a mix of 

sequences from 2015, 2018, 2021, and a standard and one clade consisting of only 2021 sequences. For 

genotype G18, a sister group of two clades could be descriptively identified, with one clade consisting of 

a mix of sequences from 2011, 2015, 2017, and 2021 and one clade consisting of a mix of sequences from 

2012-2013 and standards, as shown in Figure 4.6. For genotype G20, a sister group of two clades could 

be descriptively identified, with one clade consisting of a single standard and one clade consisting of 

sequences from 2011, 2014-2021, and standards. For genotype GX, a sister group of two clades could be 

descriptively identified, with one clade consisting of a single sequence from 2016 and one clade 

consisting of a mix of sequences from 2014-2015 and 2020, as shown in Figure 4.6. 
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The representative maximum-likelihood phylogenetic tree by year for group C porcine 

rotaviruses is illustrated in Figure 4.7. For genotype G1, a sister group of two clades could be 

descriptively identified, with one clade consisting of a single sequence from 2018 and one clade 

consisting of a mix of sequences from 2017-2021, and standards. From the latter clade, several subgroups 

could be descriptively identified consisting of only 2017 sequences, only 2018 sequences, only 2020 

sequences, and only 2021 sequences, as shown in Figure 4.7. For genotype G3, a sister group of two 

clades could be descriptively identified, with one clade consisting of a single sequence from 2017 and one 

clade consisting of only standards. For genotype G5, a sister group of two clades could be descriptively 

identified, with one clade consisting of only sequences from 2021 and one clade consisting of a mix of 

sequences from 2020-2021 and standards, as shown in Figure 4.7. For genotype G6, a sister group of two 

clades could be descriptively identified, with both clades consisting of a mix of sequences from 2017-

2021 and standards. From the larger of the two clades, many subgroups could be descriptively identified 

consisting of only 2018 sequences, 2020 sequences, and only 2021 sequences, as shown in Figure 4.7. For 

genotype G9, a sister group of two clades could be descriptively identified, with one clade consisting of a 

single sequence from 2020 and standards and one clade consisting of a mix of sequences from 2017-2018 

and 2020-2021. 

4.4.6 Nucleotide identity matrices results 

 Matrices were calculated for intra- and inter-genotype identities in each dataset after alignment 

and average, minimum, and maximum nucleotide percentage identity values were identified. The 

nucleotide identity matrix for the group A porcine rotavirus dataset is shown in Table 4.8. Average 

nucleotide identity for intra-genotypes were found to range from 0.88 to 1, with minimum nucleotide 

identity values ranging from 0.80 to 1, and maximum nucleotide identity values equal to 1. Genotype G11 

was an exception, where the average, minimum, and maximum intra-genotype nucleotide percentage 

identity values were all equal to one due to only one sequence being present. Average nucleotide identity 
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for inter-genotypes were found to range from 0.72 to 0.82, with minimum nucleotide identity values 

ranging from 0.71 to 0.79 and maximum nucleotide identity values ranging from 0.74 to 0.83, as shown 

in Table 4.8.  

 The nucleotide identity matrix for the group B porcine rotavirus dataset is shown in Table 4.9. 

Average nucleotide identity for intra-genotypes were found to range from 0.84 to 0.94, with minimum 

nucleotide identity values ranging from 0.75 to 0.89, and maximum nucleotide identity values equal to 1. 

Average nucleotide identity for inter-genotypes were found to range from 0.70 to 0.78, with minimum 

nucleotide identity values ranging from 0.68 to 0.75 and maximum nucleotide identity values ranging 

from 0.71 to 0.81, as shown in Table 4.9.  For genotype GX, average nucleotide identity values for inter-

genotypes ranged from 0.72 to 0.76, with minimum nucleotide identity values ranging from 0.70 to 0.74 

and maximum nucleotide identity values ranging from 0.74 to 0.78, supporting that GX is none of these 

genotypes. 

 The nucleotide identity matrix for the group C porcine rotavirus dataset is shown in Table 4.10. 

Average nucleotide identity for intra-genotypes were found to range from 0.87 to 1, with minimum 

nucleotide identity values ranging from 0.81 to 1, and maximum nucleotide identity values equal to 1. 

Genotype G3 was an exception, where the average, minimum, and maximum intra-genotype nucleotide 

percentage identity values were all equal to one due to only one sequence being present. Average 

nucleotide identity for inter-genotypes were found to range from 0.72 to 0.83, with minimum nucleotide 

identity values ranging from 0.70 to 0.82 and maximum nucleotide identity values ranging from 0.73 to 

0.88, as shown in Table 4.10. 
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4.5 Discussion 

4.5.1 Previous literature and significance of results 

 Previous studies have identified the most prevalent group A porcine rotavirus VP7 genotypes 

worldwide as G3-G5, G9, and G11 (Martella et al., 2005; Matthijnssens et al., 2008; Vlasova et al., 

2017). For group B porcine rotaviruses, a previous study has identified the most prevalent VP7 genotypes 

within the United States to be G8, G12, G16, G18, and G20 (Marthaler et al., 2012). Similarly, a recent 

study in Brazil on newborn piglets found group B rotavirus genotypes of G12, G14, G16, and G20 in 

diarrhea outbreaks (Miyabe et al., 2020). For group C porcine rotaviruses, previous studies have identified 

the most prevalent VP7 genotypes within the United States and Canada to be G1, G5, G6 and G9 (Jeong 

et al., 2015; Marthaler et al., 2013; Moutelíková et al., 2014, 2015; Niira et al., 2016; Suzuki et al., 2015; 

Wang et al., 2021). In comparison, results from our study identified group A porcine rotavirus VP7 

genotypes in Canada as G9, G5, G3, G4 and G11, with highest to lowest prevalence in that order. These 

genotypes are consistent to what was reported in the literature for group A porcine rotaviruses. 

Additionally, results from our study identified group B porcine VP7 genotypes in Canada as G20, G14, 

G17, G12, G16, G18, GX, and G11 with highest to lowest prevalence in that order. This is in general 

agreement with what was reported for the United States and Brazil with the exceptions of genotypes G17 

and GX. Furthermore, results from our study identified group C porcine VP7 genotypes in Canada as G6, 

G1, G9, G5, and G3 with highest to lowest prevalence in that order. This was found to be in general 

agreement with the literature. 

Genotype GX was present in the group B rotavirus dataset and the top match for GX sequences 

was sequence AB490445.1 after inputting the sequences into BLAST for classification. This sequence 

originates from a study by Kuga et al. (2009) exploring classification of porcine group B rotaviruses in 

Japan before a classification system for group B VP7 genotypes was established. They determined 

genotypes for VP7 amino acid sequences through phylogenetic analysis and gave this sequence the 
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preliminary genotype G5c (Genotype G5, cluster c). These sequences were submitted into the NCBI 

database with the genotype unlabeled and remain unlabeled. Our study was not able to classify the GX 

sequences into an existing genotype through phylogenetic analysis, nor through BLAST. Results from our 

nucleotide identity matrices further support this, as genotype GX was found to have under 80% average 

nucleotide identity for all inter-genotypes within our group B rotavirus dataset. GX sequences should be 

further explored in an additional study to determine whether these sequences can be classified. 

 In our group A porcine rotavirus dataset, genotype G9 was the most prevalent genotype overall 

and was present in all four provinces. Genotype G9 was consistently found throughout the years of 2014-

2021 and descriptively identified with a generally flat trend in proportion of sequences present per year 

and a large spike in 2019. Many different subgroups of G9 were also descriptively identified consisting of 

sequences from only Ontario, only Manitoba, and only Quebec. Genotype G9 has been found to be the 

second most common group A VP7 genotype in pigs within Asia with a detection rate of 11.4%, although 

G9 strains in the Americas have been detected at a much lower rate of 2.3% (Papp et al., 2013). Lineages 

of genotype G9 have also been explored by a study conducted in Taiwan by Wu et al. (2017) who found 

different lineages of genotype G9 present in different counties of Taiwan in host species of humans and 

swine. Somewhat comparable results were found in our study for different subgroups of genotype G9 

being present within different provinces in swine. 

In our group B rotavirus dataset, genotype G20 was the most prevalent genotype and was found 

only in Ontario and unlabelled provinces. Genotype G20 was present in 2011 and consistently present 

through 2014-2021 and descriptively identified with a generally decreasing trend in the proportion of 

sequences present per year with a spike in 2017. Genotype G20 has been identified as one of the most 

dominant group B porcine rotavirus genotypes in several studies in the United States, which agrees with 

our findings for Canada (Marthaler et al., 2012; Shepherd et al., 2017). Province data for genotype G20 

should be interpreted with caution as there were 26 G20 sequences present in this dataset and 13 were 
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from Ontario and 13 were from unlabelled provinces. Further investigation on whether G20 is exclusive 

to Ontario could be explored in a future study. Additionally, all genotypes in this dataset were 

descriptively identified with the same trend of generally staying flat or decreasing throughout the years 

except for G17, which was descriptively identified with a generally increasing trend in the proportion of 

sequences present per year in 2015, 2018, and 2021. G17 is a genotype thought to be found in only the 

United States and further investigation may be prudent to monitor prevalence of this genotype within 

Canada (Vlasova et al., 2017).  

 In our group C porcine rotavirus dataset, genotype G6 was the most prevalent genotype overall 

and was present in all four provinces. Genotype G6 was consistently found throughout 2017-2021 and 

descriptively identified with a generally increasing trend in the proportion of sequences present per year. 

Many different subgroups of G6 sequences were also descriptively identified from only Ontario, only 

Alberta, and only Quebec. Similar results for prevalence of G6 were found in a study from the United 

States that identified 70% of tested RVC strains as genotype G6 (Marthaler et al., 2013). Several studies 

have also identified an increase in overall prevalence for group C porcine rotavirus in the United States 

and Europe and our group C rotavirus dataset was the largest out of our three datasets (Amimo et al., 

2013; Moutelíková et al., 2014). The increasing number of sequences present per year for group C 

rotaviruses is therefore reasonable and may slightly support the notion that the overall prevalence for 

group C rotaviruses has been increasing within Canada over the years, although some of this may be 

explained simply due to an increase in sequencing efforts.  

 Nucleotide identity cut-off values have been identified as 80%, 80%, and 85% for VP7 

genotyping of group A, B, and C rotaviruses, respectively (Matthijnssens et al., 2008; Shepherd et al., 

2018; Suzuki & Hasebe, 2017). Results from our study found that group A porcine rotavirus intra-

genotype identities are always above 80% and inter-genotype identities are always below 80% except for 

the inter-genotype comparison of G3 and G5, which was the only inter-genotype nucleotide identity 
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above 80%. Overall, our results support the 80% identity cut-off value for VP7 genotyping of group A 

rotaviruses. For group B porcine rotaviruses, intra-genotype identities were always above 80% and inter-

genotype identities were always below 80%, therefore our results also support an 80% identity cut-off 

value for VP7 genotyping of group B rotaviruses. For group C porcine rotaviruses, intra-genotype 

identities were always above 85% and inter-genotype identities were generally below 80%, except for 

inter-genotype comparisons of G1 with G9 and G5 with G9, which had inter-genotype identities of 81% 

and 83%, respectively. These genotypes are therefore very similar to each other and an identity cut-off 

value higher than 80% would be required to distinguish these genotypes, hence the usage of an 85% cut-

off value for VP7 genotyping of group C rotaviruses which our results support. 

4.5.2 Limitations 

 The main limitation of our study would be the surveillance nature of the sequence data and small 

sample size for some genotypes within our datasets. Some sequences were missing province of origin 

resulting in datasets with many sequences categorized under the broad category of unlabelled provinces. 

Conclusions made for genotypes by province of origin may therefore be biased towards sequences with 

labelled province data. Some genotypes also only had one sequence available, therefore patterns by 

province and year could not be determined for these genotypes. A more thorough investigation of porcine 

rotavirus genotypes could therefore be done with a fully labelled dataset with a larger sample size.  

 Additionally, our study only investigates circulating VP7 genotypes rather than a combination of 

both VP7 and VP4 genotypes. Standards for group B rotavirus VP4 genotypes from the NCBI database 

were not readily available as most sequences were unlabelled or labelled as P[X]. An investigation of 

VP4 genotypes would therefore have to exclude group B rotaviruses until more data consisting of labelled 

group B VP4 sequences is made available. A future study should look to investigate both the circulating 

VP4 genotypes and combinations of VP7 and VP4 genotypes for group A, B and C porcine rotavirus 

within Canada to identify prevalent strains to target if additional vaccines were to be developed. 
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4.6 Conclusion 

 In conclusion, no major shifts in patterns were identified for circulating genotypes of group A and 

B porcine rotaviruses within Canada between 2011-2021, although an increasing trend in laboratory 

positivity was descriptively found in group C porcine rotavirus genotype G6. For group A porcine 

rotaviruses, genotypes G3-G5, G9, and G11 were present in Canada with the most prevalent being G9 

with a generally flat trend descriptively identified in the proportion of sequences present per year. For 

group B porcine rotaviruses, genotypes G11-G12, G14, G16-G18, G20, and GX were present in Canada 

with the most prevalent being G20 with a generally decreasing trend descriptively identified in the 

proportion of sequences present per year. For group C porcine rotaviruses, genotypes G1, G3, G5-G6, and 

G9 were present in Canada with the most prevalent being G6 with a generally increasing trend 

descriptively identified in the proportion of sequences present per year. Nucleotide identity cut-off values 

of 80%, 80%, and 85% for group A, B, and C rotaviruses were also supported through exploration of 

nucleotide identity matrices, respectively. Future studies may look to investigate the group B porcine 

rotavirus genotype GX, as well as circulating VP4 genotypes and combinations of VP7 and VP4 

genotypes within Canada. 
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4.9 Tables and Figures 

Table 4.1:  Distribution of VP7 genotypes for group A rotavirus obtained from the NCBI Nucleotide 

database sequences and after labelling of Animal Health Laboratory (AHL) sequences (2011-2021) 

 

  

Genotype Labelled Sequences Obtained from NCBI AHL Sequences Labelled 

G1 140 0 

G2 22 0 

G3 315 14 (8.8%) 

G4 22 11(6.9%) 

G5 7 44 (28%) 

G6 7 0 

G7 4 0 

G8 20 0 

G9 53 89 (56%) 

G10 7 0 

G11 4 1 (0.6%) 

G12 101 0 

G13 2 0 

G14 194 0 

G15 5 0 

G16 1 0 

G17 2 0 

G18 9 0 

G19 49 0 

G20 2 0 

G21 2 0 

G22 2 0 

G23 0 0 

G24 1 0 

G25 3 0 

G26 6 0 

G27-G36 0 0 

GX 0 0 

Total 980 159 
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Table 4.2:  Distribution of VP7 genotypes for group B rotavirus obtained from the NCBI Nucleotide 

database sequences and after labelling of Animal Health Laboratory (AHL) sequences (2011-2021) 

 

  

Genotype Labelled Sequences Obtained from NCBI AHL Sequences Labelled 

G1 0 0 

G2 7 0 

G3 6 0 

G4 1 0 

G5 0 0 

G6 1 0 

G7 2 0 

G8 15 0 

G9 0 0 

G10 1 0 

G11 2 5 (5.5%) 

G12 16 10 (11%) 

G13 0 0 

G14 6 15 (17%) 

G15 0 0 

G16 29 10 (11%) 

G17 1 12 (13%) 

G18 8 7 (7.7%) 

G19 1 0 

G20 8 26 (29%) 

G21 1 0 

G22 0 0 

G23 0 0 

G24 0 0 

G25 0 0 

G26 0 0 

GX 0 6 (6.6%) 

Total 105 91 
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Table 4.3:  Distribution of VP7 genotypes for group C rotavirus obtained from the NCBI Nucleotide 

database sequences and after labelling of Animal Health Laboratory (AHL) sequences (2011-2021) 

 

  

Genotype Labelled Sequences Obtained from NCBI AHL Sequences Labelled 

G1 58 53 (27%) 

G2 1 0  

G3 14 1 (0.51%) 

G4 16 0 

G5 17 8 (4.1%) 

G6 117 121 (61%) 

G7 4 0 

G8 0 0 

G9 22 14 (7.1%) 

G10 2 0 

G11 0 0 

G12 0 0 

G13 2 0 

G14 0 0 

G15 0 0 

G16 0 0 

G17 0 0 

G18 0 0 

GX 0 0 

Total 253 197 
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Table 4.4: Distribution of genotypes for group A, B and C porcine rotavirus sequences by province from the Animal Health Laboratory 

                            Rotavirus A   Rotavirus B                          Rotavirus C   

 Ontario Quebec Alberta Manitoba Unlabelled Total Ontario Quebec Alberta Manitoba Unlabelled Total Ontario Quebec Alberta Manitoba Unlabelled Total 

G1 0 0 0 0 0 0 0 0 0 0 0 0 27 (34%) 12 (75%) 0 1 (9.1%) 13 (15%) 53 (27%) 

G2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  

G3 5 (7.8%) 0 0 3 (25%) 6 (8.3%) 14 (8.8%) 0 0 0 0 0 0 1 (1.3%) 0 0 0 0 1 (0.51%) 

G4 4 (6.3%) 1 (17%) 2 (40%) 0 4 (5.6%) 11(6.9%) 0 0 0 0 0 0 0 0 0 0 0 0 

G5 14 (22%) 2 (33%) 1 (20%) 0 27 (38%) 44 (28%) 0 0 0 0 0 0 2 (2.5%) 0 0 0 6 (7.1%) 8 (4.1%) 

G6 0 0 0 0 0 0 0 0 0 0 0 0 42 (53%) 4 (25%) 5 (71%) 10 (91%) 60 (71%) 121 (61%) 

G7 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

G8 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
G9 41 (64%) 3 (50%) 2 (40%) 9 (75%) 34 (47%) 89 (56%) 0 0 0 0 0 0 7 (8.8%) 0 2 (29%) 0 5 (6%) 14 (7.1%) 

G10 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

G11 0 0 0 0 1 (1.4%) 1 (0.6%) 0 0 0 0 5 (8.9%) 5 (5.5%) 0 0 0 0 0 0 

G12 0 0 0 0 0 0 2 (8%) 2 (40%) 0 0 6 (11%) 10 (11%) 0 0 0 0 0 0 

G13 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

G14 0 0 0 0 0 0 4 (16%) 1 (20%) 0 2 (50%) 8 (14%) 15 (17%) 0 0 0 0 0 0 

G15 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

G16 0 0 0 0 0 0 3 (12%) 1 (20%) 0 2 (50%) 4 (7.1%) 10 (11%) 0 0 0 0 0 0 

G17 0 0 0 0 0 0 2 (8%) 0 0 0 10 (18%) 12 (13%) 0 0 0 0 0 0 

G18 0 0 0 0 0 0 1 (4%) 0 0 0 6 (11%) 7 (7.7%) 0 0 0 0 0 0 

G19 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

G20 0 0 0 0 0 0 13 (52%) 0 0 0 13 (23%) 26 (29%) 0 0 0 0 0 0 
G21-G36 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  

GX 0 0 0 0 0 0 0 1 (20%) 1 (100%) 0 4 (7.1%) 0 0 0 0 0 0 0 

Total 64 (40%) 6 (3.8%) 5 (3.1%) 12 (7.5%) 72 (45%) 159 25 (27%) 5 (5.5%) 1 (1.1%) 4 (4.4%) 56 (62%) 91 79 (40%) 16 (8.1%) 7 (3.6%) 11 (5.6%) 84 (43%) 197 
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Table 4.5: Distribution of genotypes for group A porcine rotavirus sequences by year obtained from the Animal Health Laboratory 

         

 2011 2012 2013 2014 2015 2016 2017 2018  2019 2020 2021 

G1 0 0 0 0 0 0 0 0 0 0 0 

G2 0 0 0 0 0 0 0 0 0 0 0 

G3 1 (100%) 0 0 0 1 (6.3%) 0 3 (17%) 0 1 (9.1%) 4 (9.8%) 4 (7.7%) 

G4 0 0 0 0 3 (19%) 0 2 (11%) 1 (6.3%) 0 4 (9.8%) 1 (1.9%) 

G5 0 0 0 1 (50%) 6 (38%) 1 (50%) 6 (33.3%) 3 (19%) 0 7 (17%) 20 (38%) 

G6 0 0 0 0 0 0 0 0 0 0 0 

G7 0 0 0 0 0 0 0 0 0 0 0 

G8 0 0 0 0 0 0 0 0 0 0 0 

G9 0 0 0 1 (50%) 6 (38%) 1 (50%) 7 (39%) 12 (67%) 10 (91%) 26 (63%) 26 (50%) 

G10 0 0 0 0 0 0 0 0 0 0 0 

G11 0 0 0 0 0 0 0 0 0 0 1 (1.9%) 

G12 0 0 0 0 0 0 0 0 0 0 0 

G13 0 0 0 0 0 0 0 0 0 0 0 

G14 0 0 0 0 0 0 0 0 0 0 0 

G15 0 0 0 0 0 0 0 0 0 0 0 

G16 0 0 0 0 0 0 0 0 0 0 0 

G17 0 0 0 0 0 0 0 0 0 0 0 

G18 0 0 0 0 0 0 0 0 0 0 0 

G19 0 0 0 0 0 0 0 0 0 0 0 

G20 0 0 0 0 0 0 0 0 0 0 0 

G21-G36 0 0 0 0 0 0 0 0 0 0 0 

GX 0 0 0 0 0 0 0 0 0 0 0 

Total 1 0 0 2 16 2 18 16 11 41 52 
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Table 4.6: Distribution of genotypes for group B porcine rotavirus sequences by year obtained from the Animal Health Laboratory 

         

 2011 2012 2013 2014 2015 2016 2017 2018  2019 2020 2021 

G1 0 0 0 0 0 0 0 0 0 0 0 

G2 0 0 0 0 0 0 0 0 0 0 0 

G3 0 0 0 0 0 0 0 0 0 0 0 

G4 0 0 0 0 0 0 0 0 0 0 0 

G5 0 0 0 0 0 0 0 0 0 0 0 

G6 0 0 0 0 0 0 0 0 0 0 0 

G7 0 0 0 0 0 0 0 0 0 0 0 

G8 0 0 0 0 0 0 0 0 0 0 0 

G9 0 0 0 0 0 0 0 0 0 0 0 

G10 0 0 0 0 0 0 0 0 0 0 0 

G11 0 0 2 (40%) 0 3 (14%) 0 0 0 0 0 0 

G12 0 0 0 0 2 (9.1%) 2 (33%) 1 (10%) 1 (13%) 0 0 4 (20%) 

G13 0 0 0 0 0 0 0 0 0 0 0 

G14 0 0 1 (20%) 1 (17%) 4 (18%) 1 (17%) 1 (10%) 2 (25%) 1 (50%) 2 (22%) 2 (10%) 

G15 0 0 0 0 0 0 0 0 0 0 0 

G16 0 0 0 1 (17%) 2 (9.1%) 1 (17%) 0 1 (13%) 0 4 (44.4%) 1 (5%) 

G17 0 0 0 0 1 (4.5%) 0 0 2 (25%) 0 0 9 (45%) 

G18 1 (50%) 1 (100%) 2 (40%) 0 1 (4.5%) 0 1 (10%) 0 0 0 1 (5%) 

G19 0 0 0 0 0 0 0 0 0 0 0 

G20 1 (50%) 0 0 2 (33%) 7 (31.8%) 1 (17%) 7 (70%) 2 (25%) 1 (50%) 2 (22%) 3 (15%) 

G21-G26 0 0 0 0 0 0 0 0 0 0 0 

GX 0 0 0 2 (33%) 2 (9.1%) 1 (17%) 0 0 0 1 (11%) 0 

Total 2 1 5 6 22 6 10 8 2 9 20 
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Table 4.7: Distribution of genotypes for group C porcine rotavirus sequences by year obtained from the Animal Health Laboratory 

         

 2011 2012 2013 2014 2015 2016 2017 2018  2019 2020 2021 

G1 0 0 0 0 0 0 14 (44%) 20 (44%) 1 (14%) 6 (20%) 12 (14%) 

G2 0 0 0 0 0 0 0 0 0 0 0 

G3 0 0 0 0 0 0 1 (3.1%) 0 0 0 0 

G4 0 0 0 0 0 0 0 0 0 0 0 

G5 0 0 0 0 0 0 0 0 0 2 (6.7%) 6 (7.2%) 

G6 0 0 0 0 0 0 14 (44%) 22 (49%) 6 (86%) 19 (63%) 60 (72%) 

G7 0 0 0 0 0 0 0 0 0 0 0 

G8 0 0 0 0 0 0 0 0 0 0 0 

G9 0 0 0 0 0 0 3 (9.4%) 3 (6.7%) 0 3 (10%) 5 (6%) 

G10 0 0 0 0 0 0 0 0 0 0 0 

G11 0 0 0 0 0 0 0 0 0 0 0 

G12 0 0 0 0 0 0 0 0 0 0 0 

G13 0 0 0 0 0 0 0 0 0 0 0 

G14 0 0 0 0 0 0 0 0 0 0 0 

G15 0 0 0 0 0 0 0 0 0 0 0 

G16 0 0 0 0 0 0 0 0 0 0 0 

G17 0 0 0 0 0 0 0 0 0 0 0 

G18 0 0 0 0 0 0 0 0 0 0 0 

GX 0 0 0 0 0 0 0 0 0 0 0 

Total 0 0 0 0 0 0 32 45 7 30 83 
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Table 4.8: Summary of average, minimum, and maximum nucleotide percentage identity for intra- and inter-genotypes of group A porcine 

rotavirus after multiple sequence alignment  

                            

 

 

         
a: Only one G11 sequence present 

  

Genotype G3 G4 G5 G9 G11 

G3 0.92 (0.87, 1) 0.75 (0.72, 0.77) 0.78 (0.74, 0.81) 0.78 (0.76, 0.82) 0.78 (0.76, 0.78) 

G4  0.88 (0.81, 1) 0.74(0.71, 0.77) 0.75 (0.71, 0.77) 0.72 (0.71, 0.74) 

G5   0.88 (0.80, 1) 0.77 (0.73, 0.80) 0.82 (0.79, 0.83) 

G9    0.92 (0.88, 1) 0.77 (0.76, 0.78) 

G11     1 (1, 1)a 
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Table 4.9: Summary of average, minimum, and maximum nucleotide percentage identity for intra- and inter-genotypes of group B porcine 

rotavirus after multiple sequence alignment 

Genotype G11 G12 G14 G16 G17 G18 G20 GX 

G11 0.94 (0.89, 1) 0.72 (0.70, 0.74) 0.74 (0.72, 0.76) 0.73 (0.72, 0.75) 0.74 (0.73, 0.76) 0.73 (0.72, 0.75) 0.70 (0.68, 0.71) 0.75 (0.74, 0.76) 

G12  0.86 (0.78, 1) 0.75 (0.73, 0.79) 0.74 (0.71, 0.77) 0.75 (0.73, 0.76) 0.74 (0.72, 0.76) 0.71 (0.69, 0.75) 0.76 (0.73, 0.78) 

G14   0.84 (0.75, 1) 0.77 (0.73, 0.80) 0.76 (0.74, 0.78) 0.76 (0.73, 0.77) 0.72 (0.69, 0.75) 0.75 (0.73, 0.77) 

G16    0.89 (0.84, 1) 0.78 (0.75, 0.81) 0.76 (0.74, 0.78) 0.74 (0.71, 0.76) 0.74 (0.71, 0.77) 

G17     0.93 (0.87, 1) 0.76 (0.74, 0.77) 0.73  (0.71, 0.75) 0.75 (0.74, 0.77) 

G18      0.88 (0.82, 1) 0.74 (0.71, 0.76) 0.74 (0.71, 0.76) 

G20       0.87 (0.82, 1) 0.72 (0.70, 0.74) 

GX        0.89 (0.84, 1) 
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Table 4.10: Summary of average, minimum, and maximum nucleotide percentage identity for intra- and inter-genotypes of group C porcine 

rotavirus after multiple sequence alignment 

Genotype G1 G3 G5 G6 G9 

G1 0.90 (0.83, 1) 0.73 (0.71, 0.74) 0.79 (0.77, 0.82) 0.76 (0.73, 0.78) 0.81 (0.77, 0.88) 

G3  1 (1,1)a 0.73 (0.72, 0.73) 0.72 (0.70, 0.74) 0.73 (0.72, 0.74) 

G5   0.92 (0.85, 1) 0.76 (0.74, 0.78) 0.83 (0.82, 0.85) 

G6    0.87 (0.81, 1) 0.76 (0.74, 0.79) 

G9     0.92 (0.87, 1) 
a: Only 1 G3 sequence present 
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Figure 4.1: Flowchart of data processing for group A, B, and C rotavirus sequences 
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Figure 4.2: Representative maximum-likelihood phylogenetic tree for group A rotavirus sequences coloured by genotype and province of origin. 

Standards and sequences from unlabelled provinces were not coloured by province. 
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Figure 4.3: Representative maximum-likelihood phylogenetic tree for group B rotavirus sequences coloured by genotype and province of origin. 

Standards and sequences from unlabelled provinces were not coloured by province. 
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Figure 4.4: Representative maximum-likelihood phylogenetic tree for group C rotavirus sequences coloured by genotype and province of origin. 

Standards and sequences from unlabelled provinces were not coloured by province. 
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Figure 4.5: Representative maximum-likelihood phylogenetic tree for group A rotavirus sequences coloured by genotype and year obtained. 

Standards were not coloured by year obtained. 
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Figure 4.6: Representative maximum-likelihood phylogenetic tree for group B rotavirus sequences coloured by genotype and year obtained. 

Standards were not coloured by year obtained. 
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Figure 4.7: Representative maximum-likelihood phylogenetic tree for group C rotavirus sequences coloured by genotype and year obtained. 

Standards were not coloured by year obtained. 
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CHAPTER 5 

Summary of findings and future directions 

 The work reported in this thesis investigated the classification, seasonality, and genotype 

diversity of rotavirus in Canadian swine populations. In Chapter 2, an accurate and efficient classifier for 

classification of group A rotavirus VP7 and VP4 genotypes was developed using the machine learning 

algorithm random forest and alignment-based methodology. Results from this study demonstrated that 

random forest models perform strongly in the classification of VP7 and VP4 rotavirus genotypes. 

Pairwise sequence alignment random forest models were found to perform the most efficiently by 

generally having the fastest computation performance times whereas multiple sequence alignment random 

forest models were found to perform the most accurately by generally having slightly higher overall 

accuracy and kappa. Resultantly, pairwise alignment models may be preferred in real-world situations 

that favour speed over a slight decrease in accuracy such as in general sequence classification, 

classification of very large datasets, and when models need to be continually retrained due to continual 

arrival of new sequence data. In contrast, multiple sequence alignment models may be preferred in real-

world situations where cost of misclassification is very high such as in candidate vaccine development 

and for classification of rare or uncommon genotypes. Limitations of this study were identified as model 

dependency on sequence data being publicly available and an inability towards identifying new 

genotypes. Further work involving sequencing of group A rotavirus genotypes will need to be done to 

increase the number of publicly available sequences for all VP7 and VP4 genotypes as some genotypes 

were excluded during training of the models due to having less than ten sequences available. Additional 

sequencing should also be done for group B and C rotaviruses to evaluate if these models also work for 

classification of other rotaviruses and this approach should be tested for applicability in classification of 

sequence data for other porcine viruses. Other methods such as hierarchical agglomerative clustering 
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algorithms should also be explored in conjunction with machine learning as well as expansion towards the 

full genome classification system to allow for identification of new rotavirus genotypes. 

In Chapter 3, seasonality of group A, B, and C rotaviruses in swine within Canada between 2016-

2020 was assessed by investigating boxplots, six-week rolling averages, time-series decompositions, and 

negative binomial models on diagnostic submission data obtained from a diagnostic laboratory. 

Descriptive analysis within this study found little to no evidence of seasonality of rotavirus in swine 

within Canada, although a spike in the monthly total number of submissions and monthly total number of 

positive submissions was identified within the month of November. Statistical analysis within this study 

found that the overall effect of month was not statistically significant, although November was identified 

as a significant month when compared to the baseline month of January for increased total number of 

monthly submissions of group A and C rotaviruses and February was identified as a significant month 

when compared to the baseline month of January for decreased total number of monthly submissions of 

group B rotaviruses. In lieu of the fact that the overall effect of month was found to not be statistically 

significant, November and February are considered as some of the colder months of the year in Canada 

therefore further studies could attempt to identify whether there are specific climate factors or rotavirus 

species-specific characteristics that elevate the incidence of only group A and C rotaviruses in November 

and decrease the incidence of group B rotaviruses in February. Combinations of group A and C 

rotaviruses and combinations of group A, B, and C rotaviruses were found to be most prevalent at the 

sample and submission level respectively, suggesting that individual samples from a farm will most 

commonly contain both group A and C rotaviruses and that all three groups of rotaviruses are commonly 

present within farms that have samples submitted for rotavirus testing. Given the high prevalence of co-

infection of different rotaviruses, further studies could investigate whether co-infections of rotavirus have 

more adverse effects on the health of swine in Canada as well as whether factors such as age play a role in 

increasing the likelihood of co-infection. Limitations of this study were identified as climate factors not 
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being available for consideration and an unbalanced distribution of data from Canadian provinces. Further 

work involving data collection on climate factors such as temperature, rainfall, and relative humidity 

should be conducted to determine whether these factors play a role in contributing to seasonality of 

porcine rotavirus within Canada. Future work will also need to collect additional data from provinces 

aside from Ontario and Quebec for investigation as conclusions made for seasonality may be biased 

towards these two provinces and investigation of seasonality of porcine rotavirus should also be explored 

in other regions of the world to further support or refute the existence of seasonality. In addition, 

interpretation of the data would have been aided by having standardized and non-missing information 

regarding the age category from which samples were obtained, and the presence and the nature of sample 

collection including pooling. For further understanding of the rotavirus epidemiology, efforts should be 

placed into its association with age groups, other pathogens, and clinical severity. Nonetheless, 

longitudinal studies in smaller number of swine herds may be better suited for this.  

 In Chapter 4, genotype diversity was explored by identifying patterns in the circulating VP7 

genotypes for group A, B, and C rotaviruses within Canada between 2011-2021. Results from this study 

identified that no major shifts had occurred in the patterns of VP7 genotypes within group A and group B 

porcine rotaviruses, although an increasing trend was descriptively identified in the laboratory positivity 

for genotype G6 in group C porcine rotaviruses. Circulating VP7 genotypes in Canada for group A 

porcine rotaviruses were found to be G3-G5, G9, and G11, with G9 consistently present from 2014-2021. 

G9 was descriptively identified with a generally flat trend in the proportion of sequences present per year 

and a spike in 2019. Circulating VP7 genotypes in Canada for group B porcine rotaviruses were found to 

be G11, G12, G14, G16-G18, G20, and GX, with G20 found in 2011 and consistently present from 2014-

2021. G20 was descriptively identified with a generally decreasing trend in the proportion of sequences 

present per year and a spike in 2017. Circulating VP7 genotypes in Canada for group C porcine 

rotaviruses were found to be G1, G3, G5, G6, and G9, with G6 consistently present from 2017-2021. G6 
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was descriptively identified with a generally increasing trend in the proportion of sequences present per 

year. Further work should continue to monitor the circulating genotypes for group A, B, and C rotaviruses 

in Canada to immediately identify when a shift in genotype diversity has occurred. Further studies should 

also focus on identification of prevalent VP4 genotypes in combination with genotype G6 as this will be 

useful in identifying the most prevalent strains to target if a vaccine were to be developed. Group B 

porcine rotavirus GX should also be further explored to see if it can be classified into an existing 

genotype or if it is a new genotype. Limitations of this study were identified as having a small sample size 

and lack of data on VP4 genotypes and combinations of VP7 and VP4 genotypes. Further work should be 

done collecting more sequences for group A, B and C rotaviruses within Canada as some genotypes only 

had one sequence available and patterns within these genotypes were resultantly unable to be 

investigated. Additionally, further studies involving sequencing of group A, B, and C VP4 genotypes and 

VP7 and VP4 combinations should be done so that patterns can be identified in the circulating VP4 

genotypes as well as reassortment events within combinations of VP7 and VP4 genotypes. 

 


