Genetic Characterization of Canadian Group A
Human Rotavirus Strains Collected in Multiple
Paediatric Hospitals from 2007-2010

by

Andrew McDermid

A Thesis submitted to the Faculty of Graduate Studies of
The University of Manitoba
in partial fulfilment of the requirements of the degree of
MASTER OF SCIENCE
Department of Medical Microbiology and Infectious Diseases
University of Manitoba

Winnipeg, Manitoba, Canada

Copyright © 2012 by Andrew McDermid



Abstract

Group A rotaviruses are a major cause of acute gastroenteritis in children. Rotavirus
most commonly infects infants from the ages of 3 months to 2 years of age, while almost all
children are infected, in varying severities, by the age of 5 years old. Rotavirus disease causes
around 600,000 deaths per year, mostly in developing countries. Two recently licensed
vaccines have been shown to be safe and efficacious in phase Il clinical trials. VP4 (P type)
and VP7 (G type) rotavirus genotypes and domains were analyzed for prevalence and
potential antigenicity, as they are known to be key rotavirus proteins eliciting a neutralizing
antibody response during infection. This study is focused on predicting the effectiveness of
rotavirus vaccines in a Canadian population by genetically comparing genotypes found in
Canadian rotaviruses to those found in the vaccines.

| hypothesize that surveillance will reveal currently circulating rotavirus strains in
Canada are well matched to the currently licensed vaccines in Canada.

Diarrhea samples from 8 paediatric hospitals, suspected of rotavirus infection, were
sent to the National Microbiology Laboratory for genetic analysis. In all, 348 samples were
collected, while 259 were successfully genotyped and confirmed by heminested multiplex
PCR and sequencing, respectively. There were an additional 12 samples with multiple
infections. A real-time PCR assay, detecting two VP2 genotypes, was developed as an
alternative rotavirus detection and confirmation assay.

Canadian rotavirus genotypes were found to be mostly G1P[8] (approximately 67%),
followed by G3P[8] (approximately 17.5%), G2P[4] (approximately 8.5%), GOP[8]
(approximately 5%), G4P[8] (approximately 1.2 %) and G9P[4] (approximately 0.8%),
between 2007 and 2010. Rotavirus genotype prevalence fluctuated greatly among areas and
seasons, but matched the multivalent vaccine well.

A subset of rotavirus-positive samples was chosen for full genome analysis, which
allowed for reassortment analysis, motif analysis and genotyping assay quality analysis.
There were no unusual reassortment events found in Canadian strains. Variations amongst
strains were commonly genotype-specific variations. Unusual amino acid variations were
rare in Canada. Antigenic domains varied, often in a genotype-specific manner. In

conclusion, rotavirus vaccine escape is presently unlikely amongst Canadian strains.
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1. Introduction - Rotavirus Literature Review

Rotavirus:

Rotavirus is a virus from the Reoviridae family of viruses. It is responsible for
causing acute gastroenteritis predominantly in infants between the ages of 3 months and 2
years. Acute gastroenteritis symptoms include diarrhea, vomiting and pyrexia. Presently,
Rotavirus is responsible for the deaths of an estimated 600,000 people per year, the
majority of which occur in developing parts of the world, such as Sub-Saharan Africa and

South Asia [Dennehy. 2008].

1.1 Rotavirus History:

Throughout the 1950s and 1960s the cause of most severe gastroenteritis in young
children eluded scientists. That changed in 1973, when Bishop and colleagues first
identified a 70nm viral particle from a patient’s duodenal mucosa using thin-layer
electron microscopy (EM) [Estes and Kapikian. 2007]. The rotavirus was subsequently
identified in faecal samples from infants and young children, also by EM, depicted in
Figure 1 [Riepenhoff-Talty et al. 1983]. Rotavirus was shown to be responsible for 35-
50% of hospitalizations due to severe gastroenteritis, for those less than 2 years of age
[Estes and Kapikian. 2007], and was shown to be the dominant cause of diarrheal disease
worldwide in infants and young children and estimated to cause 870,000 deaths per year

during the 1980s [Estes and Kapikian. 2007, Greenberg and Estes. 2009].
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Figure 1 Electron microscopy image of rotavirus particles

from a fecal specimen. The image is magnified 165,000 times.
Adapted from Annals of the New York Academy of Sciences (1983)
420:391-400 “Negative Staining and Immune Electron
Microscopy as Techniques for Rapid Diagnosis of Viral Agents”.
Riepenhoff-Talty, M. et. al Figure 5 with kind permission from
John Wiley and Sons.

It is estimated that 95% of people worldwide have been infected with rotavirus by
the age of 5 [Dennehy. 2008, Matthijnssens et al. 2008b]. Severity of disease varies from
symptom-free to severe gastroenteritis and dehydration. Estimates of the burden of
rotavirus disease vary, but it is clear that rotavirus disease causes mortality and
substantial morbidity in developing countries. One global estimate of the burden of
rotavirus is that 1 in 65 children infected with rotavirus will require hospitalization due to
rotavirus, while 1 in 293 will die [Matthijnssens et al. 2008b]. In the developed world

estimates differ slightly. A study, involving children with health insurance coverage in



the United States, estimated 1 in 27 will require an emergency department visit, while 1
in 74 will require hospital admission by the age of 5 [Cortes et al. 2009]. Another study,
highlighting the burden of rotavirus in 2 United States of America counties, estimates
emergency department visits will be required by 1 in 13 to 1 in 17 children by the age of
5, depending on the county [Yee et al. 2008]. Only rough estimates can be made on the
burden of rotavirus disease in a North American population, as disease rates change from
year to year and area to area. In addition, testing methods, such as rectal swabs, are not
always adequate to detect rotavirus and may result in false negatives. Hospital code use
for acute gastroenteritis (AGE) may result in underestimation of rotavirus burden as well
[Mast et al. 2010, Yee et al. 2008].

Rotavirus seasonality varies with climate. Temperate climates, such as those in
Canada and the United States of America, get a rotavirus season (and rotavirus incidence
peaks) in the colder months or in the latter part of winter. Tropical climates often have
rotavirus epidemics year round, with a less pronounced peak of incidence [Dennehy.
2008].

In North America, the mortality rate of rotavirus is relatively low; nevertheless,
the economic burden of rotavirus is substantial. In the U.S. healthcare costs of rotavirus
diarrhea are nearly $300 million [Cortes et al. 2009]. However, that estimate is too low
when considering other costs, especially when incorporating societal costs (work days
lost, disease-related purchases, etc.). Including societal costs, an estimate for the total
cost of rotavirus-related disease is near $893 million in the U.S.A. [Widdowson et al.
2007]. In Canada, the economic rotavirus-disease burden, including societal costs, has

been estimated to be from $8.9 million to $18.4 million per year [Le Saux et al. 2011].



1.2 Rotavirus Molecular Biology:

Reoviridae are non-enveloped, icosahedral viruses with segmented double
stranded RNA genomes. In the case of rotavirus, there are 11 genome segments, each of
which encode a single protein. Occasionally, there is a second protein encoded by the
NSP5 genome segment. Generally, the rotavirus genome encodes six structural proteins,
VP1-4, VP6, VP7, and six non-structural proteins, NSP1-6 [Greenberg and Estes. 2009].

Viral particles consist of three concentric layers, the inner capsid, middle capsid
and outer capsid, as shown in Figure 2. The inner capsid is composed of the VP1 (RNA
dependant RNA polymerase), VP2 (core scaffold/shell protein) and VP3 (capping
enzyme) proteins. The VP2 protein forms the shell of the inner capsid in an arrangement
of 120 quasi-equivalent proteins, arranged into decamers. The middle capsid is composed
of 260 trimers of VP6 (middle capsid shell) protein. The outer capsid is composed of the
60 trimers of VP4 (spike) protein and 260 trimers of VVP7 (outer capsid shell) protein
[Greenberg and Estes. 2009, Guglielmi et al. 2010]. The segmented rotavirus genome is
attached to the core at 11 of the 12 five-fold vertices formed by joining VP2 proteins.
Each of the 11 genome segments is bound to one VVP1 polymerase complex and VP3
capping enzyme at one of the 12 five-fold vertices, shown in Figure 2 [Guglielmi et al.
2010, Jayaram et al. 2004].

The rotavirus non structural proteins (NSPs) play a variety of roles in rotavirus
pathogenesis. The NSP1 protein is thought to antagonize the cellular innate immune
response by causing the degradation of factors such as interferon regulatory factor (IRF)

proteins [Heiman et al. 2008]. Both NSP2 and NSP5 play important roles in the



development of viroplasms. NSP2 and NSP5 have RNA-binding and protein-binding
capabilities to recruit proteins to viroplasms facilitating replication. NSP3 is able to bind
cellular mRNA, inhibiting cellular translation. Also, NSP3 may recruit cellular
translational components to viral genome segments in the initial stages of replication, to
facilitate viral translation [Arnoldi and Burrone. 2009]. Functions of the NSP4 include
facilitating the viral replication cycle, via chaperoning core proteins and functioning as
enterotoxin, inducing diarrhea [Arnoldi and Burrone. 2009, Ball et al. 2005, Greenberg

and Estes. 2009].

1.3 Rotavirus Life Cycle:

Rotaviruses are transmitted via the fecal-oral route. The rotavirus triple layered
particle (TLP) is a very stable particle and able to survive the harsh environment of the
digestive system [Greenberg and Estes. 2009]. The rotavirus particles pass through the
stomach into the small intestine, where non-dividing differentiated enterocytes are
infected by rotavirus. The targeted mature enterocytes are located at the tips of intestinal

villi [Greenberg and Estes. 2009, Isa et al. 2008].



Figure 2: Cryo-EM reconstruction of the rotavirus triple-layered particle. (A) Full TLP with VP4 proteins in red and VP7
outer capsid proteins in yellow. (B) Cutaway of the TLP exposing the green core and blue middle capsid layer. (C) Genomic
RNA depicted as conical spirals surrounding the red RNA-dependant RNA-polymerase partices (VP1) within the core.

(D) Depiction of the middle capsid layer with mRNA transcripts protruding from five-fold vertices of the DLP. (E) Blown

up representation of the transcription of viral mRNA from a five-fold vertex. Adapted from Virus Research (2004) 101: 67-81
“Emerging themes in rotavirus cell entry, genome organization, transcription and replication” Jayaram, H. et. al Figure 1
with kind permission from Elsevier.

Entry into the target cell is still not clearly understood. However, it is evident that
trypsin-activated TLPs enter the target cell quickly by direct penetration, while viruses

not activated by trypsin can be absorbed by endocytosis at much slower rates [Baker and



Prasad. 2010]. However, non trypsin-cleaved rotaviruses are transcriptionally inactive.
This indicates that trypsin-based protein cleavage facilitates viral activation. Currently,
the proposed mechanism of cell entry involves the VP4 proteins being cleaved by trypsin,
into two proteins, VP5* and VP8* (* indicates cleaved product of VP4 protein). The
newly activated spike proteins are held in place by calcium stabilized VVP7 outer capsid
shell proteins. Initial binding occurs through the VP8 portion of the spike protein with
either sialic acid receptors or integrins, thought to be found on lipid rafts of the cell. Next,
newly exposed spike protein domains can interact with integrin proteins such as a2p1,
then heat shock protein 70 and other integrins [Baker and Prasad. 2010, Greenberg and
Estes. 2009, Lopez and Arias. 2006].

During cell entry the viral particle sheds its outer capsid layer, resulting in the
internalization of only the double-layered particle (DLP). The DLP acts as a transcription
centre for viral RNA in the cytoplasm [Greenberg and Estes. 2009]. Using the templates
contained within the core the VP1 protein transcribes plus-sense (messenger) RNA,
which is capped at the 5° end by the VP3 protein, then released into the cytoplasm for
translation. Genomic RNA is conserved inside the core during this process. Only positive
sense RNA transcripts are released to the cytoplasm through the type 1 channels. Type 1
channels are created by the alignment of the 5-fold vertices of VP2 and VP6 protein
shells. The channels are located above each VP1 polymerase complex [Guglielmi et al.
2010].

Core formation of rotavirus progeny occurs via a unique process involving a
cytoplasmic gathering of messenger RNA, proteins and genomic RNA. These molecular

gatherings, called viroplasms, can be visualized in rotavirus infected cells as membrane-



free inclusion bodies surrounded by host ribosomes, as shown in Figure 3 [Patton et al.
2006]. The non-structural proteins NSP2 and NSP5 are critical for the recruitment of
proteins to viroplasms. Although not completely understood, the non-structural proteins
organize the structural proteins and complete genome complements of positive sense
RNA, in such a way that cores can assemble with all the necessary components. It has
been suggested that this assembly process occurs simultaneously and that the correct
genome complement is integrated due to RNA-RNA interactions between positive-sense
RNA segments [Pesavento et al. 2006]. This process is likely to be partly mediated by the
natural affinity of the components (core proteins) for each other, but also by the affinity
of NSP2 to VP1 and NSP5 to VP2 [Patton et al. 2006]. While the centre of the viroplasm
is the primary assembly site for the core particles, there are few particles with the middle
capsid VP6 layer. However, on the outer edges of the viroplasm VPG is prevalent,
possibly recruited to that position by NSP4 protein. Hence, as the core particles exit the
viroplasm, they are changed into DLPs as the VVP6 proteins integrate onto core proteins
[Patton et al. 2006].

Genome replication also occurs in the viroplasm. Short interfering RNA evidence
has indicated that, unlike RNA destined for protein production, genomic RNA found in
viral progeny does not originate outside of the viroplasm [Silvestri et al. 2004]. Evidence
suggests genome replication occurs within the viroplasm, which also means that there are
some transcriptionally active double-layered particles within the viroplasm, responsible
for genome replication. This was supported in a study by labelled nucleotide analysis
[Patton et al. 1997, Patton et al. 2006]. This observation led to the suggestion that

viroplasms were seeded by DLPs dawned from infecting rotavirus particles [Silvestri et



al. 2004]. However, more recent evidence, from a study using Cy5-labelled infecting

rotavirus particles, indicates that DLPs in viroplasms do not originate from infecting

particles [Carreno-Torres et al. 2010].
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Figure 3: A viroplasm (VP) within a cell surrounded by ER vesicles, where TLPs form and collect
during rotavirus infection. The arrowhead points at ER vesicles covered with ribosomes, while the
arrow points to a DLP bound to the ER membrane exterior. Adapted from CTMI (2006) 309: 169-187
“Rotavirus Genome Replication and Morphogenesis: Role of the Viroplasm”. Patton J.T. et. al Figure 1
with kind permission from Springer Science+Business Media.

.

After assembly in the viroplasm, DLPs are recruited to the endoplasmic reticulum

(ER) by NSP4. The DLPs proceed to bud into the ER, where VVP7 proteins are integrated



onto the particle, transiently, by a mechanism that is not completely understood.
However, this process involves displacing ER membrane with VVP7 protein as the process
continues. The VP4 spike proteins are likely incorporated on the particle as it exits the
cellular membrane [Pesavento et al. 2006].

The NSP4 enterotoxin protein is a key factor in inducing viral shedding by
diarrhea. NSP4 is a versatile protein, existing as both a membrane associated protein as
well as a widely distributed intercellular protein. The C-terminal portion of the domain is
capable of migration to other cells causing diarrhea inducing conditions to spread to
uninfected cells neighboring infected cells [Ball et al. 2005]. The enterotoxin domain of
the NSP4 is capable of making intestinal crypt cells permeable to CI°, which in turn,
mobilizes calcium ions (Ca*"). Ca®* is very important to rotavirus infection. Ca?* plays a
role in outer capsid stabilization and shedding during entry. It also acts as a messenger,
indicating cellular damage, inducing cell death. As cells making up the upper intestinal
microvilli die, the absorption properties of the intestine are hampered, resulting in a high
amount of fluid remaining in the intestine. The influx of intercellular calcium ions into
the cytoplasm causes cell death at high concentrations. NSP4 can also induce plasma
membrane permeability to calcium ions in healthy cells, causing fluid loss to the intestine
[Ruiz et al. 2000]. Research has also shown that NSP4 inhibits a sodium channel
symporter in rabbits. The symporter SGLT1 is specifically designed for the reabsorption
of water in the intestine [Halaihel et al. 2000]. All mechanisms contributing to the
increase in fluid in the intestine contribute to diarrhea. NSP4 can also bind microtubules
on the cellular membrane. Binding microtubules may result in lack of activity in

intestinal brush border disaccharidases, which can result in the sustenance of diarrhea.
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Finally, NSP4 interacts with several cellular calcium ion chaperone and regulatory
proteins, which effects calcium distribution and possibly the enteric nervous system [Ball

et al. 2005, Ruiz et al. 2000].

1.4 Rotavirus Detection:

The diagnosis of rotavirus is a key factor in rotavirus gastroenteritis prevention
and control. As gastroenteritis can be caused by a number of enteric pathogens in
children, it is important to identify the cause in order to contain and control outbreaks,
especially for viruses with a low infectious dose such as norovirus and rotavirus. Enteric
virus outbreaks present with similar symptoms, so identification of the pathogen involved
is dependant on laboratory testing [Feeney et al. 2011]. Some other viruses known to
cause AGE include norovirus, adenovirus 40, adenovirus 41, astrovirus and sapoviruses
[Cunliffe et al. 2010].

Several enzyme immunoassay (EIA) kits and latex agglutination (LA) assays are
available and are typically used in a clinical setting for fast detection of rotavirus.
However, EIA and LA methods are unreliable due to cross-reactivity, antigenic drift, low
specificity and low sensitivity when compared to polymerase chain reaction (PCR) based
methods [Gomara et al. 2001, Jothikumar et al. 2009, Nordgren et al. 2010]. Electron
microscopy (EM) has been used for detection of rotavirus since the discovery of the virus
in 1973. However, this method is limited by low sensitivity, technical expertise and cost
of equipment in health care facilities [Jothikumar et al. 2009, Pang et al. 2004]. Recently,
developments in real time PCR technology have opened a new door for fast and sensitive

detection of rotavirus and other enteric pathogens. Several assays have been published.

11



Rotavirus real-time PCR assays have been based on NSP3, VP6 and VP7 gene segments
and, thus far, are the most sensitive rotavirus detection method [Feeney et al. 2011,

Jothikumar et al. 2009, Nordgren et al. 2010, Pang et al. 2004].

1.5 Rotavirus Classification:

In addition to detection of rotavirus, methods to classify rotavirus have been
drastically improved during the past 2 decades. In the past, rotaviruses were classified by
their electropherotypes and serogroup types. Electropherotyping involved the separation
of the 11 genome segments in polyacrylimide gel electrophoresis (PAGE) gels. In
addition, two monoclonal antibodies, specific to the VP6 protein, further classified the
rotavirus into one of four different subgroups (SGI, SGII, SGI+SGlI or non SGI + non
SGII). Depending on antigenicity and the separation pattern on the PAGE gel,
rotaviruses fell into one of seven serogroups (A-G) [Matthijnssens et al. 2008a]. As more
knowledge of rotavirus was gained, serotyping of the two outer capsid proteins (VP4 and
VVP7) became the prominent method for classification. Rotavirus strains were classified
based on several specific neutralizing monoclonal antibodies. However, use of
monoclonal serotype-specific antibodies is limited by availability of the antibody for
every serotype, including new ones, as well as sample state (DLP vs. TLP) [Fischer and
Gentsch. 2004, Gouvea et al. 1990]. If the virus in the sample contains too few triple
layered particles the antibodies will fail [Fischer and Gentsch. 2004].

With improvements in technology came improvements in rotavirus classification.
The next form of classification developed was genotype based, which was not dependent

on TLPs or creating new antibodies. As the VP4 and VP7 proteins are key antigenic
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proteins, they became the basis of a new system of genotyping, which correlated highly
with the serotyping assays of the past [Gentsch et al. 1992, Gouvea et al. 1990]. The dual
nomenclature system presently used for classification of rotaviruses includes a G type
(VP7) and a P type (VP4). The P type is written with its genotype number in square
brackets, which is occasionally preceded by its serotype number (P1B[4]). For the
remainder of this genotyping study the serotype will not be included as part of the P type.
The methods used to genotype rotaviruses involved an initial reverse transcriptase PCR
(RT-PCR) using two primers complimentary to consensus regions of the VP4 or VP7
regions. Subsequent PCR reactions involving multiplexes of unidirectional genotype-
specific primers were used to identify the specific VP4 or VP7 genotype [Gentsch et al.
1992, Gouvea et al. 1990]. The amplicon sizes are determined by agarose gel
electrophoresis and used to determine genotype.

As genomic sequencing methods become cheaper and more effective, the
standard for classification is beginning to change again. Recently, it has been proposed
that classification be done as a comprehensive comparison of rotavirus genomes. A
rotavirus classification working group (RCWG) was established in 2008 and
recommended the completed open reading frame (ORF) sequencing of the rotavirus
genome for classification. As there are 11 genome segments to consider, the new genome
nomenclature involves giving each segment a genome number based on nucleotide
identity cut-off percentages. The letter to designate the segment is dependent on an aspect
of the function of its protein. In the segment order of VP7-VP4-VP6-VP1-VP2-VP3-
NSP1-NSP2-NSP3-NSP4-NSP5 the genotype nomenclature is Gx-P[x]-Ix-Rx-Cx-Mx-

AXx-Nx-Tx-Ex-Hx, where x is the genotype number for a given segment and capital letters

13



refer to attributes of their respective proteins [Matthijnssens et al. 2008a]. The cut-off
percentages were created with nucleotide identity rather than amino acid identity for
several reasons. Firstly, there is less overlap in nucleotide identity between genotypes,
which means that the vast majority of strains fall into only a single genotype. Secondly,
many gene segments are too highly conserved at the amino acid level to distinguish
between genotypes. Thirdly, nucleotide identity based trees are more highly supported by
bootstrapping than were amino acid identity based trees. Finally, diversity due to point
mutations is more evenly distributed across the genome than amino acid variations,
making cut-off values more reliable than those from amino acids [Matthijnssens et al.
2008a].

Study of the full genomes of rotaviruses has revealed two common genetic pools
and one rarer genetic pool. The three pools are named after their genogroup defining
strains. The Wa-like genogroup is the most common genogroup. Phylogenetic evidence
supports Wa-like strains sharing a common origin with many porcine rotaviruses. The
DS-1-like genogroup is the second most common to infect humans. The DS-1-like strains
seem to have a common origin with bovine rotaviruses [Matthijnssens et al. 2008b]. The
third genogroup, named AU-1-like rotaviruses, is rare in comparison to the other two.
AU-1-like viruses seem to have a common origin with feline rotaviruses and possibly
canine and bovine rotaviruses amongst others [De Grazia et al. 2010].

PCR methods are only reliable if the primer matches the template. Due to the high
rate of genetic drift in the rotavirus genome, PCR assays are subject to failure due to
nucleotide changes in primer binding regions. In order to ensure the assays do not fail due

to genetic drift, primers for these assays must be checked and either re-designed or
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modified regularly [lturriza-Gomara et al. 2000, Iturriza-Gomara et al. 2004, Simmonds
et al. 2008]. As novel strains are discovered, new primers can be added to the heminested
multiplex assays to make the assays more robust [Aladin et al. 2010, Das et al. 1994,
Iturriza-Gomara et al. 2004]. For genotyping assays, new primers should be created based
on regions that are approximately consensus, but also genotype-specific. Although the 5’
and 3’ ends of most segments are relatively stable genetically, there are regions in each of
the ORFs that may be subject to higher rates of mutation [Matthijnssens et al. 2008b].
When creating new primers for sequencing, care should be taken to make primers

complementary to regions that are stable and non-genotype specific.

1.6 Rotavirus Genotypes:

Genotyping of rotavirus has become an important surveillance technique
worldwide. For several decades now, the incidence of different rotavirus genotypes in
many countries has been monitored to identify the most prevalent disease-causing
rotaviruses in various regions of the world. Genotypes can be determined using
percentage identity cut-off values. For the G and P genotypes the identity cut-off value
has been defined as 80% [Matthijnssens et al. 2008a]. A total of 27 different G genotypes
and 35 different P genotypes have been detected to date [Matthijnssens et al. 2009,
Matthijnssens et al. 2011, Santos and Hoshino. 2005]. However, only 11 different G and
12 different P genotypes have been found in humans [Matthijnssens et al. 2008a].
Rotavirus genotyping and surveillance is necessary to monitor new and emerging strains,
as well as for identifying potential recombinants that may become health threats in the

future. Furthermore, establishment of which circulating strains are predominant can be

15



used to evaluate the potential effectiveness of vaccines. Rotavirus surveillance also
allows the quantification of diarrheal causes that are not due to rotaviruses [Desai et al.
2010].

Early rotavirus surveillance was compiled in a comprehensive study of rotavirus
surveillance from the years 1973 to 2003 [Santos and Hoshino. 2005]. The study included
genotype data from 124 studies published from 1989-2004, which included more than
45,000 human rotavirus samples from over 50 countries. The study indicated that,
worldwide, the most prevalent genotype that caused rotavirus infection was G1P[8],
which is also frequently the most prevalent rotavirus genotype in the developed world.
Other commonly found genotypes were G2P[4], G3P[8], G4P[8] and G9P[8]. A global
presentation of all samples, which include both P and G types in the study (n=16474),
indicated the highest prevalence rates were 64.7% for G1P[8], 12.0% for G2P[4], 3.3%
for G3P[8], 8.5% for G4P[8] and 2.7% for G9P[8], as seen in Figure 4. However, these
values were biased toward samples from the developed world, as most of the data were
from Europe, Australia and North America [Santos and Hoshino. 2005].

National rotavirus genotyping studies have continued to emerge in the literature.
Recent studies have indicated various genotype frequency shifts in rotavirus prevalence
and emergences of novel genotypes around the world. One such study in the United
States showed a shift of rotavirus genotype prevalence in Rochester, New York from
87% G1P[8] in 2006 to 69% G12P[8] in 2007 [Payne et al. 2009].

Recent European studies from Ireland, France and Spain have shown that, despite
year-to-year and region-to-region fluctuations in prevalence, on average G1P[8],

continues to account for around 60% of rotavirus strains [Cilla et al. 2010, de Rougemont
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et al. 2010, Lennon et al. 2008]. Similarly, studies from ongoing surveillance in Australia
have indicated G1P[8] to be the most prevalent strain for the majority of years
surveillance had taken place [Kirkwood et al. 2006a, Kirkwood et al. 2006b, Kirkwood et
al. 2007, Kirkwood et al. 2008, Kirkwood et al. 2009, Kirkwood et al. 2010]. In addition,
studies from the African surveillance network, Japan and New Zealand have also shown
G1P[8] to be the most prevalent strain [Chandrahasen et al. 2010, Esona et al. 2010,

Yoshinaga et al. 2006].
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Figure 4: Global prevalence of rotavirus genotypes. This pie chart represents
16,474 samples from 124 studies located on 5 continents published between
1989 and 2004. Adapted from Reviews of Medical Virology (2005) 15: 29-56
“Global distribution of rotavirus serotypes/genotypes and its implication for
the development and implementation of an effective rotavirus vaccine” Santos,
N and Hoshino, Y. Figure 1 with kind permission from John Wiley and Sons.
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Some studies from the past decade, such as those from Brazil, Malaysia and South
Korea, have shown strains other than G1P[8] to be the most prevalent strains. However,
these studies showed that the most prevalent strain was one of the other four most
common strains. The Korean study also showed a drastic decrease in GOP[8] prevalence
from about 69% (n=75) to about 5% (n=64) in consecutive rotavirus seasons [Esteban et
al. 2010, Han et al. 2010, Zuridah et al. 2010].

There have been only two studies of rotavirus genotype incidence in Canada; both
collected data from single sites during single seasons. The first Canadian rotavirus
genotyping study took place in Toronto, Ontario, and was based on phylogenetic
genotyping of the VP7 segment only, in samples from the 1997-1998 rotavirus season.
The study found G1 to be the most prevalent genotype, followed by G2, G3, G4 and G9
which were detected at very low frequency [Kostouros et al. 2003]. Similar results were
found in the other study from Edmonton, Alberta during the 2001-2002 rotavirus season:
no G3 or G9 rotaviruses were identified [Pang et al. 2004].

The data from past rotavirus surveillance studies indicate several aspects of
rotavirus genotype frequency. Firstly, the most prevalent strains of rotavirus circulating
worldwide are G1P[8], G2P[4], G3P[8], G4P[8] and G9P[8]. Secondly, fluctuations in
prevalence are frequent. The nature of these fluctuations is not understood and is
unpredictable [Han et al. 2010, Kirkwood et al. 2009, Kirkwood et al. 2010, Santos and
Hoshino. 2005]. It is possible that rotavirus strains in adjacent regions can have
completely different prevalence profiles, indicating that the prevalent strain in one area is
not necessarily indicative of the prevalence of rotavirus strains in another [de Rougemont

et al. 2010].
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There have only been a handful of studies that analyze full open reading frames of
rotavirus [Matthijnssens et al. 2008b, Pietsch and Liebert. 2009, Than et al. 2011]. Full
genome classification will prove useful in the future for many reasons. Firstly,
reassortment events amongst different genome segments are not well understood. Some
segments reassort more frequently than others. Full genome analysis is a good way to
analyze how segment reassortment is driven in emerging strains, and to identify genetic
drift due to selection by vaccines or other unknown factors [Kirkwood et al. 1993,
Matthijnssens et al. 2010a, McDonald et al. 2009]. In addition, genetic drift can be
monitored closely by full genome sequencing, including tracking of antigenic sites.
Moreover, genetic information collected can be used further, to analyze different motifs
related to genotypes and infectivity. As more information is collected genetic markers of

successful strains may become more apparent.

1.6.1 Emerging Rotavirus Strains:

The rotavirus genome is segmented, so it is possible that reassortment can occur
during a mixed infection. Reassortment events occur frequently in G and P genome
segments [Matthijnssens et al. 2008b, Matthijnssens et al. 2011, Santos and Hoshino.
2005]. Futhermore, reassortment is an important, but not well understood mechanism of
rotavirus genetic variation, in all genome segments [Laird et al. 2003, McDonald et al.
2009]. Studies analyzing reassortment events in circulating and emerging strains are
important to ensure current vaccines are appropriate to create maximal immunity in the
population. They are also important to elucidate the incidence of naturally occurring

reassortment events in general; for instance, the preferences of reassortment in genome
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segments, the effects of evolutionary pressures and the temporal and regional differences
in reassortment viruses can be identified [McDonald et al. 2009].

All of the most common genotypes have at least one G or P genotype in common
with the RotaTeq (RV5) and Rotarix vaccines. However, the P[4] genotype and G9
genotype are part of two of the five most prevalent rotavirus strains and are not
represented in either vaccine. Notably, the vaccines have been shown to provide a degree
of cross protection, but it is not as high as the homotypic protection provided by the
vaccines. [Dennehy. 2008, Matthijnssens et al. 2009, Santos and Hoshino. 2005].

Emerging G9 strains have likely been circulating and spreading in many areas of
the world since the discovery of G9, in Philadelphia, U.S.A. in 1983. Subsequently, the
G9 genotype was found in Japan in 1985-1986, and Yugoslavia, Thailand and India,
often in combination with uncommon P types [Laird et al. 2003]. Since its recognition G9
has become one of the five most prevalent rotavirus strains detected globally [Laird et al.
2003]. In addition, G9 has emerged as the most dominant genotype in certain rotavirus
seasons in certain regions. In the late 1990s G9 was the most prevalent strain in Sapporo,
Japan and Alice Springs, Australia [Santos and Hoshino. 2005]. Since the year 2000, G9
has been found to be the most prevalent in many regions during annual surveillance,
including ones in Argentina, France, Portugal, Thailand, South Korea and the United
States of America [Abdel-Hag et al. 2011, de Rougemont et al. 2010, Esteban et al. 2010,
Han et al. 2010, Matthijnssens et al. 2009]. Based on nucleotide identity there are three
lineages of G9 rotaviruses; of these, only lineage 111 of G9 strains has emerged globally
[Santos and Hoshino. 2005]. Of the five most prevalent genotypes, only G9 is not

represented in either vaccine [Dennehy. 2008]. Also, the G9 strain is considered to have a
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higher frequency of reassortment events that occur as compared to the other four most
common circulating G genotypes [Kirkwood et al. 2003, Laird et al. 2003].

Other emerging rotavirus G types that show outbreak potential include G12, G8,
G5 and G10. The G12 rotavirus strain was first discovered in the Phillipines in the late
1980s. It was not identified again until 11 years later, when it was found in the United
States. Since 1999 the G12 rotaviruses have been recognized worldwide and, like G9,
have been recorded as the most dominant strain during annual surveillance in at least one
site [Matthijnssens et al. 2009, Payne et al. 2009, Santos and Hoshino. 2005]. During the
2007 rotavirus season in Rochester, New York, G12 was detected in 69% of the 111
rotavirus positive samples collected [Payne et al. 2009]. Unlike other emerging strains,
G12 rotaviruses have, to date, only been found in humans. Both G8 and G10 rotavirus are
most commonly associated with bovine species. However, G10 has been identified in
many human rotavirus outbreaks in India, while G8 has been found in children in Africa
and South Asia [Matthijnssens et al. 2009]. G8 rotaviruses have a high frequency of
reassortment with both animal and human rotaviruses. G5 rotaviruses are most commonly
associated with pig and horse species. However, there have been a few incidences of
human infection by G5 rotaviruses beginning in 1982. G5 rotaviruses have regularly
circulated in South America, and have been shown to be the dominant genotype for at
least one rotavirus season. Human G5 rotaviruses have also been found in Cameroon
[Santos and Hoshino. 2005].

Potentially emerging rotavirus P types, not including P[8] and P[4], include P[6],
P[9] and P[11]. The P[6] genotype has often been found in asymptomatic rotavirus

incidents of neonatal and infantile rotavirus, thereby nicknamed the “nursery” genotype.
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However, P[6] has also been found in many symptomatic occurrences of rotavirus
globally. The predominantly feline rotavirus strain, P[9], is a genotype being considered
for inclusion in vaccine development. In 1977, the P[9] genotype was discovered in
rotavirus-related diarrhea of a 14 year old boy, in Japan. Since then, it has been found in
many countries worldwide and associated with several of the prevalent and emerging G
genotypes. The P[11] rotavirus strain was found in an outbreak of rotavirus-related
diarrhea in Pune, India. However, the strain is primarily of concern due to the outbreak

and has not emerged worldwide [Santos and Hoshino. 2005].

1.7 Rotavirus Vaccines:

The expansion of our knowledge of rotavirus disease in the 1980s and 1990s
prompted the development of a rotavirus vaccine. The first rotavirus vaccine developed
was a bovine-rotavirus based vaccine, designated as RIT4327. Despite successful
vaccination of calves and fairly successful vaccination of Finnish children, the bovine
RIT4327 vaccine was not successful enough in vaccinating children in Africa and Latin
America. The RIT4327 vaccine was not further developed, but it did provide a starting
point for future vaccine development. The RIT4327 vaccine also showed that a vaccine
with antigenic mismatches could elicit some degree of immunity in many children
[Dennehy. 2008, Greenberg and Estes. 2009].

The RIT4327 vaccine was followed by the RRV a vaccine, that was developed
using a similar strategy. The RRV vaccine was based on the Rhesus Monkey rotavirus
RRV. However, trials for the RRV vaccine showed that it was not highly efficacious

[Dennehy. 2008]. The failure was thought to be caused by antigenic mismatch. The RRV
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rotavirus was a G3 type virus, while the majority of circulating viruses at the time were
G1, G2 or G4 viruses. The vaccine developer, Wyeth Pharmaceuticals, decided to modify
the vaccine to make it more efficacious. Their new strategy involved generating
recombinant viruses using the RRV strain as the vaccine backbone with human G1, G2
and G4 VP7 genome segments. The final version of the vaccine, RRV-TV or RotaShield,
was a quadrivalent rhesus monkey recombinant vaccine. The vaccine underwent trials in
the United States of America, Finland and Venezuela, all indicating that the vaccine was
80-100% efficacious in the prevention of severe diarrheal disease. In August of 1998 the
vaccine was approved for use in the United States. In 1999 it was clear that, for unknown
reasons, RotaShield caused a 25-fold increase in rates of intussusception. The vaccine
was administered to an estimated 600,000 children from the United States in the time
period following its release until its withdrawal from the market. Although deemed
unsafe to market the vaccine for infants in the United States of America market, there
was debate as to whether benefits of the vaccine would have outweighed the risks in
developing countries, where mortality is far greater than in the United States [Greenberg
and Estes. 2009].

After the failure of RotaShield, no rotavirus vaccines were available for several
years. Finally, in 2006, two new vaccines (shown conceptually in Figure 5), were
released in dozens of markets worldwide. Merck developed RotaTeq, a pentavalent
bovine recombinant vaccine, using the bovine rotavirus strain WC3 as the backbone. The
G6P[5] WC3 virus was recombined with the human VP7 genes for G1, G2, G3 and G4,

as well as the VP4 gene for P[8]. Concurrently, GlaxoSmithKline (GSK) created a
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monovalent, live attenuated vaccine using the human G1P[8] rotavirus strain 80-12

[Dennehy. 2008, Greenberg and Estes. 2009].
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Figure 5: Conceptual diagram of the two currently licensed rotavirus vaccines. The oral
dropper on the left represents RotaTeq, the pentavalent bovine-reassortant vaccine.
The oral dropper on the right represents the monovalent live-attenuated vaccine,
Rotarix. Hexagonal depictions of viruses are shown within the droppers, coloured with
respective VP7 genotypes, with radiating circle symbols representing VP4 genotypes.

Due to the risks associated with RotaShield, both new vaccines underwent large
clinical trials before licensure. RotaTeq had clinical trials in the United States of America
and other developed countries, enlisting about 70,000 infants. Rotarix had clinical trials
in Central and South America involving more than 60,000 infants. Both trials showed no
significant increase in the occurrence of intussusception. Both trials also showed that the
vaccines were highly efficacious in preventing rotavirus disease. RotaTeq showed 98%
protection against severe rotavirus disease and a 63% reduction in hospitalizations when
compared to the control group. One clinical trial of Rotarix showed 85% protection

against severe rotavirus disease and a 42% reduction in hospitalizations when compared
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to the control group [Dennehy. 2008]. In addition to protection against rotavirus, the
areas of the trial experienced herd immunity. The CDC estimated a decrease of 50% in
rotavirus disease. In addition there was a delay in the rotavirus season, for the seasons
following the trials [Greenberg and Estes. 2009].

The vaccine trials also confirmed that strain specific antibodies did not provide
the only source of protection against rotavirus disease. Both RotaTeq and Rotarix were
fairly efficacious in protecting the trial group against all predominant circulating
genotypes of virus, against severe rotavirus gastroenteritis, despite Rotarix only
containing one serotype. The vaccines even showed protection against G9 strains, which
are not part of the VP7 components of either vaccine [Greenberg and Estes. 2009]. An
alternative European trial of Rotarix showed 79% efficacy against any severity of
rotavirus disease and 90% efficacy against severe rotavirus disease. The vaccine also
protected against severe rotavirus disease caused by G1P[8] with 96% efficacy and non-
G1P[8] disease with an efficacy of 88%. Another trial of 20,000 infants showed that
Rotarix was only 41% efficacious against G2 strains. This measure of G2 efficacy,
however, was not significant [Dennehy. 2008].

Although seemingly very different, both of the currently licensed vaccines have
unique benefits. RotaTeq is a 3 dose vaccine with a broad antigenicity and a high
efficacy. Rotarix was developed as a 2 dose live-attenuated human strain vaccine. As
Rotarix is based on a human strain, it replicates well in vaccine recipients resulting in
possible shedding, which results in greater herd immunity. Rotarix can also be delivered

at lower concentrations due to its ability to replicate [Dennehy. 2008, Greenberg and
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Estes. 2009]. However, Rotarix should not be used in immunocomprimised children with
HIV or SCID, as it has been shown to cause rotavirus-related disease [Patel et al. 2010].

Both vaccines have proven to be effective in post-marketing surveillance. Post-
vaccine introduction surveillance studies in countries with high rates of vaccine coverage
have shown large decreases in incidences of rotavirus disease [Boom et al. 2010,
Braeckman et al. 2011, Dennehy. 2008, Desai et al. 2010, Munos et al. 2010, Patel et al.
2011, Paulke-Korinek et al. 2011, Richardson et al. 2010]. In the United States of
America the rotavirus vaccines were released in 2006 and recommended for regular use.
It was estimated that in the first year of vaccine availability, 58% of 3 month old infants
received 1 dose, while only 31% of those eligible received more than one dose of
RotaTeq. Despite coverage rates, the decline in rotavirus incidents in the year following
vaccination, 2007-2008, compared to the average of the incidents in the previous 6
rotavirus seasons, was 64%. The decline in rotavirus positive incidents indicated both
vaccine success and herd immunity in the U.S.A. [Centers for Disease Control and
Prevention (CDC). 2009].

In Austria, RotaTeq vaccine was released in 2007. Austria released the vaccine as
a part of a universal mass vaccine program and found rotavirus-related hospitalizations
decreased by 74% in eligible vaccine recipients [Tate et al. 2010]. Two years after the
universal vaccination program was introduced, Austria continued to provide high
coverage with the vaccines (74% in 2009). They realized a sharp decline in rotavirus
incidents as well as some herd immunity [Paulke-Korinek et al. 2011]. Similarly, in
Brazil, universal vaccination with Rotarix, starting in 2006, resulted in a reduction in

rotavirus-related hospitalizations. In one city, which had more than 50% coverage by the
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monovalent vaccine, all 21 rotavirus positive samples were G2P[4]. Although the
emergence of a non-vaccine genotype provides evidence that the G1P[8] (Rotarix)
vaccine caused an increase in G2P[4] prevalence, this may not be the case. Surveillance
of surrounding unvaccinated countries indicated that, they too, experienced a spike in
G2P[4] prevalence the year following vaccination in Brazil. It is possible that the G2P[4]
emergence is related to natural fluctuation [Gurgel et al. 2007, Patel et al. 2008, Tate et
al. 2010]. Finally, a country-wide study of vaccine effectiveness in Mexico saw a
dramatic decrease in death rate due to usage of the Rotarix (RV1) vaccine. Although
roughly half of the eligible infants were vaccinated, the country saw a reduction of 35%
in the total annual death rate caused by rotavirus disease. This change was most
dramatically seen in the youngest age category of less than 11 months of age, which
realized a reduction in death rate of 41%. Some age categories were not vaccinated due to
ineligibility, but realized a reduction in annual deaths, indicating that some herd
immunity may have occured in this study [Richardson et al. 2010].

In contrast to the success of vaccines in Europe and the Americas, Africa and
South Asia have had less success with rotavirus vaccines. A study of vaccine efficacy in
two African countries showed that Rotarix had a far lower efficacy in African nations.
Rotarix was shown to have only 25.1% efficacy in Malawi and 44.1% in South Africa,
against any rotavirus disease [Madhi et al. 2010]. In a presentation at the 11" Annual
Conference on Vaccine Research, Roger Glass from the Fogarty Institute in California,
stated that only 44% of children in South Africa and 55% of children in Bangladesh
showed an immune response after given Rotarix [O'Brien. 2008]. Relatively low efficacy

against all rotavirus disease was also shown in 5 developing nations using RotaTeq
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[Breiman et al. 2012]. The low efficacy in developing African and South Asian countries
is not well understood (Pentavalent Rotavirus vaccine in 5 sites). It has been suggested
that poor nutrition and other interference by antibodies in breast milk may be involved in
reduced efficacy. Since oral vaccines have also shown low success in Africa, Roger Glass
suggested that there is something unique about the Gl tracts of African children that may

be the cause of the lack of efficacy of the Rotarix [Madhi et al. 2010, O'Brien. 2008].

1.7.1 Vaccine Use in Canada:

The first of the two presently approved vaccines in Canada was RotaTeq in 2006.
The release of RotaTeq was closely followed by that of Rotarix, which was approved for
Canadians in 2008 [Salvadori and Le Saux. 2010]. Both licensures were approved based
on safety and efficacy of each vaccine in the large clinical trials. Clinical trial data and
previous Canadian rotavirus surveillance data led the National Advisory Committee on
Immunization to recommend the usage of RotaTeq in 2008 [National Advisory
Committee on Immunization (NACI). 2008b]. Assuming that a very large proportion
(94%) of rotavirus gastroenteritis is caused by strains covered by the vaccine, vaccination
has the potential to prevent approximately 56,000 incidents annually. NACI estimates the
reduction in incidents would include around 15,000 emergency department visits and

5,000 hospitalizations [National Advisory Committee on Immunization (NACI). 2008b].

1.7.2 Cost Effectiveness:

The cost effectiveness of rotavirus vaccine is difficult to estimate. Firstly,

estimates of the burden of rotavirus disease vary. Second, the price of the vaccine is
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inconsistent. In the United States of America the cost of the complete three-dose
complement of the RotaTeq vaccine is around $217.50, including administration
[Widdowson et al. 2007]. In another scenario, reduced price of vaccines can be
negotiated if a long-term vaccination program is established, such as in Australia [Newall
et al. 2007]. Other countries, depending on economic status, may realize a substantial
discount on vaccines from organizations such as GAVI (Global Alliance for Vaccines
and Immunization) [Danchin and Bines. 2009, Tate et al. 2010]. A recent study in the
U.S. estimates that, given the current price for the rotavirus vaccine and the current
rotavirus-burden cost ($893 million per year), the vaccine will not be cost effective
[Widdowson et al. 2007], although the vaccine is paid for by insurers and not the
government. An estimate of the rotavirus vaccine cost-effectiveness has not been
undertaken in Canada. However, estimates of hospital and societal costs associated with

rotavirus have been made [Le Saux et al. 2011].

1.8 Rotavirus Immunity:

Immunity to rotavirus is not completely understood. The initial RIT4327 vaccine
showed some protection despite the lack of antigenic match to human strains. However,
the lack of antigenic matching was thought to be the cause of the low efficacy of the
initial RRV vaccine. Although some vaccines seem to protect against rotaviruses,
including those with different VP7 genotypes than those in the vaccine, protection is
thought to be highly dependant on the VP4 and VVP7 proteins. Evidence for this

relationship is provided by the RRV-TV vaccine: once human VP7 recombinants were
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added to the RRV vaccine the efficacy of the vaccine was improved [Greenberg and
Estes. 2009].

In 1983, a study assessed immunity induced in adults by VP4, VP7 and NSP4
proteins expressed using a baculovirus vector. The adults were challenged with a G1P[8]
virus and an assessment of protective immunity was made. The group found that
protective immunity was mostly established by homotypic antibody created prior to the
challenge. Lower levels of protective immunity were induced by heterotypic antibodies
[Yuan et al. 2009]. The evidence provided in the study by Yuan and colleagues
emphasizes the need for genotype specificity in vaccine development and the need to
survey for genotype reassortment events.

Other studies have assessed antigenic regions specifically. For instance, there
have been several studies assessing particular VP7 antigenic sites with antibodies. Six
epitopes for rotavirus VVP7 protein were described by Kirkwood and colleagues and Chen
and colleages. Some protective antibodies are heterotypic while others are specific to the
infecting strain’s G genotype. It is important to consider the variability of the epitopic
sites when assessing the potential effectiveness of the vaccines [Chen et al. 2009,
Kirkwood et al. 1993]. Mutations in particular sites in the VP7 genome segment, for
instance, could result in antibody escape of that strain, if the mutations cause an amino
acid change in the antigenic site. Also, a particular antigenic site may affect the
antigenicity of other antigenic sites. For instance, a previously described mutation in
antigenic site C, on the VP7 protein, can affect the ability for antibody to bind site A, as
they orient themselves near one another [Kirkwood et al. 1993, Yoshinaga et al. 2006]. If

a mutation were to occur in a broadly reactive antigenic neutralization epitope, protective
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antibody elicited by a vaccine could have reduced or no neutralizing capabilities
[Yoshinaga et al. 2006].

Evidence of antigenic specificity effecting protective immunity means it is
important to follow circulating virus genotypes and vaccine effectiveness to ensure that
emerging strains do not escape the strain specific immunity created by the vaccine due to

genetic shift (reassortment) or genetic drift (mutation).

1.9 Study Background:

Rotavirus is a major cause of morbidity in Canada. There is a substantial burden
on the Canadian healthcare system and economy by rotavirus-infected children across the
nation. Parents, clinics, hospitals and tertiary care facilities are burdened by the effects of
rotavirus disease on Canadian children. Recently, two vaccines, RotaTeq and Rotarix,
were licensed in Canada. The vaccines have been shown elsewhere to be highly
efficacious against severe rotavirus disease [Dennehy. 2008].

Prior to the current study, there were no up-to-date Canadian rotavirus genotyping
data. In fact, previous Canadian rotavirus studies took place several years prior to the
licensure of the new vaccines, and only sampled one site over a single rotavirus season
[Kostouros et al. 2003, Pang et al. 2004]. Rotavirus genotypes are known to fluctuate and
different rotavirus genotypes are known to vary in different areas of the world [Santos
and Hoshino. 2005]. The aim of the current study was to obtain a picture of rotaviruses in
Canada, which would allow more clarity in vaccine policy development.

Estimated coverage of the vaccines in Canada is quite low [Dube et al. 2010]. Use

of the highly efficacious vaccines may grow with increased funding and confidence,
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provided by expert advice and evidence that the vaccine will be useful in the Canadian
population. Recently, the Canadian body of experts on vaccines, the National Advisory
Committee on Immunizations (NACI), recommended the pentavalent reassortant vaccine,
RotaTeq, to be used by Canadian infants [National Advisory Committee on
Immunization (NACI). 2008a]. Before implementation of the recommendation, it was
important to establish that the recommended vaccine was well matched to the current
population of rotaviruses in Canada. Provided there is a match between the vaccine
strains and genotypes in circulating Canadian rotaviruses, there would be additional
evidence that the vaccine would be effective in the Canadian population.

The purpose of the current study was to provide up-to-date genotypic, and

characteristic information of currently circulating rotaviruses in Canada.

1.10 Hypothesis:

I hypothesize that surveillance will reveal that currently circulating rotavirus
strains in Canada are well matched to the currently licensed vaccines in Canada by
analysis of VP4 and VVP7 genotypes, genetic drift within genotypes and analysis of all

circulating genotypes for abnormalities and reassortment events.

1.10.1 Scientific Reasons for Approach Taken to Answer Hypothesis:

Analysis of VP7 and VP4 genotypes of all available Canadian rotavirus samples
was important because the outer capsid proteins, VP7 and VP4, are targets for
neutralizing antibodies in the host [de Rougemont et al. 2010]. This study related

currently circulating Canadian VP7 and VP4 genotypes to those known to be protected
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by currently available vaccines [Dennehy. 2008]. Further analysis, on a sub-group of
Canadian samples of all genome segments and proteins via full open reading frame
analysis, elucidated any abnormalities in Canadian rotaviruses. Abnormalities included
those affecting normal pathogenesis, antigenicity or structural composition.
Abnormalities make Canadian rotaviruses unique compared to other circulating viruses.
Unique viral composition may be implicated in future strain fitness or vaccine failure, as
vaccines are based on old rotaviruses [Dennehy. 2008]. This sub-group of fully
genotyped rotaviruses also served to analyze reassortment events in Canada.
Reassortment events have not been well studied, due to a lack of full genome sequencing
studies [McDonald et al. 2009]. Creating constellations in phylogenetic analysis allowed
in-depth analysis into the nature of reassortment in different, but related areas over a
relatively short time-span. Analysis of Canadian VP4 and VP7 sequences was used as a
quality control mechanism for commonly used genotyping methods. This ensured
surveillance data from the current study and the future is reliable and assays are not in
need of updating [lturriza-Gomara et al. 2000, Iturriza-Gomara et al. 2004]. Finally, a
real-time assay was developed as a faster, more sensitive alternative method to confirm
rotavirus detection and genotyping results when compared to sequencing. A faster, more
efficient confirmation method will be useful in future surveillance when determining and

confirming genotypes.

1.11 Objectives:

In the following study the objectives include establishing updated genotype

prevalence rates of Canadian rotaviruses in order to assess the potential effectiveness of
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the new rotavirus vaccines within the Canadian population. In addition to full rotavirus
ORF genotyping, | intended to identify any unusual reassortment events that have
occured in circulating Canadian strains. This was used to analyze the nature of
reassortment events in Canadian rotaviruses. Full ORF genotyping was also used assess
the validity of the currently used heminested multiplex genotyping assays. In addition,
full ORF genotyping was used to monitor any genetic drift causing changes in important
amino acid motifs, especially antigenic binding regions of the VVP7 protein and functional
abnormalities. Finally, a real-time PCR assay was established and validated for fast

detection and establishment of lineage of Canadian rotaviruses.
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2. Methods
2.1 Sample Collection:

Stool samples were collected from eight paediatric hospitals from July 24, 2007
until June 2, 2011. Three hundred and forty-eight samples were collected in total.
Samples were shipped on dry ice from paediatric hospitals then stored at -20°C at the
National Microbiology Laboratory (NML) until RNA extraction took place. Sample

collection from the paediatric hospitals is summarized in Table Al.

2.2 Stool Clarification:

A pea sized amount (Approximately 0.1g) of stool was added to 0.9mL of Gibco
1X PBS pH 7.4 (Invitrogen, Carlsbad, Ca). The stool was vortexed vigorously for 1
minute or until the 10% stool suspension was fairly homogenous. If the stool solution
could not be homogenized after vigorous vortexing, glass beads were added to break
down more fibrous material. The suspended stool solution was centrifuged at 9000 RPM
(roughly 8600 x g) for 10 minutes using an Eppendorf 5417R centrifuge (Eppendorf,
Hamburg, Germany). The upper clarified stool solution was collected for extraction and

storage for future use.

2.3 Genome Extraction:

RNA was extracted using the EasyMag extractor (bioMérieux, Marcy I'Etoile,
France). To begin the extraction, 200uL of clarified stool was added to extraction buffer
(bioMérieux, Marcy I'Etoile, France) in an extraction tray and incubated at room

temperature for 10 minutes. Next, 100uL of magnetic silica beads were added to the
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mixture and mixed thoroughly with the sample solution by pipetting up and down. The
extraction was run using the Generic 2.0.1 method. The extraction resulted in the elution

of 60pL of RNA solution.

2.4 Rotavirus PCR screening:

Due to the double-stranded RNA nature of the rotavirus genome, a preliminary
denaturing step was required for all PCR reactions. Sample tubes containing only 5uL of
appropriate primers and 5uL rotavirus extracted RNA were placed into an Applied
Biosystems Veriti Thermocycler (Applied Biosystems, Carlsbad, Ca) and denatured at
95°C for 5minutes before cooling to 4°C. This step was necessary to ensure that genomes
denature and re-anneal to primers, while the reverse transcriptase enzyme is not
deactivated at high temperature.

Following denaturation, the sample and primer solution was added to 40uL of
One-step RT-PCR solution (Qiagen, Hilden, Germany). Final concentrations of the kit’s
reagents were as recommended by the manufacturer without using Q solution. The final
primer concentration in every reaction was 600ng/pL for each primer. PCR products
were analyzed with agarose gel electrophoresis on 1.0% agarose gels (Invitrogen) or with
the Qiaxcel using the screening gel cartridge using the AM420 method (Qiagen). PCR
cycling conditions and agarose gel band lengths for screening can be found in Table 2.

Samples were screened for rotavirus using the Qiagen One-step RT-PCR (Qiagen,
Hilden, Germany) and previously described primer pairs Beg9/End9 and Con3/Con2 or
VP7F/VPTR and VP4F/VVP4R [Gentsch et al. 1992, Gomara et al. 2001, Gouvea et al.

1990, Simmonds et al. 2008].
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2.5 Genotyping by Heminested Multiplex PCR:

Parent PCR amplicons, created with the Con3/Con2 or VP4F/VP4R for VP4
genotyping and VP7F/VVP7R for VP7 genotyping, were further used for genotyping by
heminested multiplex PCR. Five microlitres of screening reaction amplicon solution were
added to forty-five microlitres of Platinum Taq PCR solution with the reagent
concentrations recommended by the manufacturer. All appropriate nested primers and
their complementary parent primers were also in the solution at a final concentration of
600ng/uL each. Heminested primers and cycling conditions can be found in Tables 1 and
2, respectively. Genotypes for samples were assigned based on amplicon size, as found in
1% agarose gel electrophoresis. Gels with faint bands or additional non-specific bands

were retested for confirmation of contaminant or multiple genotypes.
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Table 1: Heminested multiplex PCR primer sets. Con3/Con2 primers were used as the
first VP4 testing set. VP4F/VP4R were used to type and genotype VP4 segments when
Con3/Con?2 failed. The G12 primer was added to the VP7 multiplex for 2010 samples.

|Primer | Genotype | Sequence |Amp|icon Size (bp) Reference

Con3 Parent VP4 TGGCTTCGCCATTTTATAGACA

[Gentsch et al. 1992]

Con2 Primers ATTTCGGACCATTTATAACC 876

VP4F Pare_nt VP4 TATGCTCCAGTNAATTGG [Simmonds et al. 2008]

VP4R Primers ATTGCATTTCTTTCCATAATG 663

1T-1 P[8] TCTACTTGGATAACGTGC 345 224 [Gentsch et al. 1992]

1T-

1DCDN P[8] TCTACTGGRTYRACRTG 345 224 This Paper

2T-1 P[4] CTATTGTTAGAGGTTAGAGTC 483 362 [Gentsch et al. 1992]

3T-1 P[6] TGTTGATTAGTTGGATTCAA 267 146 [Gentsch et al. 1992]

4T-1 P[9] TGAGACATGCAATTGGAC 391 276 [Gentsch et al. 1992]

5T-1 P[10] ATCATAGTTAGTAGTCGG 583 462 [Gentsch et al. 1992]

ND2 P[11] AGCGAACTCACCAATCTG 122 NA [Das et al. 1994]

VP7-F Parent VP7 ATGTATGGTATTGAATATACCAC [lturriza-Gomara et al.

VP7-R Primers  AACTTGCCACCATTTTTTCC 881 2004]

aBT1 Gl CAAGTACTCAAATCAATGATGG 618 [Gouvea et al. 1990]

aCT2 G2 CAATGATATTAACACATTTTCTGTG 521 [Gouvea et al. 1990]
[lturriza-Gomara et al.

G3 G3 ACGAACTCAACACGAGAGG 682 2004]

aDT4 G4 CGTTTCTGGTGAGGAGTTG 452 [Gouvea et al. 1990]

aAT8 G8 GTCACACCATTTGTAAATTCG 754 [Gouvea et al. 1990]
[lturriza-Gomara et al.

G9 G9 CTTGATGTGACTAYAAATTCG 179 2004]
[lturriza-Gomara et al.

G10 G10 ATGTCAGACTACARATACTGG 266 2004]

G12 G12 CCGATGGACGTAACGTTGTA 387 [Banerjee et al. 2007]
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Table 2: Below are thermocycling conditions for all RT-PCR reactions in this study. Parts

1 and 2 are carried out for both multiplex reactions and full genome sequencing
amplification, while Part 3 is only relevant for heminested multiplex PCR.

Stage

Number of
Cycles

Time

Temperature (°C)

Part 1: Initial Stage for Template Denaturation and Annealing to “Parent”

Primers

Denaturation (Primers and 1 5 minutes 95
Template only)

Cool Stage 1 _ 4

Part 2: Add Template/Primer

Mixture to Qiagen One-Step Enzyme Mix

Reverse Transcriptase 1 30 minutes 50
Denaturation/ Taq Activation 1 5 minutes 95
Denaturation 40 seconds 94
Primer Annealing 40 50 seconds Ta (S_ee Appropriate
Primer Table)
Extension 60 seconds 68
Final Extension 1 10 minutes 68
Cool Stage 1 - 4

Part 3: Add “Parent” Amplicons from Part 2 to the Invitrogen Platinum Taq
mixture and the Corresponding Multiplex of Primers/End Primer

Taq Activation 1 5 minutes 95
Denaturation 40 seconds 94
Primer Annealing 40 50 seconds 42
Extension 60 seconds 68
Final Extension 1 10 minutes 68
Cool Stage 1 - 4

2.6 Genotype Confirmation:

All genotypes were confirmed by sequencing the screening amplicons. Amplified
DNA was first purified using the Millipore Montage DNA purification spin filter system
(Millipore, Billerica, Ma) according to the manufacturer’s instructions. Samples with
both positive screening bands and non-specific bands were purified using the Minelute
Gel Extraction Kit (Qiagen) according to the manufacturer’s instructions. Concentrations
of the samples were then measured with a NanoDrop 1000 Spectrophotometer

(ThermoFisher Scientific, Waltham, Ma). If necessary, samples were diluted to 50ng/uL
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and sequenced at the Genomics Core Facility at the National Microbiology Laboratory.
The genomics core utilizes an ABI Prism 3100 genetic analyzer (Applied Biosystems)
and BigDye v3.1 Terminator chemistry.

Sequences were assembled with the SeqMan software (Lasergene Version
7.2.1(1), 410, DNAStar Inc.). Sequences were exported as .fas files and aligned using
MEGA 5.0 software [Tamura et al. 2011]. Confirmatory phylogenetic trees were created
using ORFs of VVP7 and partial VP4 genome segments. High identity to the type strains

confirmed the genotype.

2.7 Positive Control Proliferation:

For the genotyping assays the positive controls used were Wa, DS-1, P, ST-3 and
US1205. These positive controls were obtained from Jon Gentsch of the Centers for
Disease Control, Atlanta, Georgia. The controls were received as MA104 cell lysate.
Propagation of virus control was done by infecting MA104 cells with virus.

MAZ104 cells were grown and maintained in Gibco Medium 199 (Gibco,
Carlsbad, Ca) containing 5% Hyclone Fetal Bovine Serum (Thermo Fisher Scientific,
Waltham, Ma), 1X Gibco Glutamax (Gibco) and Gibco penicillin (100 units/mL)
streptomycin (100uL/mL) (PenStrep) solution (Gibco). The cells were incubated at 37°C
with 5% CO..

Cells were maintained and propagated for infection by regular splitting of cells
every 4-7 days. Next, cell monolayers were washed with SmL Gibco 1X Dulbecco’s
Phosphate Buffered Saline (DPBS) solution without calcium chloride or magnesium

chloride (Gibco). Cells were detached from the flask by adding 1.5mL of Gibco 0.25%
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Trypsin-EDTA solution to the flask and incubating at 37°C with 5% CO; for 2-4 minutes,
or until cells were visibly detached. Cells were resuspended with 8.5mL of maintenance
solution and split in small aliquots to flasks containing fresh maintenance media.

For inoculations, 100% confluent MA104 cell layers, in Corning T75 (75cm?)
polystyrene canted neck flasks, (Corning Inc, Corning, NY) were first washed with 5mL
Gibco 1X DPBS solution without calcium chloride or magnesium chloride (Gibco). Next,
15mL serum-free Gibco Medium 199 with 1X Gibco Glutamax (Gibco) and Gibco
PenStrep solution (Gibco) were added to the flask. The flasks were then incubated at
37°C with 5% CO,. The following day 200uL of rotavirus positive control-infected cell
lysate were activated by adding 2mg/mL trypsin solution (Type IX-S, lyophilized
powder, 13,000-20,000 BAEE units/mg protein (Sigma, Steinheim, Germany)) dissolved
in PBS pH 7.4, (Invitrogen, Carlsbad, Ca)) to a final concentration of 10ug/mL. The
trypsin/virus solution was mixed at 37°C at 300rpm in an Eppendorf thermomixer
(Eppendorf, Hamburg, Germany) for 1 hour. Next, the uninfected cell monolayers were
washed with 5mL serum-free medium 199. Subsequently, the activated virus solution
was diluted with serum-free Medium 199, so that 1.5mL of solution was available for
inoculation. Finally, the activated virus solution was added to the washed T75 flask
containing uninfected MA104 cells and swirled in the flask to coat the monolayer. The
infected flasks were incubated at 37°C for 1 hour, with swirling of the flask every 5-10
minutes. Twelve millilitres of serum-free Medium 199 with 1X Gibco Glutamax
(Gibco), Gibco PenStrep solution (Gibco) and 1.0 pg/mL trypsin were added to increase

medium in the flask.
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Cells were monitored for cytopathic effects (CPE) every 1-3 days. A mock-
infected control was used as a comparison point to determine CPE effects due to rotavirus
infection in other flasks. Collection of rotavirus infected cellular lysate was accomplished
after three freeze/thaw cycles in a -82°C freezer. The lysate in the flask was collected in a
50mL Fisherbrand polypropylene centrifuge tube (Thermo Fisher Scientific) and
centrifuged at 400 X g for 10 minutes in a Thermo Scientific Heraeus 3SR+ centrifuge

(Thermo Fisher). Lysates were collected, frozen, then extracted for genotyping.

2.8 Full Genome Sequencing:

Samples for full genome sequencing were selected based on several criteria.
Firstly, the chosen samples should have represented the various genotype combinations
found in Canada in every study site during all rotavirus seasons screened by the spring of
2011. Secondly, the samples were chosen based on amount of sample available, as many
samples lacked enough sample or were exhausted before full genotyping could be
completed. Thirdly, some samples were chosen to examine potential diversity within a
genotype from a particular site in a specific rotavirus season. This would allow an
analysis of diversity within a genotype. Finally, sequencing analysis was undertaken on
samples with limited identity to other strains chosen. Co-infected samples should be
excluded as genotyping may be skewed by a primer set’s affinity to one genotype in a
sample over another, then vice-versa with subsequent primer sets. Based on these criteria,

84 samples were chosen for full genome sequencing.
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2.8.1 Primer Development:

Samples were fully genotyped using specific primer sets to amplify the open
reading frames of all 11 segments. The ClustalW alignment algorithm was used in
Megalign software (Lasergene Version 7.2.1(1), 410, DNAStar Inc.) to create consensus
sequences based on the alignment of the type strains Wa, Ku, DS-1, TB-Chen, AU-1,
L26, ST-3, RMC321, 69M, IAL28, B1711, US1205, RV176-00, T152, Matlab13-03, P
and 116E [Both et al. 1984, Chen et al. 2008, Cook and McCrae. 2004, Cunliffe et al.
1997, Das et al. 2004, Ernst and Duhl. 1989, Gentsch et al. 1993, Gorziglia et al. 1988,
Heiman et al. 2008, Horie et al. 1997, Hua et al. 1993, Isegawa et al. 1992, Ito et al. 1995,
Kirkwood and Palombo. 1997, Kojima et al. 1996, Mason et al. 1985, Matthijnssens et al.
2008a, Matthijnssens et al. 2008b, Mohan and Atreya. 2001, Mulherin et al. 2008,
Nakagomi and Kaga. 1995, Okada et al. 1984, Padilla-Noriega et al. 1995, Pongsuwanna
et al. 2002]. As the majority of the RotaTeq vaccine contains bovine sequences, but the
VP4 and VP7 components are human, both vaccines were included in VP4 and VP7
alignments only [Matthijnssens et al. 2010b, Zeller et al. 2011]. Accession numbers and
genotypes for these segments can be found in Tables A2 and A3, respectively. Next,
using the program PrimerSelect (Lasergene Version 7.2.1(1), 410, DNAStar Inc.),
primers were developed based on the requirements of the genome segment. Primers were
chosen based on their segment size, their location, their PrimerSelect (Lasergene Version
7.2.1(1), 410, DNAStar Inc.) quality score and the genetic stability of the target sequence
throughout genotypes. Although many primers in this study were developed using new
alignments, some were previously developed in other studies [Gouvea et al. 1990, Kudo

et al. 2001, Matthijnssens et al. 2008b, Tsugawa and Hoshino. 2008]. A complete list of
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primers and their references can be found in Table A4. As the end portions of many of
the rotavirus genome segments are highly conserved, primers used in other studies were
often best suited to genotype ends beyond ORFS. As degenerate primers are less specific
and have a lower single primer concentration, degeneracy was avoided if possible. To
avoid primer bias, targets for amplication overlapped.

After initial primer development, primers were tested on a subset of samples for
validation. The subset of samples included rotavirus positive samples of varying P and G
genotypes. Some primers were removed, replaced or adjusted as required to better suit
the sample set. Cycling conditions were the same as used previously for the screening
RT-PCR, however the annealing temperature step was adjusted to suit the primer set,
based on the PrimerSelect (Lasergene Version 7.2.1(1), 410, DNAStar Inc.) software’s
recommendations. Annealing temperatures were adjusted after the subset was tested to
optimize the PCR. Annealing temperature was increased slightly if there were non-
specific PCR products, and reduced if the segment did not produce a strong band during
gel electrophoresis.

After sequencing, contigs were assembled using the SeqMan software (Lasergene
Version 7.2.1(1), 410, DNAStar Inc.). Sequences were corrected and trimmed so that
only the appropriate ORF sequence was left for each segment. Any sequences indicating
degeneracy due to quasipecies in a sequence were double checked by repeat sequencing
or overlapping sequences of the same region. If other reads indicated a lack of

degeneracy, they were used to assemble the sequence in the given region.
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2.8.2 Genome Alignment:

Completed and trimmed segments were exported to the Mega 5.0 program
[Tamura et al. 2011], where an alignment was made. The ORFs of Wa, Ku, DS-1, AU-1,
B1711, Matlab 13-03, L26, RMC321, 116E, 69M, IAL28, TB-Chen, T152, RV176-00, P,
ST-3 and PO-13 were used as type strains and outgroups for the data for all genome
segment alignments. The alignment parameters for the ClustalW alignment algorithm in
MEGA 5.0 [Tamura et al. 2011] were as recommended by Phylogenetic Trees Made
Easy [Hall. 2007]. First, ORFs were translated into amino acid sequences to ensure any
gaps created did not simulate a frameshift mutation. Next, the Clustal W algorithm was
used with a gap penalty of 10, a gap extension penalty of 0.1, a gap opening penalty of
3.0 and a gap extension penalty of 1.8. After the algorithm aligned the sequences, the
data was converted back to nucleotide form and exported as a .meg file for further

analysis.

2.8.3 Analysis of Open Reading Frames:

Canadian rotavirus alignments were analyzed for unusual motifs or anomalies in
amino acid sequences based upon literature. Motifs were analyzed using the MEGA 5.0
alignments described previously. Motifs analyzed included those necessary for protein
function, those for protein-protein interaction, those enabling proper protein secondary
structure and those responsible for antigenicity. Motifs analyzed are shown in Table 3. In
addition, primers for the heminested multiplex PCR assay were assessed to ensure they
would be suitable for future genotyping studies. Primers assessed included those in Table

4.
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2.8.4 Phylogenetic Analysis:

Phylogenetic trees were created using the Neighbour-Joining method with 2000
bootstraps. Statistically speaking, a tree made using 2000 bootstraps produces a tree with
95% confidence. At this point segments must be looked at individually. A tree made
using isolate segments composed of two or more concatenated segments will be invalid.
An assumption, made at this point, is that few if any recombination events occur within a
given segment [Hall and Barlow. 2006]. Trees were rooted with the PO-13 avian
rotavirus strain as an outgroup. PO-13 differs greatly from human strains and contains

avian genome segments with no human recombinants [Matthijnssens et al. 2008a].
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Table 3: Motifs analysed in full genome analysis

Gene Region Approximate Amino Acid Position Ref.
Motif A (517-531), Motif B (584-611),
VPI RNA Dependant RNA Motif C (624-640), Motif D (662-680), 1
Polymerase Domain Motif F (454-469)
VP2 RNA Binding/ Viral Protein 1-156 23
Interacting Domain
GTP/S-adenosyl-L- 447-472 )
methionine-binding region
P120, P211, P223, P289, P309, P313, P392,
Structural Proline Residues P401, P426, P502, P652, P697, P709, P717, 4
VP3: P796
Structural Cysteine Residues | C144, C380, C381, C659 4
Casein Kinase 1l 383-388 4
Putatitve Guanyltransferase | 541-545 4
Domain
Structural Cysteine Residues | C203,C317, C380, C768 2,5
Structural Proline Residues P68, P71, P225, P226 2
Fusion Domain 384-402 2
Protein Cleavage Site R231, R241, R247 6
(Activation Domain)
Motif 8-1 (108, 146, 148, 150, 188, 190,
VP4 192, 194, 195, 196), Motif 8-2 (180, 183),
Motif 8-3 (113-116, 125, 131-133, 1353),
Antigentic Binding Sites Motif 8-4 (87-89), Motif 5-1 (384, 386, 7
398, 393, 394, 398, 440, 441)
Motif 5-2 (434), Motif 5-3 (459)
Motif 5-4 (429), Motif 5-5 (306)
Integrin Binding Domain 306-309 8
Trimerization Domain 246-314 9
VP6 Protein-Protein Interacting Domain B (1-150, 326-397) 39
Domains Domain H (151-325) :
Motif 7-1a (87, 91, 94, 96-100, 104, 123,
R, . 125,129, 130, 291) Motif 7-1b (201, 211-
VP7 Antigenic Binding Sites | 513 238 942 Motif 7-2 (143, 145-148, 7
190, 217,221, 264)
Integrin Binding Domains 253-255,238-240 8
NSPI RNA Binding Motif 43-76 10
RNA Binding Motif 205-241 5
Structural Cysteine Residues | C6, C8, C85, C285 5
NSP2 Putative HIT-like Motif 221-227 1
(NTPase)
Mg 2+ Binding Sites 153,171 11
RNA Binding Motif 104-112 12
NSP3 Structural Cysteine Residues | C123, C139, C306, C314 12
Oligomerization Domain 181-236 12
Potential Glycosylation Sites | 63-71, 93-101 13
Hydrophobic Domains H1 (7-21), H2 (28-47), H3 (67-85) 14
Oligomerization Domain 86-106 14
VP4 Binding Domain 112-148 14
NSP4 Entertoxic peptide and 114-135
membrane-destabilization 14
domain
Inner-capsid particle binding | 156-175 14
domain
NSP5 Multimerization Core Motif | 187-197 15
Cysteine Structual Residues | 170, 173 15

1. Vasquez et al 2006 2. Chen et al. 2009 3. Heiman et al. 2008 4. Cook and McCrae et al. 2004 5. Patton et al 1993 6. Gilbert et al. 1998 7. Zeller et al 2011 8. Coulson et
al1997 9. Affranchino et al 1997 10. Hua et al 1993 11. Vasquel-Del Carpion et al 2006(2) 12. Rao et al 1995 13. Okada et al 1984 14. Horie et al 1997 15. Torres-Vega et al

2000.
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Table 4: Primers were assessed by full genome segment sequence analysis for matching
target sites, as well as, those differing from other genotypes. References can be found in

Table 1.

Primer Name Segment/Sense Sequence (5°-3°)

(Position)

Con-3 VP4/+ (11-32) TGG CTT CGC CATTTT ATAGAC A
Con-2 \VP4/- (868-887) | ATT TCG GAC CAT TTATAACC
VP4-F VP4/+ (132-149) | TAT GCT CCA GTN AAT TGG
VP4-R VP4/- (775-795) | ATT GCATTT CTT TCC ATA ATG
1T1DCDN (P[8]) VP4/- (339-356) TCT ACT GGRTYRACR TG
2T1 (P[4]) VP4/- (474-494) CTATTG TTA GAG GTT AGA GTC
VPT7-F VP7/+ (51-71) ATG TAT GGT ATT GAA TAT ACC AC
VP7-R VP7/- (914-932) | AACTTGCCACCATITTTTCC
aBT1 (G1) VP7/+ (314-335) | CAAGTACTC AAATCAATGATGG
aCT2 (G2) VVP7/+ (411-435) CAATGATAT TAACACATTTTCTGT G
G3 VP7/+ (250-269) | ACG AAC TCA ACA CGA GAG G
aDT4 (G4) VP7/+ (480-499) | CGT TTC TGG TGA GGA GTT G
G9 VP7/+ (757-776) | CTT GAT GTG ACT AYA AAT AC

2.9 Real-Time Assay Development and Validation:

A real-time assay was developed for detection of rotavirus. Real-time PCR is a

quantitative technique, measuring amplication after each cycle; therefore, this technique
is good for fast typing. The assay was developed based on results of the full-genotyping
assay. Analysis of DS-1 like strains indicates that VP2 genotype does not significantly
differ from all other genome segments (including VVP7). There is a need for a real-time
assay based on a genetically stable structural protein coding genome segment. The basis
for choosing a longer segment is that it would better represent viral load as it would
replicate and transcribe more slowly and possibly less efficiently than shorter genome
segments, assuming RNA-dependant RNA-polymerase replicates all segments at equal
rates. Also, VP1, VP3, VP4, VP6 and VVP7 are fairly variable in comparison to VP2;
therefore, VP2 was chosen as the gene to develop the real-time PCR assay. Also, the new

real-time assay was developed with current Canadian strain detection in mind. Therefore,
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the sequence data, used to develop the assay, was based on currently circulating Canadian
rotaviruses from this study. The 3’ end of the coding strain was preferred as that would
be the portion of the segment transcribed last.

Development of the VP2 real-time assay began with a multiple alignment of the
VP2 genome segments in all fully sequenced isolates. The alignment was created using
Mega 5.0 [Tamura et al. 2011] with the Clustal W algorithm. A consensus sequence was
exported to PrimerSelect (Lasergene Version 7.2.1(1), 410, DNAStar Inc.) to develop
several sets of primer pairs targeting sequences 80-200 base pairs long. Three primer sets
were analyzed on the 3’ end of the VP2 genome segment. A section of consensus and
fairly stable genome was sought out by analysing strains for variation at the potential
primer target sites. Primers were developed in genetically stable regions. Also, single
probes for both Wa-like and DS-1-like lineages were developed in genotype specific
regions. Next, the developed TagMan probes for every primer set were manually entered
into PrimerSelect. Probes and primers were checked for compatibility. The primer or
probe sequences were analyzed for hairpin loops, self-dimerization, primer-primer
dimerization, primer-probe dimerization and probe-probe dimerization. One suitable
assay of primers and probes was found. Primer pairs were ordered and tested before
probes were ordered. Sequencing of the primer pair target region showed the correct
region was amplified and agarose gel data showed that the primers were highly specific.
Primers were ordered from Genomics Core (National Microbiology Laboratory,
Winnipeg, MB). Probes were ordered from Integrated DNA Technologies (IDT,

Coralville, 1A) with the sequences found in Table 5.
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Standard curves were developed for each probe. To develop standard curve RNA,
two Canadian samples were amplified with the VP2FAT7 primer (Integrated DNA
Technologies, Coralville, 1A) and the VP2 R primer. Samples from the two lineages, Wa-
like and DS-1 like (synonymous with C1 and C2, respectively), were used so that a
standard curve could be made for each. The T7 region of the VP2F4T7 primer added a
T7 promoter region to DNA amplicons of the previously sequenced samples RT006-07
(G1P[8]) and RT036-07 (G2P[4]). The amplified sequences were confirmed by
sequencing by genomics core (National Microbiology Laboratory, Winnipeg, MB).
Amplicon DNA was used to transcribe RNA with the MEGAscript kit (Ambion, Austin,
TX), using the T7 promoter, according to manufacturer’s instructions. Excess DNA was
removed from the transcribed RNA by adding 1uL TurboDNAse (Ambion) and
incubating for 10 minutes at 37°C. RNA for the standard curves was measured for RNA
concentration using the Qubit (Invitrogen, Carlsbad, CA), according to manufacturer’s
instructions. Standard template copies per microlitre were determined with the following

equation:

Templates/pL = {([sample (ng/uL)] * Qubit dilution factor)/(no. bases ¢ avg. MW of a

nucleotide)} ¢ Na

, where the dilution factor is 20, Na is Avagadro’s number (6.02 x 10%) and the average
molecular weight of a nucleotide is 330.0 g/mol. The final size of the amplicon was 586
base pairs for both 06-07 and 36-07. Amplicon sizes were confirmed with agarose gel

electrophoresis in the Qiaxcel (Qiagen, Hilden, Germany).
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Table 5: VP2 Real-time assay primers and probes. The position is based on the Wa type
strain for consistency. The bottom two primers were used to create RNA amplicons to be
used in standard curves for C1 and C2 assays.

Primer/Probe Position (Wa) Sense Sequence (5°-3”)

Name

VP2RE-F3 2183-2204 + GAAAGAGATGAGATGTAYGGAT

VP2RE-R3 2348-2367 - AGCGATATAACTGATGARTC

VP2Probe C1 | 2258-2282 + 6-FAM/TTAATGAGA/ZEN/
ACTGGAGACTATGGTC/IABKFQ

VP2Probe C2 | 2223-2246 - HEX/TTATCTGTT/ZEN/
GAAATCCCTCTAAAT/IABKFQ

VP2E4AMT7 | 2131-2150 + TAATACGACTCACTATAGGTTCAGATAA
AATTGCTCAAG

VP2-R-041 2699-2717 - GGTCATATCTCCACA(G)TGG

! Reference: [Tsugawa and Hoshino. 2008]

Prior to running the real-time assay extract RNA was prepared in a denaturing
step, as described earlier in the conventional PCR setup. The 10uL RNA extract and
primer solution was added to 15uL One-Step RT-PCR reaction mixture (Qiagen, Hilden,
Germany). The One-Step RT-PCR kit was mixed according to manufacturers’
recommendations. The final concentrations of probes and primers in the mixture were
250 nM and 900 nM, respectively. Samples were mixed well with the RT-PCR solution
using an Eppendorf Centrifuge 5430 (Eppendorf, Hamburg, Germany) to spin the fast
real-time plate for 10 minutes at 1500rpm. The plate was then added to the ABI 7500 fast
real-time machine (Applied Biosystems, Carlsbad, CA). A 30-minute 50°C reverse-
transcriptase step and a 15-minute 95°C polymerase activation step preceded the cycling
stage. Real-time data was collected in 45 cycles of 94°C for 15 seconds followed by 51°C
for 30 seconds then 72°C for 30 seconds. Ramp speeds were set to standard default
settings.

Ambion Ag-Path master mix (Ambion, Austin, TX) was also used, according to

manufacturer’s instructions, to ensure the assay was robust enough to use different
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enzymes and a fast one-step enzyme. Ramp speeds were set to fast real-time default
settings.

The assay was validated with 195 previously characterised samples. Two
Canadian rotavirus strains RT018-07 (G1P[8]) and RT068-07 (G2P[4]) were used as
positive controls at approximate concentrations of 5 x 10° copies per yL and 5 x 10’
copies per uL, respectively. Positive controls used obtained consistent signal values
through many runs, further validated the real-time assay. Enzymes with different lot
numbers were also used to ensure consistency in the assay in different batches of the

Same enzyme.

2.9.1 Cell Culture Propagation for Canadian Rotavirus Controls

Two Canadian rotavirus cultures were developed for use in the real-time assay as
positive controls. Samples were chosen based on genogroup, sample availability and
whether they were fully sequenced. The samples chosen were RT018-07 and RT068-07.
Both samples had previously been fully genotyped, thereby ensuring a good positive
control, and standards of monitoring changes.

Infecting MA104 cell monolayers was done as previously described, except
clarified stool of selected samples was used in place of infected MA104 cell lysate.
Multiple passages were required for viruses to adapt to cell culture. Passages were
undertaken by collecting cell lysates after freeze thaw cycles, as previously described,
and reapplying 2mL of the lysate to a fresh MA104 cell monolayer in a T75 flask. The
infection of the fresh monolayer was incubated at 37°C for 1 hour with swirling every 5-

10 minutes, then topped up with 8mL of fresh serum free medium 199 with antibiotics
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and 2 ng/uL trypsin. Upon completion of 3-5 passages, lysate from all passages was
extracted using the EasyMag extraction method, as previously described. Positive control
passage lysate extracted RNA was tested for rotavirus using conventional rotavirus PCR

and then quantified using the real-time PCR assay.
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3. Results
3.1 Heminested Multiplex PCR Genotyping

A total of eight different paediatric centres submitted samples, shown in Table
Al. Of the 348 samples tested from the 2007-2010 rotavirus seasons, 259 were
successfully genotyped for rotavirus. All 259 samples were confirmed by sequencing.

Samples submitted from the 2007-2009 seasons were pre-screened for rotavirus
by enzyme immunoassay (EIA) or EM before submission to the NML. Of the 189
samples that pre-screened positive for rotavirus, 187 were genotyped successfully by
heminested multiplex PCR. Two samples were pre-screened positive for rotavirus but
could not be genotyped due to exhaustion of the sample. There were also 34 samples that
were pre-screened negative for rotavirus, but were successfully genotyped by heminested
multiplex PCR and confirmed by partial genome sequencing of the VP7 and VP4 genome
segments. Fifty of the fifty-seven 2010 samples submitted were genotyped by heminested
multiplex PCR and confirmed by genotyping.

In total, there were 174 G1P[8] strains detected, 22 G2P[4] strains detected, 45
G3P[8] strains detected, 3 G4P[8] strains detected, 13 GIP[8] strains detected and 2 other
genotype strains detected (Table A5). The other genotype category contained two G9P[4]
strains from 2010, but no other genotypes. Raw sample data is shown in Table Ab5.
Multiple genotype samples were not included in the genotyping data as the number of
rotavirus strains could not be determined with certainty, due to the possibility of unusual
reassortants occurring within the sample.

There were 12 samples with multiple genotypes detected by heminested multiplex

PCR from 2007-2010. Samples with multiple genotypes were most often found with both
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P[8] and P[4] genotypes. Samples with multiple genotypes also included those with both
Gland G2, G1 and G3, and G1 and G9.

Temporally, the prevalence of rotavirus changed slightly from year to year, but
G1P[8] strains were always the most prevalent strain. Often, there were drastic
fluctuations in prevalence, such as between the 2008 and 2009 rotavirus seasons, when
the frequency of G1P[8] rotaviruses dropped from 86.7% to 41.4%. The 2009 drop in
G1P[8] corresponded with an increase in G3P[8] prevalence and an emergence in G9P[8]
strains, which were detected in 31.4% and 17.1% of samples, respectively. Fluctuations
in genotype prevalence are graphically represented in Figure 6.

G2P[4] samples were detected in this study steadily at between 6.7% and 12.0%
prevalence annually. There were no drastic changes in G2P[4] prevalence while all other
G types experienced noticeable year-to year fluctuations, when considering some strains
were not detected in some years but detected in others.

Only 3 G4P[8] strains were detected in the course of the study. The samples were
detected in 2007 and 2009 in Halifax and Ottawa, respectively. GOP[8] strains emerged
substantially in 2009. However, the emergence occurred in Ottawa samples only and was
limited to 2009. G9 strains were also found in 2007 and 2010 in Halifax and Saskatoon,

but only one sample was found in 2007 and two in 2010.
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Figure 6: Bar graph showing genotype prevalence over the four rotavirus seasons
of Canadian surveillance in this study.

Geographically, the most prevalent samples from all cities G1P[8] the most
(Figure 7). Prevalence of other strains varied but throughout all years of the study G1P[8]
was the predominant strain in all surveillance sites in all years except for Halifax in 2009.
Only 3 G1P[8] samples were detected in Halifax in 2009 out of a total of 22. Most
specimens from Halifax in 2009, of which 17 were detected, were G3P[8]. All sites,
except Toronto, detected G2P[4] strains. G3 strains were found in all sites except for
Toronto and Edmonton. G4 strains were only detected in two sites, while G9 strains were

only detected in three.
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Figure 7: Map showing the eight Canadian sites in this study. Raw data for the table can
be found in Table A5. A cumulative pie chart of all genotype data collected in the
surveillance study is shown in the top right corner of the map.

3.2 Full Genome Analysis

3.2.1 Analysis of Reassortment:

Full ORF sequencing of 84 rotavirus strains revealed that rotavirus reassortant
strains only exist for the VP7 genome segment. Canadian rotavirus isolates with five
different VP7 genotypes can be placed into one of two genogroups, which highly
correlate with genotypes in the other 10 genome segments. Other genome segments
associated with G1, G3, G4 and G9 rotavirus strains are almost always genogroup 11, or
Wa-like genogroup (includes the VP4 genotype P[8]) [Matthijnssens et al. 200843,
Matthijnssens et al. 2008b]. Genotypes and accession humbers for the 11 genome
segments of all 84 fully sequenced rotaviruses are found in Table 6 and A6, respectively.
All G2 strains are associated with segments that can be placed into genogroup | or DS-1-

like (includes the VP4 genotype P[4]) [Matthijnssens et al. 2008a, Matthijnssens et al.

2008Db]. The lack of reassortment amongst alternative genotypes was confirmed by
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statistical analysis comparing VP2 genome segments with all other non-VP7 genome
segments. McNemar’s test statistical analyses (contingency Table shown in Tables A7
and A8) indicate that there are two genogroups of rotavirus circulating in Canada, DS-1
like and Wa-like. In all Canadian strains the VP2 genotype does not differ from the
genotypes of all other non-VP7 genotypes for genogroup Il and I.

All non-VVP7 segments were confirmed to be in the Wa-like or DS-1-like
genogroup using previously described cutoff values of nucleotide identity. VP7
genotypes were assessed in the same way but there were more genotypes to consider
[Matthijnssens et al. 2008a].

The two main genogroups were further classified into subgenotypic groups when
distinct subgenotypic clusters were formed by Canadian strains. Appropriate cut-off
values for sub-genotypic clusters were evaluated on a segment to segment basis
(described below). As there are only eight genogroup | strains in every genome segment,
only one cluster was identified for most genome segments. However, phylogenetic

analyses of a few segments show a degree of genogroup | divergence meriting subgroups.
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Table 6: Genotypes as defined by open reading frame identities of the 84 fully genotyped Canadian samples. Genotypes are colour
coded by genotype. Genogroup | (DS-1) strains are coloured in red, the rest are genogroup Il (Wa) strains.

Sample

Testing Site |VP7| VP4 | VP6 | VP1 | VP2 | VP3 | NSP1 | NSP2 | NSP3 | NSP4

002-07

Quebec City

004-07

Quebec City

005-07

Quebec City

006-07

Quebec City

008-07

Quebec City

01207

Quebec City

013-07

Quebec City

015-07

Quebec City

016-07

Quebec City

018-07

Quebec City

019-07

Quebec City

025-07

Quebec City

028-07

Halifax

031-07

Halifax

032-07

Halifax

033-07

Halifax

034-07

Halifax

036-07

Halifax

037-07

Halifax

048-07

Ottawa

049-07

Ottawa

054-07

Ottawa

055-07

Ottawa

059-07

Ottawa

061-07

Ottawa

064-07

Ottawa

065-07

Ottawa

066-07

Ottawa

068-07

Edmonton

072-07

Edmonton

07407

Edmonton

077-07

Edmonton

092-07

Winnipeg

094-07

Winnipeg

095-07

Winnipeg

096-07

Quebec City

097-07

Quebec City

098-07

Quebec City

099-07

Quebec City

101-07

Quebec City

102-07

Quebec City

103-07

Quebec City

118-07

Ottawa

120-07

Ottawa

121-07

Ottawa

122-07

Ottawa

12407

Ottawa

125-07

Ottawa

128-07

Ottawa

131-07

Ottawa

133-07

Ottawa

134-07

Ottawa

135-07

Ottawa

172-07

Halifax

177-07

Halifax

178-07

Halifax

179-07

Halifax

185-07

Halifax

186-07

Halifax

187-07

Halifax

188-07

Halifax

193-07

Halifax

004-09

Quebec City

005-09

Quebec City

008-09

Quebec City

010-09

Quebec City

017-09

Halifax

018-09

Halifax

019-08

Halifax

020-09

Halifax

025-09

Halifax

026-09

Halifax

031-09

Halifax

038-03

Halifax

039-09

Halifax

053-09

Ottawa

060-09

Ottawa

063-09

Ottawa

070-08

Ottawa

07209

Ottawa

073-09

Ottawa

074-09

Ottawa

082-09

Ottawa

085-09

Ottawa

NSP5 | Year

2007
2007
2007
2007
2007
2007
2007
2007
2007
2007
2007
2007
2007
2007
2007
2007
2007
2007
2007
2007
2007
2007
2007
2007
2007
2007
2007
2007
2007
2007
2007
2007
2007
2007
2008
2008
2008
2008
2008
2008
2008
2008
2008
2008
2008
2008
2008
2008
2008
2008
2008
2008
2008
2008
2008
2008
2008
2008
2008
2008
2008
2008
2009
2009
2009
2009
2009
2009
2009
2009
2009
2009
2009
2009
2009
2009
2009
2009
2009
2009
2009
2009
2009
2009




Depending on the genome segment there were as many as 5 subclusters within the
genogroup Il cluster. Canadian strains in a single cluster for one genome segment did not
necessarily indicate they would be in the same subcluster throughout all genome
segments. Evolutionary divergence between clusters varied from segment to segment.
Subclusters for NSP1 strains, for instance, diverged by as much as 0.20 base substitutions
per site when pairwise identity was calculated using the Maximum Likelihood model in
the MEGA 5.0 program [Tamura et al. 2011]. Strains were considered in the same NSP1
subcluster if they differed by less than 0.06 base substitutions per site. Other segments’
genogroup Il clusters had varying cutoff values based on suitable divergence amongst
strains in different clusters with little overlap of strains in different clusters. Minimum
cut-off values between Canadian genogroup Il and I clusters are as follows: VP1 0.025,
VP2 0.02, VP3 0.05, VP4 0.04, VP6 0.035, VP7 0.05, NSP1 0.06, NSP2 0.05, NSP3
0.04, NSP4 0.08 and NSP5 0.02 base substitutions per site. Clonal viruses were
considered clonal when all of the sub-clusters in the 11 segment phylogenetic analyses
were identical. Although several clonal strains were found, there were many with
differences. Of the 76 genogroup |1 strains genotyped, 28 different clonal groups were
found. Likewise, the 8 G2 strains differed enough in some segments to create 4 different
clonal groups, but only differed in sub-genotypic clusters in the VP1, VP3 and NSP4

genome segments, as shown in Table 7.
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Table 7: Subgenotypic lineages for all 84 fully genotyped strains in this study. Colours in boxes correspond Lo the sub-genolype lineages defined in
10 segments. Sub-genotypes are also shown after the decimal in genotype boxes. As VP7 types are not sub-genotype differences but full genotype
differences, VP7 was not colour coded. Clonal numbers refer to identical genome (all genotypes and are the same)

VP7| VP4 |VPE VP1|VP2|VP3|NSP1|NSP2 NSP3 NSP4| NSP5 | Clonal

Semple |Testng Ste gy | ey | | Ry [ €| | ) | ooy | 0 | @) | () |numser|
006-07 [Quebec City | 1.1 1 2007
012-07 [Quebec City | 1.1 1 2007
016-07 [Quebec City | 1.1 1 2007
018-07 [Quebec City | 1.1 1 2007
033-07 [Halifax 11 1 2007
061-07 [Ottawa 1.1 1 2007
064-07 [Ottawa 1.1 1 2007
065-07 [Ottawa 1.1 1 2007
066-07 |Ottawa 1.1 1 2007
134-07 [Ottawa 1.1 2 2008
118-07 [Ottawa 1.1 4 2008
005-07 [Quebec City | 1.1 5 2007
049-07 [Ottawa 1.1 5 2007
097-07 [Quebec City | 1.1 5 2008
102-07 |Quebec City | 1.1 5 2008
193-07 |Halifax 11 5 2008
054-07 |[Ottawa 1.1 8 2007
179-07 |Halifax 11 8 2008
187-07 |Halifax 11 8 2008
188-07 |Halifax 1.1 9 2008
172-07 [Halifax 1.1 10 2008
133-07 |Ottawa 1.1 12 (2008
098-07 [Quebec City| 1.1 14 2008
095-07 [Winnipeg 1.1 15 2008
026-09 |Halifax 1.1 16 2009
099-07 [Quebec City | 1.1 17 2008
101-07 |Quebec City | 1.1 17 2008
005-09 [Quebec City | 1.1 17 2009
072-09 |Ottawa 1.1 18 2009
185-07 |Halifax 11 23 2008
028-07 |Halifax 11 24 2007
031-07 |Halifax 1.1 24 2007
055-07 |[Ottawa 11 24 2007
178-07 |Halifax 11 24 2008
186-07 [Halifax 1.1 24 12008
015-07 [Quebec City | 1.1 27 2007
032-07 |Halifax 1.1 27 2007
092-07 [Winnipeg 1.1 27 2007
103-07 |Quebec City | 1.1 27 2008
122-07 |Ottawa 1.1 27 2008
124-07 |Ottawa 1.1 27 |2008
063-09 [Ottawa 1.1 27 2009
082-09 [Ottawa 1.1 27 2009
019-07 [Quebec City | 1.2 13 2007
177-07 |Halifax 12 22 2008
072-07 |Edmonton 12 25 2007
074-07 |Edmonton 1.2 25 2007
077-07 |Edmonton 12 25 |2007
120-07 |Ottawa 1.2 25 2008
135-07 [Ottawa 1.2 25 2008
094-07 [Winnipeg 1.2 26 2007
070-08 |Ottawa 1.2 28 2009
002-07 |Quebec City | 3 5 2007
013-07 [Quebec City| 3 5] 2007
025-07 |Quebec City | 3 6 2007
131-07 |Ottawa 3 6 2008
004-07 [Quebec City| 3 7 2007
017-09 |Halifax 3 T 2009
019-09 |Halifax 3 7 2009
020-09 |Halifax 3 T 2009
025-09 [Halifax 3 7 2009
031-08 [Halifax 3 7 2009
037-07 [Halifax 3 11 2007
059-07 |Ottawia 3 11 2007
121-07 [Ottawa 3 11 2008
004-08 [Quebec City| 3 11 2009
010-09 [Quebec City| 3 11 2009
018-09 |Halifax 3 11 2009
048-07 |Ottawia 4 20 2007
038-09 [Halifax 4 il 2009
039-09 [Halifax 4 21 2009
034-07 [Halifax 9 3 2007
060-09 |Ottawa 9 3 2009
073-09 |Ottawa 9 3 2009
053-09 |Ottawa 9 19 2009
085-09 [Ottawa 9 19 2009
008-07 [Quebec City| 2 1 2007
068-07 |Edmonton 2 1 2007
096-07 [Quebec City| 2 1 2008
125-07 [Ottawa 2 1 2008
074-09 |Ottawa 2 1 2009
036-07 |Halifax 2 2 2007
128-07 |Ottawa 2 3 2008
008-08 |Quebec City | 2 4 2009




3.2.2 Analysis of Phylogenetics and Motifs:

Many amino acid motifs involved in rotavirus protein structure, function and
antigenicity were analyzed. Motifs were analyzed and compared to those previously
found in the rotavirus literature, as described in Table 3.

VP1:

The VP1 segment encodes the RNA-dependant RNA polymerase. Phylogenetic
analysis of the VP1 segment of Canadian rotaviruses revealed high relatedness within the
Canadian strains shown in Figure 8. All Canadian strains in the same genotype differed
by less than 0.05 nucleotide substitutions per site. Of the 84 strains sequenced, the 76 R1
strains clustered into four sub-genotypic lineages defined by identities of less than 0.025
nucleotide substitutions per site. The largest of the three lineages contained 50 Canadian
strains and was closely related to the type strain Matlab 13-03. Lineage 2 contained 23
strains and was highly conserved. No type strains fell within sub genotypic lineages 2 or
4, but they were most closely related to the Wa type strain. Lineage 3 was highly
identical to Wa, but only contained two strains, RT094-07 and RT070-09. Strain RT177-
07 fell into lineage 2, but evidently differs from most Canadian strains including many
within its lineage. RT177-07 is most closely related to Wa but is also fairly closely
related to the type strain IAL28. R2 strains clustered into two single sub-genotypic
clusters, based on the previously stated cut-off value of 0.025 nucleotide substitutions per
site. Two Canadian strains, RT128-07 and RT008-09, were in cluster 1 and the other six
Canadian R2 strains were part of sub-genotypic lineage 2. All R2 strains were most

identical to RV176-00. The phylogenetic tree for VP1 is shown in Figure 8.
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Figure 8: Neighbor Joining phylogenetic tree with 2000 bootstraps of the VP1 genome segment. Square
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Five VP1 motifs were analyzed. They included those predicted to function in the
RNA-dependant RNA polymerase (RdRp) as bivalent cation coordinating motifs, and
sugar selection motifs [Vasquez-del Carpio et al. 2006]. All of the VP1 motifs are part of
the right-hand resembling finger and palm region of the RdRp. All of the described
motifs (A-D and F) were completely conserved, except for motif D, which had two
variable sites. Two of the 84 strains tested had a mutation causing variation in the alanine
at position 665. The alanine changed to valine or threonine. At position 666, 1 of the 84
samples analyzed contained a mutation resulting in the change of the charged amino acid
lysine to asparagine. All mutations found were in samples that were part of the R1
genotype group. A representative alignment of several samples in the study and type

strains can be found in Figure 9.

[ Molif - ] | Motif A ] | Motit B
Genotype AA. AA. AA.

Wa R1 454 V I FIL 517 L v 584 AV A AA
Ku R1 454 V I F1lL 517 L v 584 AV A AA
RT004-07 R1 454 V I1FIL 517 L v 584 AV A AA
RT064-07 R1 454 V I F1lL 517 L v 584 AV A AA
RT099-07 R1 454 V I1TFIlL 517 'L \' 584 AV A AA
RT118-07 R1 454 V I1TFIL 517 L v 584 AVA AA
RT133-07 R1 454 V I1TFIL 517 L v 584 AVA AA
RT177-07 R1 454 V I1TFI1L 517 L \ 584 AV A AA
RT038-09 R1 454 V I F1lL 517 L Vv 584 AV A AA
RT060-09 R1 454 V I1FIL 517 L v 584 AV A AA
RT070-09 R1 454 V I1TFIL 517 L v 584 AVA AA
Ds-1 R2 454 V I F1lL 517 L v 584 AV A AA
TB-Chen R2 454 V I FIL 517 L v 584 AV A A A
RT008-07 R2 454 V I F1lL 517 L Vv 584 AV A AA
RT125-07 R2 454 V I1FIL 517 L v 584 AV A AA
RT008-09 R2 454 V I1TF1lL 517 L v 584 AV A AA
AU-1 R3 454 V ITFI1L 517 (L \' 584 AV A AA

[ Molif B ] | Motif C ] Molif D |

Genotype AA. AA. AA.

Wa R1 601 I AlNLALI Ve24ia 1 ||V AV LIGIFIN 662 MM ANE VIS A L V v | A
Ku R1 601 I AlNLALI Ve4ial |8V AV LG FINee2 MINIANE VIS A LV v | A
RT004-07 R1 601 I A LALI V 624 11 v AV L F 662 MBS ANS V ALYV v | A
RT064-07 R1 601 I A LALI V 624 11 v AV L F 662 MBS A NS V ALYV v | A
RT099-07 R1 601 I A LALI V 624 11 v AV L F 662 M A ' ALV v I A
RT118-07 R1 601 I A LALI V 624 11 v AV L F 662 MBS ANS V ALYV v | A
RT133-07 R1 601 I A LALI V 624 M1 v AVL F 662 M A A" ALV v | A
RT177-07 R1 601 | AL ALI Vezdial |8V AV LIGIFIN G2 MIMIANE VIS A LV v | A
RT038-09 R1 601 I AlNL ALI Ve24ia Il |8V AV LG FIN 662 MINMIANS VI A LV v | A
RT060-09 R1 601 I AlNLALI Vezaigl ||V AV LG FINee2 MINANGE VIS A LV \ | A
RT070-09 R1 601 I AlNLALI Vez4illl | § Vv AV LIGIFIN 662 MIMIANE VIR A L V \ | A
Ds-1 R2 601 I A LALI V 624 1 v AV L F 662 M A v ALV v I A
TB-Chen R2 601 I A LALI V 624 11 v AV L F 662 MBS ANS V ALYV v | A
RT008-07 R2 601 I A LALI V 624 11 v AV L F 662 M A A" ALYV v | A
RT125-07 R2 601 I A LALI V 624 11 v AV L F 662 MBS ANS V ALV v | A
RT008-09 R2 601 I A LALI V 624 11 v AV L F 662 M A A" ALV v I A
AU-1 R3 601 I A LALI V 624 11 v AV L F 662 MM ANS V ALYV v | A

Figure 9: Representative amino acid alignment of the five RNA-dependant RNA-
polymerase motifs found in Canadian strains. Motifs are organized from lowest amino
acid residue to highest.
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VP2:

The VP2 genome segment encodes the core scaffold protein. Full genome
analysis of the Canadian rotavirus strains revealed two VP2 genotypes, C1 and C2.
Canadian strains in the C1 genotype clustered into three sub-genotypic lineages. The
largest of the three lineages, sub-lineage 1, included 31 Canadian strains. Sub-genotype 3,
the second largest sub lineage, was comprised of 27 strains. The largest two genogroup Il
clusters are most closely identical to the Matlab 13-03 type-strain, while sub-lineage 2,
comprised of 18 strains, is most identical to the P type strain. All G2 strains fall into the
same cluster and are most closely related to the type strain RV176-00. A phylogenetic
tree for the VP2 genome segment is shown in Figure 10.

Analysis of the region from amino acid 1 to 156, describing VP1, VP3 and NSP2
interacting domains, showed substantial variation [Heiman et al. 2008]. There were 26
variable sites, not including exclusively genotype-specific sites. In addition, amino acid
analysis revealed 33 genotype-specific variations among all C1 and C2 strains.

A comparison of G4 strains (which were C1 strains) with other C1 strains showed
that G genotype-specific alterations in the VP2 genome segment at sites 29, 30, 54 and
416 existed between G4 strains and other C1 strains. Several strains also contained
inserts, composed of poly-lysine and poly-asparagine, at lengths up to four amino acids,

beginning at amino acid 38. These strains’ inserts were not found in genogroup | strains.
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Figure 10: Neighbor Joining phylogenetic tree with 2000 bootstraps of the VP2 genome segment.
Square brackets represent genotypes, while coloured lines represent sub-genotypic lineages.
Measured in units of base substitutions per nucleotide.
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VP3:

Phylogentic analysis of the VP3 genome segment of Canadian rotaviruses showed
a relatively high amount of divergence within VP3 genotypes and between VP3
genotypes. The VP3 protein is part of the core structural protein group of rotaviruses,
thought to cap the viral mMRNA strains during transcription, and a degree of conservation
might be expected in this important functional gene. The largest of the three M1 sub-
clusters contained 55 of the 76 Canadian M1 strains. Sub-genotype cluster 1 is most
identical to the P type strain. Sub cluster 3 contains only the Canadian strain RT133-07.
RT133-07 is most identical to Matlab 13-03; a type strain that is often highly identical to
the majority of Canadian genogroup |1 strains, when considering other segments. The
final Canadian M1 cluster (sub cluster 2) contains 20 Canadian strains and is most
identical to the Wa type strain. Seven of the eight M2 genotype strains fall into the first
cluster, most closely related to the RV176-00 type strain. RT008-09 falls into the M2
sub-genotypic lineage 2 most closely related to DS-1, but has lower identity with DS-1 of

the other Canadian M2 strains. The VVP3 phylogenetic tree is shown in Figure 11.
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Figure 11: Neighbor Joining phylogenetic tree with 2000 bootstraps of the VP3 genome
segment. Square brackets represent genotypes, while coloured lines represent sub-
genotypic lineages. Measured in units of base substitutions per nucleotide.
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Analysis of the VP3 ORF region motifs showed many conserved structural and
functional motifs. Amino acids 447-474, consisting of the GTP/S-adenosyl-L-
methionine-binding region, are not completely conserved. There were several variable
sites in this region in the 76 M1 strains, as well as four genotype-specific variations in
M2 strains. Variations mostly occurred in the first 12 amino acids of the domain.
Roughly half of the sites in M1 strains varied in amino acids 447-459, while only 3 sites
showed any variation in the final 12 amino acids. M2 genotype strains were highly
conserved in this motif, except for three sites. The three variable M2 sites varied in only
one strain each. There was less variation when comparing the M2 strains with the M1
strains within the GTP/S-adenosyl-L-methionine binding region. The casein kinase I1
functional region described as K followed by TAMD region was found as KXTAMD,
where X was leucine in M1 strains and methionine in M2 strains. The casein kinase |1
region was completely conserved in residues 383-388. Cook and McCrae described a
potential guanylyltransferase activity site beginning at position 541 [Cook and McCrae.
2004]. Residues 541-545 are completely conserved with the sequence KPTGN, as
previously described [Cook and McCrae. 2004].

Structural motifs were also analyzed. All except one of the fifteen previously
described proline residues were found in the previously described position with complete
conservation within Canadian strains. However, the proline at position 502 was not found
in any of the Canadian sequences. Instead, proline sites at positions 182, 280 and 498
were completely conserved. The four cysteine residues described by Cook and McCrae
were all 100% conserved in the investigated strains. In addition, conserved cysteine

residue sites were found at position 78 and 528 in the Canadian strains.
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VP4:

Phylogenetic analysis of the VP4 protein, depicted in Figure 12, indicates that
there are four sub-genotypic lineages within the P[8] genotype of Canadian strains. Most
strains belong to lineage 1 while only single strains belong to lineages 3 and 4. Sub
genotypic lineage 1 is most closely related to the type strain P. Sub genotypic lineage 2
contains 11 strains and is most closely related to the Wa type strain. While most lineages
were closely related to the type-strain Wa, the sub-genotypic lineage 2 is distinct from
lineage 1. Lineage 4, made up of RT118-07, is most distinct from all other P[8] strains,
differing by up to 0.1223 nucleotide substitutions per site from other P[8] strains. RT118-
07 is most closely related to the lineage 3 strain, but differs enough not to be included in
lineage 3. All Canadian P[4] strains fall into the same sub-genotypic lineage and are most
closely related to the type strain TB-Chen.

Rotavirus spike proteins, coded for by the VP4 genome segment, have several
regions of structural and functional interest. Several functional cysteine residues at amino
acid sites 203, 317, 380 and 786 were previously described, in a lamb rotavirus [Chen et
al. 2009]. In the current study, cysteine residues were found at sites 215, 317, 379 and
773. Although the positions have changed, it is likely that functional homology is
conserved, since the four residues align in conserved regions throughout all rotavirus
genotypes. Previously described functional proline residues were found completely
conserved in all genotypes. There was however a deletion in the Canadian human strains
when compared to the lamb strain causing the final two prolines to shift to positions 224

and 225 rather than 225 and 226 [Chen et al. 2009].
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Residues 377 to 395, comprising the internal fusion domain described by Chen
and colleagues [Chen et al. 2009], were found to be highly conserved. There was some
variability amongst all strains in 2 sites (384, 392). However, this variability was rare and
for the most part the site was well conserved. There were also four P[4] genotype-specific
variations noted in this region (384, 391, 396 and 399).

In Canadian strains the potential arginine residues marking VP4 cleavage sites
are located at the conserved positions 230 and 240, but site 246 varies in one strain,
RT120-07 [Gilbert and Greenberg. 1998], having a lysine at position 246 instead of
arginine.

Coulson and colleagues described potential integrin ligand binding sites on the
VP4 spike protein in a 2003 publication. One important motif was a R-D-G-E motif
found in Rotavirus A strains, which is a motif known to bind specific of heterodimeric
transmembrane glycoprotein ligands [Coulson et al. 1997]. In the 84 sequenced Canadian
samples the R-D-G-E site can be found at residues 306-309 and is completely conserved.

Antigenic amino acid motifs were also examined in this study. The previously
analyzed antigenic amino acids of the P[8] sequence from RotaTeq and Rotarix were
used as reference residues [Zeller et al. 2011]. Comparing antigenic sites involved taking
into account the position changes caused by the amino acid deletion in Canadian strains,
few of the domains, described previously by Zeller and colleagues, were conserved. As
previously described, all sites in the 8-1 region were variable except for site 100 and 193.
Amino acid 192 varied in a genotype-specific manner. Most variations in region 8-1 were
rare, if a site was analyzed individually. However, when looking at the 8-1 motif as a

whole, one or more differences between the Canadian strains and vaccine strains were
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identified. Analyzing variations temporally, it was shown that site 149 changed from
asparagine to serine in both P[8] and P[4] strains in 2007-2008. However, in 2009, the
variation only occurred in P[4] strains. Also, variation from RotaTeq amino acids was
more frequent in 2009 than in 2007 or 2008 at sites 194 and 195.

Antigenic region 8-2 was nearly completely conserved in Canadian rotavirus
strains. However, there was a difference in the amino acid sequence at residue 182 in
strain RT026-09.

Domain 8-3 contained a few highly variable sites, such as sites 113, 125, 131 and
135. Interestingly, when comparing sites 125, 131 and 135 temporally, the strains were
variable in 2007 and 2008, but all residues were conserved and identical to RotaTeq in
2009. Most sites contain genotype-specific P[4] variability that is divergent from
RotaTeq in antigenic region 8-3; the alignment is shown in Figure 13. Antigenic region
8-4 is completely conserved in Canadian strains except for residue 89, which varies from
RotaTeq in P[4] strains only.

Analysis of the VP5* (asterisk identifies products of VP4 cleavage) region of the
VP4 protein involves five antigenic epitopes. The first of these epitopes is conserved
within genotypes, but not intergenotypically in most sites. In the eight sites of the epitope
that were analyzed, all P[4] strains differ from RotaTeq at sites 383, 385, 387, 392, and
439 and are completely conserved. P[8] strains differ from RotaTeq in sites 383 and 385
only, and are otherwise completely conserved. All other VP5* sites were completely
conserved and had the same residues as RotaTeq except for epitope 5-5 at residue 305, in

which all P[4] strains contained a serine rather than a lysine residue.
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Figure 13: VP4 antigenic motif alignment using the vaccine sequences in these
regions as references. Four VP8* motifs and five VP5* motifs were analyzed.
VP6:

The positions of Canadian rotavirus strains within the phylogenetic tree revealed
high identity within genotypes. Figure 14 shows the phylogenetic tree for Canadian VP6
genome segments. There were two distinct clusters of Canadian strains in the 11
genotype. One strain, RT019-07, was related highly to both sub-genomic lineages, but
was more closely related to lineage 2 strains. There were 51 sub-genotype 1 Canadian
strains and about half of those were in lineage 2. Lineage 1 strains were highly identical
to the type strain Matlab 13-03, while sub-genotypic lineage 2 strains were most identical
to the ST-3 type strain. The 12 genotype strains were highly identical to each other.
However, the 12 strains differed substantially from the type strains DS-1, TB-Chen and

L26. Rather, the 12 strains clustered with R\VV176-00 and B1711.
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Figure 14: Neighbor Joining phylogenetic tree with 2000 bootstraps of the VP6 genome segment. Square
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Key differences in the amino acid sequences of the VP6 trimerization domain are
mostly genotype-specific; amino acid sequences are highly conserved within genogroups
between amino acids 246-314 [Affranchino and Gonzalez. 1997].

The B and H domains of the VVP6 protein were named based on their folding
pattern. B and H domains contain sub domains interacting with VP2, VP4 and VP7
proteins [Affranchino and Gonzalez. 1997, Heiman et al. 2008]. The regions specifically
encoding binding sites to VP2, VP4 and VP7 are relatively large amino acid sequences
compared to other binding domains. The sequences seem to be highly conserved within
genotypes, with a steady number of genotype-specific variations throughout. However,
the variations are well spaced throughout the genome segment and highly conserved

within the genome segments.

VPT:

Canadian strains and their respective genotype clusters are shown in Figure 15.
VVP7 components of Canadian strains fall into five different VP7 genotypes. Of the strains
fully genotyped only the G1 Canadian strains were divided into two subgenotypic
lineages, the larger of which is less identical than the smaller. Canadian G2 strains were
most closely identical to the TB-Chen strain and more divergent from the DS-1 type
strain. Canadian G9 strains were more closely identical to RMC321 than to the Indian
strain 116E. Canadian G3 strains were more closely related to the P type strain than the

AU-1 type strain.
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The 84 chosen VP7 genome segment motifs are based on the antigenic regions of
the VVP7 protein [Zeller et al. 2011]. Antigenic amino acid groups were grouped into
epitopes found in different regions of the VP7 protein. Major epitopes include 7-1a, 7-1b
and 7-2. Amino acids from these epitopes that were analyzed were residues known to be
associated with antigenic escape. In this case, these sites were analyzed with vaccines in
mind. In region 7-1a, there were several genotype-specific changes. In fact, only two sites
were conserved in all Canadian genotypes. The most divergent strains, from the vaccines
and other genotypes, were G2 strains, differing from Rotarix in 9 of 14 residues and up to
4 from the RotaTeq vaccine in the G2 region. Canadian G4 strains were also very
divergent from Rotarix with variations in seven sites, but only two were divergent from
the G4 strain of RotaTeq. All strains contained variations in epitope 7-1a at sites known
to cause immune escape except for G3. Canadian G9 strains (which have no
corresponding VP7 protein in vaccines) contained only three variable sites when
compared to the G3 of RotaTeq. However, G9 differed in several additional sites when
compared to the Rotarix VP7 component. G1 strains differed more from RotaTeq than
Rotarix. Moreover, G1 had the least conservation within the genotype, when compared
to other genotypes.

Analysis of antigenic site 7-1b involved surveying six amino acids, one of which
was conserved among all genotypes. Both vaccine strains completely matched all
Canadian G1 amino acids for the first five amino acids of this epitope. A single G1 strain,
RTO072-07, did not match vaccine strains at this epitope, since it had an isoleucine residue
rather than a valine residue at site 212. There was also some variation at residue 242 in

the Canadian G1 strains. The G2 strains differed from the G2 of RotaTeq in two sites,
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and from Rotarix in three sites. One site in the 7-1b epitope was variable within the G2
genotype. The G2 variable site often did not correspond with the G2 component of the
RotaTeq vaccine or with the VP7 component of the Rotarix vaccine, as shown in Figure
16. Epitope 7-1b diverged most from both vaccines amongst G3 strains. In this epitope
G3 strains differed from Rotarix in four sites and from RotaTeq G3 in three sites.
Canadian G4 and G9 strains contained the same sequence for the first five amino acids of
this epitope, which varied from the RotaTeq G4 component at a single site and from
Rotarix at three sites. The final site of the epitope (not usually associated with escape
mutants) was G1-like in G4 strains and G2-like in G9 strains.

Canadian strains differed greatly from Rotarix at site 147 of the 7-2 epitope. In
fact, all strains except for some G1 strains differed from the Rotarix vaccine at site 147.
RotaTeq vaccines matched all non-G1 strains very well in this epitope. G4 and some G1
strains were the only genotypes in which there were Canadian strains with potential
amino acid variations capable of immunological escape from RotaTeq. Despite the single
mismatch at site 147, Rotarix was well matched to most G1 strains. However, Rotarix
was a poor match to other genotypes in the 7-2 epitope, especially with G2 strains. Seven

of nine residues differed from Canadian G2 strains when compared to Rotarix.
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Figure 16: Representative amino acid alignment of VP7 antigenic regions. Strains are
organized by VP7 genotype under their respective vaccine genotype component if
applicable. Three VP7 antigenic motif regions were analyzed.

NSP1:

Variation of NSP1 is demonstrated by phylogenetic analysis, shown in Figure 17.
Phylogenetic analysis for NSP1 was greatly skewed when using the chosen outgroup,
PO-13, to such a high degree that a substitute outgroup, T152, was used instead. Amino
acid homology of P0-13 compared with mammalian viruses ranges from 16-18% [Ito et
al. 2001].

Analysis of Canadian rotavirus nucleotide sequences showed as many as 0.1942

base substitutions per site within the Al genotype. The Al strains were divided into two

distinct sub genotypic lineages. The larger of the two sub-genotypic lineages (sub-
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genotype 2) contained 49 Canadian strains out of the total 76 Al strains. The larger group
was highly identical to the NSP1 genome segment of Matlab13-03. There were 27 Al
strains in the sub genotypic lineage 1, which was highly identical to the P type-strain. A2
strains fell into one sub-genotypic lineage which was highly identical to RV176-00. A
phylogenetic tree for Canadian VP6 genome segments can be found in Figure 17.

The only motif analyzed for the NSP1 genome segment is the cysteine rich RNA-
binding motif. The binding motif, previously described by Hua and colleagues in 1993, is
cysteine rich but does not follow the sequence C-X;-C-Xg-C-X3-H-X-C-X,-C-X5-C [Hua
et al. 1993]. Instead, Canadian strains contain a cysteine rich domain with the conserved
sequence C-X;-Cy-X7-C-X;,-C-X3-H-X-C-X,-C-Xs-C. The amino acid motif is quite

similar, but not identical to, the originally described RNA-binding motif.
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Figure 17: Neighbor Joining phylogenetic tree with 2000 bootstraps of the VP7 genome

segment. Square brackets represent genotypes, while coloured lines represent sub-genotypic

lineages. Measured in units of base substitutions per nucleotide.
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NSP2:

Phylogeny of the NSP2 genome segment showed divergence of roughly 0.05
bases per site within sub-genomic clusters. Given a maximum of 0.05 base substitutions
per site cut-off, 5 sub-genotypic lineages were made for the N1 genotype. Having 5 sub-
genotypic lineages gives NSP2 the highest number of lineages. Lineage 1 is most closely
related to the G12P[6] strain Matlab 13-03. Lineages 2 and 3 are quite distinct and are
more closely related to 116E and Wa, respectively. Lineage 4 and 5 are closely related to
each other and are most closely related to the P strain of rotavirus. Lineage 4, consisting
of only the RT133-07 strain, is related to P but falls outside of the cut-off value to be
included in sub-genotypic lineage 5.

All N2 rotaviruses are quite distantly related to the type strains DS-1 and TB-
Chen. N2 strains are rather closely related to the G12P[6] DS-1-like strain RV176-00.
Total variation within the N1 or N2 genotypes amongst Canadian strains was as high as
0.1223 base substitutions per site. A phylogenetic tree for NSP2 strains can be seen in

Figure 18.
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The NSP2 protein is a viroplasm coordinating protein. There is an affinity for
NSP2 to bind RNA with its basic binding region between residues 205 and 241 [Patton et
al. 1993]. Canadian rotavirus sequence data show that this region is highly conserved and
basic with few variations within the motif. Variable sites include residues 205, 206, 215,
218, 230 and 239. Sites 230 and 239 differed in one sequence each. Sites 205, 206 and
218 were more highly variable but always contained neutral, non-polar amino acids such
as valine, leucine and isoleucine. Variability at site 215 was genotype specific, changing
from arginine in N1 strains to lysine in N2 strains. Other functional sites include a
nucleotide binding motif at sites 221 to 227 and a magnesium ion binding region
requiring glutamic acid at site 153 and tyrosine at 171. The motif between 221 and 227 is
completely conserved and contains the previously described histidine residue at site 225
surrounded by charged amino acids. The sequence is not the previously described
histidine triad (H-X-H-X-H-X-X) motif, as there is a H223K with complete conservation.
The magnesium ion binding residues at sites 153 and 171 are completely conserved in
Canadian strains, as shown in Figure 19 [Jayaram et al. 2002, Vasquez-Del Carpio et al.

2006].

I RNA-Binding Region

Genotype [188] 205]206] 207[ 208] 209] 210] 21 1]212] 213[ 21 4] 215] 216] 21 7] 218] 219] 220] 221 [ 222] 223] 224] 225] 226 227] 228 220] 220] 231] 232] 233] 234 235] 236] 237] 238 239] 240] 241

TB-Chen N2
RT008-07 N2
RT125-07 N2
RTO008-09 N2
AU-1 N3

Figure 19: NSP2 RNA-binding region alignment. Strains are organized by genotype.
There is a reference type-strain for each genotype. The putative HIT-like motif with
NTPase capabilities is highlighted in red.

Wa N1 L VA I F AV v Vv vV A A v
Ku N1 L I A L F AV v v vV A A v
RT004-07 N1 I v A L F AV v Vv vV A A v
RT064-07 N1 L VA L F A | v Vv vV A A v
RT099-07 N1 L VA L F AV v Vv vV A A A
RT118-07 N1 I Vv A L F AV v Vv vV A A v
RT133-07 N1 L VA L F AV v Vv vV A A v
RT177-07 N1 L I A L F AV v Vv vV A A v
RT060-09 N1 I Vv A L F AV v Vv vV A A v
RT070-09 N1 L VA L F AV v v vV A A v
RT085-09 N1 L VA L F AV v v vV A A A
Ds-1 N2 L I A L F AV v v vV A A v
L I A L F AV v Vv vV A A v

L I A L F AV v Vv vV A A v

LI A L F AV v Vv vV A A v

L I A L F AV v v Vv A A v

vV A L AV vV Vv vV A A v

L

m
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Structural motifs in the NSP2 genome segment include four previously described
cysteine residues at amino acid sites 6, 8, 85 and 285 [Patton et al. 1993]. In Canadian
samples, the cysteine residue sites are consistent with those described previously and

completely conserved.

NSP3:

T2 NSP3 segments can differ from T1 segments by as many as 0.3880 base
substitutions per site. The vast difference between the two genotypes and their lack of
reassortment supports the idea of reassortment between lineages being very rare due to
incompatibility of reassortant protein-protein interactions.

Four sub-genomic clusters of T1 strains exist. Every strain within an NSP3 sub-
genomic lineage is within 0.04 base substitutions per site from all others within the
lineage. One strain, RT188-07, differed substantially from all other Canadian T1
rotaviruses, but not enough to be considered a new genotype. RT188-07 was shown to
have 0.1318 base substitutions per site when compared pairwise to the type strain Wa.
However, the strain did fall into its own sub-genomic lineage, being the most closely
related to strain 116E. The T1 subgenomic lineages 1, 2 and 3 were all distict but most
closely related to the P rotavirus strain. All Canadian T2 strains were part of the same
sub-genomic lineage most closely related to RVV176-00. The tree for NSP3 can be seen in

Figure 20.
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Figure 20: Neighbor Joining phylogenetic tree with 2000 bootstraps of the NSP3 genome segment. Square brackets
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Motifs analyzed for the NSP3 protein include a putative RNA binding motif,
which is potentially a site used to downregulate cellular mRNA [Arnoldi and Burrone.
2009]. In addition, structural motifs and oligomerization motifs were examined. The
motif described as the RNA binding motif was found with the methionine amino acid in a
slightly different position in Canadian strains. In Canadian T1 strains the methionine
residue was found at site 103, while had been previously described as one residue to the
left of the second leucine base, at site 104 [Rao et al. 1995]. The amino acid sequence L-
X-M-X-L-S-X-X-G was found in all Canadian T1 rotaviruses. The T2 RNA binding
motif was similar; except in T2 rotaviruses, where the methionine at position 103 became
a leucine and was followed by another leucine. Apart from genotype-specific variations,
the RNA binding region and leucine zipper region were highly conserved.

Two completely conserved cysteine residues were found at residues 120 and 136.
The other structural cysteines were highly but not completely conserved amongst T1
Canadian strains, while T2 strains contained no additional cysteine residues [Rao et al.
1995].

The oligomerization domain between residues 181 and 236 has conserved
hydrophilic and hydrophobic domains with the T1 and T2 genotypes with few
exceptions. However, the sequences are genotype specific, differing at many sites and

definitely altering polarity between the two types [Rao et al. 1995].

NSP4:

Phylogenetic analysis of the NSP4 genome segment demonstrated 2 sub-genomic

E1 lineages and three different Canadian sub-genomic E2 lineages. Most E1 strains
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follow sub-genotypic lineage 1, which is most closely related to Matlab13-03 rotavirus.
Lineage 2 E1 viruses are most closely related to the genotype-defining strain, Wa.

The E2 genotype strains were more diverse than the E1 strains. Strains RT036-07
and RT008-09 cluster together in sub-genotypic lineage 1, which is most closely related
to the G8P[10] strain 69M. RT128-07 falls into Canadian lineage 2 by itself, being most
closely related to the G12P[4] strain L26. The remaining five E2 rotaviruses fall into
Canadian lineage 3, which is most closely related to the G6P[6] type strain B1711. A
phylogenetic tree for NSP4 can be seen in Figure 21.

Domains analyzed within the NSP4 genome segment included hydrophobic
domains, the oligomerization domain, the VP4 binding domain, the core binding domain
and the enterotoxin domain. All of these described domains were not completely
conserved, especially the VP4 binding domain. Several of the changes in the amino acid
sequence were genotype specific.

All hydrophobic regions described were highly conserved. Variations were
spontaneous and rare except for the E2-specific serine residue at site 19.

Analysis of the enterotoxin domain spanning residues 114-135 showed high
homology in all NSP4 genotypes. Three residues showed minor variation from the

dominant amino acid sequence, but these changes and slight variability had been noted in
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the past [Horie et al. 1997]. The final variations found in the enterotoxic region, N134K,
were genotype specific, occurring only in E2 rotaviruses. The enterotoxin domain lies
within the VP4 binding domain, which is fairly variable, in contrast to the enterotoxin
domain. The variation of the domain spanning from amino acid 112-148 is greatest
between sites 135 and 143, as shown in Figure 22. The variable region can be divided
into groups by phylogenetic tree analysis. Patterns such as the aspartate-lysine
combination, at sites 136 and 137 only occur in subcluster 2 of E1 genotypes, while the
valine residues commonly occur at site 142 for subcluster 1 of E1 genotypes. E2
genotypes were highly conserved within the genotype but varied greatly from E1 strains
between residues 135 and 143. The pattern of sub-clustering in the NSP4 E1 genotype
strains (correlating with the VVP4-binding domain variations) was used to group VP4
strains and predict which amino acids in VP4 may play a role in binding NSP4. Only one
VP4 site, site 281, was synchronous with the variation pattern for the VVP4-binding region
of NSP4.

The oligomerization domain was also highly conserved, as shown in Figure 22.
There were six sites of variation between residues 86 and 106, three of which were E2
specific. Variation within the oligomerization domain aside from the genotypic
differences appeared rarely and strains did not contain more than one of the noted
variations [Horie et al. 1997].

A final binding domain, the inner-capsid binding domain, was also analyzed for
conservation. Unlike the VP4 binding domain, this one was conserved. There were five
sites of variation noted, one of which was solely genotype specific. Other variations

showed bias toward the E2 genotype, but also included some E1 genotype strains. These
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mutations were commonly asparagine or isoleucine to serine conversions. Two of the

variation sites changed rarely [Horie et al. 1997].

| Oligomerization-Associated Domain | VP4 Binding Domain
Genotype AA. AA.
Wa E1 86 v | M v M 112 M | L VIBLL L1
Ku E1 86 v | M v M 112 M | L VIBLL L1
RT004-07 E1 86 v | M v M 112 M | L VIBLL L1
RT064-07 E1 86 v | M v M 112 M | L VIBLL L1
RT099-07 E1 86 v | M v M 112 M | L VIBLL L1
RT118-07 E1 86 v | M v M 112 M | L VEBLL L1
RT133-07 E1 86 v | M v M 112 M | L VIBLL L1
RT177-07 E1 86 v | M v M 112 M | L VEELL L1
RT038-09 E1 86 v | M v M 112 M | L VIBLL L1
RT060-09 E1 86 v | M v M 112 M | L VIBLL L1
RTO70-09 E1 86 v | M v M 112 M | L VIBLL L1
DS-1 E2 86 | | M v Vv M 112 M | L VEBLL LM
TB-Chen E2 86 | ! M v Vv M 112 M | L VIBLL L1
RT008-07 E2 86 | | M vV Vv M 112 M | L VIBLL L1
RT125-07 E2 86 1 I M vV M 112 M | L VEELL L1
RT008-09 E2 86 | | M v Vv M 112 M | L VIBLL LV
AU-1 E3 86 | | M Vv M 112 M | L VEBLL L1
[ VP4 Binding Domain | | Inner Capsid Binding Domain ]

Genotype AA.
Wa E1 136
Ku E1 136
RT004-07 E1 136
RT064-07 E1 136
RT099-07 E1 136
RT118-07 E1 136
RT133-07 E1 136
RT177-07 E1 136
RT038-00  E1 136
RT060-09 E1 136
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Figure 22: A representative amino acid alignment of five important NSP4 domains. The
enterotoxin domain within the VP4 binding domain is depicted above, while the rest of
the domain is depicted below. The oligomerization domain is important for functionality
of the NSP4 protein. The inner capsid binding domain plays a large role in viral assembly
during viral replicaion. Strains are organized by NSP4 genotype.
NSP5:

Phylogenetic analysis of the NSP5 genome segment reavealed 2 H1 sub-
genotypic lineages with 64 and 12 strains, respectively, as shown in Figure 23. The larger
of the H1 lineages was highly identical to Matlab13-03, while the smaller was highly

identical to the Wa type-strain. The two lineages appear quite distinct on the phylogentic

tree, but differ by as little as 0.0338 nucleotide substitutions per site. The distinction
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between the lineages is more attributable to the high identity between the strains within
each sub-genotypic lineage.

Only one Canadian H2 lineage was shown in phylogenetic analyis. The H2
lineage was most highly identical to B1711, but also very highly identical to RV176-00
and TB-Chen. Canadian H2 strains are divergent from DS-1 in comparison to the other
H2 type-strains included in the study, as seen in Figure 23.

The NSP5 genome segment was described as having two conserved structural
cysteine residues and a conserved multimerization site. The functional cysteine residue at
amino acid position 173 was completely conserved in all genotypes. However, position
170 was only conserved in the H1 genotype strains. The H2 lineage strains had an
alternative cysteine residue at site 176. There were also H1 specific cysteine residue sites
at positions 105 and 125 and an H2 specific cysteine residue at site 148. The previously
defined multimerization domain, required for proper function of the NSP5 protein, was
completely conserved in a genotype-specific manner. Two residues differed between H1

and H2 genotypes, within the residues 147-157 [Torres-Vega et al. 2000].
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3.2.3 Analysis of Heminested Multiplex PCR Assays:

Genotypes were distinguished by heminested multiplex PCR assays, as described
earlier. Genotypes were confirmed by partial sequence analysis from the genotyping
incidence study and were often confirmed again by full genome sequencing. The whole
genome study sequences were separated into genotypes in Mega 5.0 to assess the primer
binding sites for those genotypes.

Only five G genotype-specific primers and two P genotype specific primers were
assessed, as well as the end primers VP4F, VP4R, VP7F, VP7R, Con2 and Con3
[Gentsch et al. 1992, Gouvea et al. 1990, Iturriza-Gomara et al. 2000, Iturriza-Gomara et
al. 2004, Simmonds et al. 2008]. Primers analyzed from the heminested multiplex PCR
assay include those found in Table 11.

Upon assessment of the end primers, only a few mismatches were noted. Single
mismatches to the VP7F primer were found in a G9 strain and a G3 strain at different
sites. These strains were both 2007 isolates and the mutation did not reappear in any more
recent isolates of any genotype. The VP7R primer had three common mismatches
beginning with a transversion at the first nucleotide at the 5’ end of the primer. The other
two mismatches are transitions at sites complementary to the fourth and sixth thymine
residues of the primer and are quite common.

The most common G type was G1. The alignment of Canadian G1 strains
indicated that the target region for the currently used aBT1 (G1) primer is fairly
conservative. However, there were 6 sites found with mismatches to fully sequenced G1

strains. Five sites were rarely mismatched, with four or fewer strains containing the
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mismatch. The sixth site corresponded to the seventh base from the 3° end of the primer.
The mismatch was very common, occurring in 67% of G1 strains.

The primer for G2 strains, aGT2, was assessed on only 8 Canadian strains but
contained several mismatches. The target site for the G2 primer was highly conserved
amongst Canadian G2 strains, containing only one variable site in the 25 base pair target
region. However, the target site contained up to four primer mismatch sites, three of
which were mismatches for all G2 Canadian isolates. In addition, there were only four
strictly G2 genotype-specific sites in the target region. There were some G2-specific sites
in the target region rarely shared by strains with other genotypes.

The G3 primer targets a highly conserved VP7 region among Canadian G3
strains. However, there is one site where the primer and Canadian strains are mismatched.
The mismatch is a transition mutation at the sixth adenine in the primer, which occurs
near the middle of the primer. There are three G3-specific sites in the target region, as
well as several sites that are contained in all G3 isolates and only occur in other
genotypes at low frequency.

Only three G4 genotype isolates were available to be analyzed for this study but
they are highly conserved in the primer target region. The fifth guanine residue in the
target region is the only variable nucleotide amongst the Canadian G4 isolates. Aside
from the variable site in the G4 strain, there are three primer mismatches. The three
mismatches occur in the first three residues at the 5° end of the aDT4 (G4) primer
sequence.

The G9 primer targets a region that is highly conserved among Canadian G9

isolates. While there are only three genotype specific residues, there is high variability
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among other genotypes in the target region. There are two bases in which there is
variability in the Canadian G9 primer target regions. The variability only occurs in one
strain, which could be an anomaly. There are no mismatches to the G9-specific primer if
the two rarely-variable sites are not considered.

Similar analysis was used to assess the VP4 primers used to genotype Canadian
strains. Two sets of primers were used for the RT-PCR step, and both were analyzed for
mismatches. First, Con-3 is a VP4 forward primer developed based on the Ku strain of
rotavirus, by John Gentsch and colleagues at the CDC. Upon comparison to an alignment
of Canadian strains it was shown that the Con-3 target site is highly conserved. The Con-
3 target site also contains very few mismatches in its target region. However, the target
sequence is offset by a thymine residue found 10 bases from the 5’ end of where the
primer should bind. In addition, the target sequence lacks the fifth thymine residue. The
sequence seems to have shifted in the middle of the primer target site. Two of the five
residues between inserted and deleted residues are mismatched due to the shift. Other
than the shift, the target sequence is highly conserved, with only three isolates containing
rare single mismatches to the primer.

The Con-2 primer targets a fairly genetically stable sequence. Alignment of the
Canadian isolates revealed five sites where primer-target mismatches occurred. Four of
the sites were rare, and did not occur with other mismatches. However, one mismatch
was more common. The second cytosine base in the target sequence often underwent a
transition mutation to thymine.

VP4-F targets a highly conserved region in the VP4 genome segment. The

targeted region contained only one rarely occurring mismatch near the 5’ end. VP4-R
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however, has five sites where transition mutations occur from adenine to guanine in the
target sequence. Only one of the five potential mismatched sites is common for the VVP4-
R target region.

Two P-typing primers were analyzed for matching Canadian genotyping target
regions, 1T-1DCDN and 2T-1 for P[8] and P[4] strains, respectively. The P[8] target site
IS variable in comparison to most genotype-specific target sites. The P[8] target site
contains seven variable sites, five of which exist in more than 10% of Canadian P[8]
strains. While the P[8] primer does have 4 degenerate bases, there are common
mismatches that are unaccounted for. The area chosen for this primer has recently
evolved to become fairly variable. P[4] strains analyzed show more variation in the P[8]
target sequence and are more conserved, so it is not likely there are any false P[8]s.

The 2T-1 target site is far more stable than the P[8] target site. There are seven
genotype-specific bases and the site is completely conserved among Canadian P[4]
strains. The primer is well matched to the target site, and differs at only a single base.

Both G-typing and P-typing assays contained primers in the multiplex assay that
were not fully analyzed in target sites since no Canadian strains contained genotypes
matched to those primers. Other primers not analyzed but in the multiplex include: aAT8

(G8), G10, G12, 3T-1 (P[6]), 4T-1 (P[9]), 5T-1 (P[10]) and ND2 (P[11]).

3.3 Real Time PCR Assay:
A novel real-time PCR assay was developed for detection of rotavirus in stool
sample extracts. Standard curves were created using 10-fold serial dilutions of RNA

transcripts. RNA transcripts were 586 bp in length, derived from strains RT006-07 (C1)
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and RT036-07 (C2). They were successfully amplified by the primers and Tagman

probes designed for the assay. The serial dilution used for both standard curves was from
5 x 10 copies to 5 x 10° copies per reaction. The C1 probe detected the lowest dilution
on the standard curve, while the C2 probe was able to detect standard templates of 5 x 10*
copies per reaction. Two positive rotavirus samples, RT018-07 and RT068-07, were used
as positive controls for C1 and C2, respectively.

The real-time assay successfully detected rotavirus in all rotavirus-positive
samples tested (rotavirus-positives were determined in the heminested multiplex PCR
assay). All positive samples were those with Ct values falling within or greater than the
range of the standard curve. Of 136 samples tested, which were previously genotyped as
either G1P[8], G3P[8], G4P[8] or G9P[8], 136 were detected by the C1 probe in the VP2
real-time assay. Of 19 G2P[4] or G9P[4] genotyped rotaviruses, all were detected by the
C2 probe in the real-time assay. Five samples with multiple genotypes were tested with
the real-time assay. Two samples that were genotyped by heminested PCR containing
G1, G2, P[8] and P[4], were detected only by the C1 real-time probe. Two others with the
same multiple genotypes were detected by both the C1 and C2 probes. Two samples with
G1 genotype and both P[8] and P[4] VP4 genotypes were detected with only the C1
probe. Finally, one sample that was genotyped, but could not previously be confirmed by
sequencing to be G2P[4], was detected by the C2 probe in the real-time assay.

The assay was also validated using different reaction reagents. Ten successful
real-time runs were completed in total. Four utilized the Ambion Ag-Path enzyme kit
(Ambion, Carlsbad, Ca), made for a fast-real time method, while six runs were done

using two Qiagen One-Step RT-PCR kits (Qiagen, Hilden, Germany), using the standard
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real-time method. Qiagen One-step kits with different lot numbers were used to ensure
there was no lot-to-lot variability. All assays except one successfully created standard
curves with R-squared values of more than 0.99 on Ct vs log [copy number] graphs and
replication efficiencies of greater than 90% and less than 110%. Examples of successful
C1 and C2 standard curves and amplification charts can be found in Figures 24 and 25,
respectively. One assay using the Qiagen One-Step enzyme kit failed to produce a curve
for the C2 probe, likely due to pipetting error. Positive controls were included in every
run and often with multiple replicates to ensure detection consistency. The C1 positive
control, RT018-07 was run successfully 45 times and as many as 12 times in a single run.
Similarly the C2 positive control, RT068-07, was run 43 times and as many as 10 times
in a single run. Running several positive controls in a single run showed high consistency
in detection of positive controls. Standard deviation of Ct values in triplicate standard
curves was less than one in all runs. Average Ct values from run-to-run varied slightly, as

the threshold level of each run was set to optimize standard curves.
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Figure 24: Amplification plot and Ct values for C1 standard curve samples. Above:
amplification curves are smooth and well rounded and evenly spaced. Below: red boxes
indicate standard curve samples while green boxes depict positive control samples.
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Figure 25: Amplification plot and Ct values for C2 standard curve samples. Above:
amplification curves are smooth, well rounded and evenly spaced. Below: red boxes
indicate standard curve samples while green boxes depict positive control samples.
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4. Discussion
4.1 Heminested Multiplex PCR Genotyping:

Canadian rotavirus surveillance has revealed several trends of rotavirus genotype
prevalence in Canada. The previous surveillance studies both showed that G1 strains
were the most prevalent strains in Canada, followed by either G2 or G3 strains
[Kostouros et al. 2003, Pang et al. 2004]. In the present study, 348 samples from 2007 to
2010 from a much wider range of sites across Canada were tested for the presence of
rotavirus and genotyped. Samples came from a total of eight paediatric centres, but only
two, Ottawa and Halifax, were surveyed in all four years. Additionally, Edmonton was
surveyed in 2007, Winnipeg in 2007 and 2010, Quebec City in 2007 through 2009,
Vancouver in 2010, Regina in 2010 and Toronto in 2010. Sampling from different sites in
Canada resulted in a broader national picture of rotavirus strain prevalence. Of the 348
strains tested, 258 were positive for rotavirus, genotyped and confirmed by sequencing.

Surveillance showed that G1P[8] strains were the most prevalent genotype found
in Canada, making up roughly 67% of all strains tested. G1P[8] strains were found in the
highest prevalence in all years of surveillance, although that prevalence fluctuated
greatly. The decline of G1P[8] prevalence, occurring in 2008 to 2009, from nearly 87%
to 41%, is an excellent example of how different strains can emerge and decline on a
season-to-season basis.

Genotype fluctuations were more evident in single city populations on a season-
to-season basis. Halifax experienced a surge of G3P[8] strains in 2009. G3P[8] strains
went undetected in the surrounding 2008 and 2010 seasons, but 17 of 22 (77.3%) samples

collected from Halifax in 2009 were positive for G3P[8] rotavirus. On a related note,
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G1P[8] strains were detected in 100% of 2008 Halifax samples (n=29). One year later,
G1P[8] rotaviruses were found in only 3 of 22 (13.6%) samples. Likewise, GOP[8]
rotaviruses were detected in Ottawa in 2009 at a prevalence rate of 34.3% (n = 35).
Otherwise, from 2007-2010 G9 strains were only detected in 3 samples, none of which
were from Ottawa.

Overall, six different genotype combinations of rotavirus were found in 258
positive samples. G1P[8] prevailed, being detected in as many as 86.7% of samples in
2008 (n=60) to as few as 41.4% of samples in 2009 (n=70). Canadian G1P[8] strains
were also the only strains to be detected in every sampled city in every year.
Furthermore, G1P[8] strains were the only samples found in 100% of samples at certain
sites in certain years. Samplings with 100% G1P[8] detection include Winnipeg in 2007
(n=3), Halifax in 2009 (n=29) and Toronto in 2010 (n=3). G1P[8] strains are, by far, the
most prevalent strain in Canadian samples and should be considered the main vaccine
target in the Canadian population.

G2P[4] was consistently detected in all years. Although, G2P[4] frequency has
not fluctuated as much as other genotypes, its prevalence has increased every year from
2008-2010. Perhaps this increase is due to reduced protection by the vaccines compared
to other genotypes, which are creating mild herd immunity in Canadian populations,
although vaccine uptake has likely been lower than 5% in most of Canada prior to 2011
[Dube et al. 2010]. G2P[4] strains were detected in a disproportionately low amount in
Halifax throughout the study, being found in only 1 sample of 70 tested. In Edmonton
however, prevalence of G2P[4] strains was 25% (n=16). There was no distinct pattern, as

far as geography or time indicating how G2P[4] prevalence increased or decreased. Such
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a pattern would be valuable during vaccine implementation, as G2P[4] does not have
corresponding P and G types in Rotarix and only the corresponding G type in RotaTeq.

G3P[8] rotavirus strains have consistently been second in prevalence to G1P[8],
but fluctuate substantially and frequently. The G3 strains were particularly prevalent in
2009, mostly to do with their emergence in Halifax. However, the emergence of G3P[8]
in Halifax was short lived, and overall Canadian prevalence shrank to 20% (n=50) in
2010, from 31.4% (n=60), in 2009.

G4P[8] strains were found in low frequency in 2007 and 2009 and not detected in
2008 and 2009. The once common strain G4P[8] has seldom been detected in the
Canadian rotavirus landscape. Canadian G4P[8] strains were only rarely found in other
Canadian studies and only 2 of 258 samples were detected in this study [Kostouros et al.
2003, Pang et al. 2004]. While continuing to appear on occasion in Canadian
surveillance, G4P[8] should not be considered a major rotavirus strain in Canada.

G9P[8] strains, although detected in 2007, only seemed to emerge as a prominent
strain in 2009. The emergence was not sustained, as no G9P[8] strains were found in
2010. The lack of presence of GOP[8] strains quelled the suspicion that GOP[8] strains
were emerging as a dominant strain due to an increasing effect of vaccine usage and herd
immunity. This suspicion dawned from the fact that G9 was the only component not in
the RotaTeq vaccine, when considering circulating Canadian G genotypes.

The final rotavirus strain detected, G9P[4], was found in Canada for the first time
in 2010. Future surveillance will determine if this strain is going to emerge as the next

major strain circulating in Canada. The threat of emergence is particularly concerning,
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considering neither the G nor the P component of this strain are shared by presently
available vaccines.

When all 258 genotyped Canadian rotavirus samples are considered in all years,
G1P[8] was detected in approximately 67%, G2P[4] in 8.5%, G3P[8] in 17.5%, G4P[8]
in 1.25%, G9P[8] in 5% and G9P[4] strains were found in 0.75% of samples.

Vaccine effectiveness against G9 strains remains to be seen. As sustained
occurrences of G9 have not been established in Canada, it is not a reliable environment to
study cross protection of either vaccine against G9. However, G9 strains seem to be
appearing increasingly as they have been detected in 2009 and 2010. Also, a recent study
in Detroit, a city bordering South-eastern Ontario, found G9 strains were the predominant
circulating G-genotype between 2007 and 2009 [Abdel-Haq et al. 2011]. Of particular
concern is the effectiveness of vaccines on G9P[4] strains. Neither vaccine contains the G
or P genotypes of the newly detected Canadian G9P[4] strains. Immunity to rotavirus is
strongly dependant on the two outer capsid proteins [Laird et al. 2003, Martella et al.
2006, Ward. 2008]. Surveillence of Canadian strains should be used to monitor
emergence of any G9P[4] strains as vaccine use grows across Canada. If GOP[4] can
escape vaccines, a new vaccine or vaccine component should be considered for future
use. Future surveillance of Canadian strains will be necessary to determine if G9,
especially GOP[4], will emerge permanently as one of the predominant Canadian strains.

Fluctuations in rotavirus prevalence are common and the causes are unclear,
making it difficult to properly analyze the effects of a vaccine on specific genotypes of
rotavirus. Only longer and more comprehensive surveillance studies in a vaccinated

population will be able to determine if the vaccines will have an effect in reducing the
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incidence of their respective genotypes in the human population. Unfortunately, vaccine
coverage in the Canadian population is low, so a direct analysis of vaccine effectiveness
will be difficult [Dube et al. 2010]. Low uptake may change in subsequent years as
provincial health organizations are beginning to fund use of RotaTeq. Five of the thirteen
provinces and territories are funding rotavirus vaccine as of December 2011 [PHAC and
CNCI. 2011]. Presently, certain Canadian cities may be ideal populations to study herd
immunity effects in the relatively highly vaccinated United States of America, especially
in highly populated border areas such as South-eastern Ontario [Abdel-Hagq et al. 2011,
Tate et al. 2009].

RotaTeq and Rotarix vaccines have been found to have high efficacy in
preventing serious rotavirus disease against G1, G2, G3, G4 and G9 strains [Dennehy.
2008]. In the current study, presently circulating rotavirus strains from 2007-2010 are all
strains for which vaccines have been shown to provide protection. Likewise, past
Canadian studies have shown prevalence of G1 strains, with no strains other than G1, G2,
G3, G4 and G9 being detected [Kostouros et al. 2003, Pang et al. 2004]. These and other
studies have demonstrated that licensed rotavirus vaccines should be effective in
preventing rotavirus disease in Canada [Le Saux et al. 2011, National Advisory

Committee on Immunization (NACI). 2008a].

4.2 Full Genome Analysis
4.2.1 Reassortment:
Reassortment of rotavirus genome segments in mixed infections is known as one

of the principle mechanism by which genetic diversity can increase in rotaviruses [Ghosh
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and Kobayashi. 2011]. Also, some genome segments, including VP4, VP6 and VP7, are
more prone to reassortment than others [lturriza-Gomara et al. 2003]. However,
reassortment requires a coinfection to take place and the event is still not well
understood. In this study, full ORF analysis of 84 fully genotyped rotavirus strains from
2007-2009, showed no unusual reassortant strains. Using McNemar’s test it was shown
that based on the genotype of the VP2 genome segment, there were no significantly
different non-VP7 genome segments in reference to their respective genogroup (no
evidence to reject the null hypothesis that the genogroups are the same as those found by
VP2 genotyping). Strains that had all of their non-VP7 and non-VP4 genome segments
clustering within a single genogroup are defined as belonging to a “pure genogroup”
[McDonald et al. 2009]. All 84 Canadian strains were found to be “pure” rotavirus
strains, despite finding 3.7% of samples coinfected with both genogroups in the
heminested multiplex PCR. However, many VP7 genome segments in Canadian strains
were found to have varying genotypes, despite non-VP7 segments remaining in the Wa-
like genogroup. VP7 genotypes found with Wa-like constellations included G1,G3, G4
and G9.

Amongst the 8 fully sequenced viruses with DS-1-like lineages, only G2 VP7
genotypes were found. However, two samples from the 2010 set of isolates had DS-1-like
VP4 segments, but their VP7 segments fell into G9 rather than G2. These strains were
tested in the real-tme PCR assay developed for the VP2 genome segment. The G9P[4]
samples contained only the C2 genotype which was found to have a 100% correlation
with all other non-VP7 genotypes. The two G9P[4] strains found in 2010 were the first

DS-1-like strains in this study not to have a G2 VP7 genotype. The two strains are either
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the result of a reassortment event or have been undetected previously in Canadian
surveillance studies. They were found in Saskatoon and Halifax, which are separated
greatly geographically, yet the G9 sequences found have a higher identity to each other
than any other G9 strains in this study. Also of note, the 2010 G9 strains are more
identical to the only G9 strain detected in 2007 than any of the 12 G9 strains found in
2009. Although the strains are separated by a greater time period, the G9 strain from
2007 and the one from 2010 were detected in Halifax samples, while the 2009 group
were found in Ottawa. The high identity of the G9 strains from the same city stresses the
importance of surveying many areas in Canada, which may contain different lineages of
rotavirus genotypes that may evolve in a divergent manner within the region. As 2010
was the first time Saskatoon was included in the genotyping study, it is uncertain whether
this strain is a common circulating strain or a new virus in the area. Travel and population
movement likely has a large role to play in the dispersement of new and unusual human

rotavirus strains.

4.2.2 Full Open Reading Frame Phylogenetics and Motifs:

Phlyogenetic analysis and motif analysis of the whole rotavirus genome are
powerful tools in fully characterizing Canadian rotavirus strains. Although no highly
unusual strains or mutations were discovered, patterns in phlyogenetic groupings and
amino acid changes can be associated with each other. Rotaviruses from different times
or areas can also be compared, in respect to phylogenetic and motif analysis. Genotype-
specific amino acid arrangements were found to be present in all Canadian strains to

some degree. For most genome segments (VP1-VP4, VP6, NSP1-NSP5) only two
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genotypes exist. Genotype-specific amino acid patterns in these genome segments are
either Wa-like strain-specific or DS-1-like strain-specific. As stated previously, the
genotypes of all segments match in regards to being either Wa-like or DS-1-like. The
strong genotype-specificity and consistency throughout segments could indicate two
things: Canadian rotaviruses have evolutionarily distinct ancestoral strains that rarely
reassort, or all proteins interact with each other in a genotype-specific manner to
function, organize and/ or assemble.

While reassortment events were not detected between genotypes, it is likely that
they did occur between lineages found within genotypes. After organizing phylogenetic
trees from every segment into sub-genotypic lineages, strains could be grouped together.
Strains that matched in every lineage and VVP7 genotype were considered clonal strains,
while those with differing lineages in any segment were considered a new strain. While
various cut-off values of nucleotide substitutions per site were used for every segment,
the clusters of each sub-genomic lineage differed enough to be distinguished from other
lineages. In total, the 76 Wa-like genogroup strains could be placed into 28 different
clonal groups, while the 8 DS-1-like strains could be put into 4 different groups (Table
7). There were few instances when a strain clustered on its own. Since relatedness
between two strains varied from one segment to another causing variable clusters within
the genotype, it is likely that the variation is caused by ancestoral reassortment events.
These data supports the idea that reassortment events are a more common method of

rotavirus genetic variation than genetic drift.

VP1:
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Rotavirus VP1 proteins are the largest of the 11 or 12 proteins encoded by the
genome. VVP1 is the viral transcriptase and replicase protein, involved in both viral
MRNA production and dsSRNA genome synthesis. Evidence for these functions lies
within several motifs that correspond to domains of RNA-dependant RNA-polymerases
found in other viruses with positive sense RNA or double stranded RNA genomes.
Moreover, evidence exists in the proposed structure of VVP1, which seems to correspond
to the polymerase core of many other viral polymerases with palm, fingers and thumb
regions. A recent bioinformatics study revealed several motifs within the core region
likely responsible for sugar selection and polymerization [Vasquez-del Carpio et al.
2006].

Five motifs were analyzed to compare previously described functional sites to
those found in Canadian strains. The motifs described were in the catalytic core of the
enzyme and should be completely conserved to preserve functionality of the protein.
Three particularly important motifs, A, B and C, are found in almost all RNA dependant
RNA polymerases [Vasquez-del Carpio et al. 2006]. In Canadian rotaviruses, motifs A,
B, and C were completely conserved. It is not surprising that circulating Canadian
rotaviruses are highly conserved in regions required for replication and transcription.
Proposed functions of motifs A, B and C are magnesium ion coordination and sugar
selection. Analysis of motif D revealed variation at two sites in three different strains.
RT032-07 and RT048-07 vary at amino acid residue 665, while RT122-07 differs from
the classical motif at site 666. The lack of conservation of this site may indicate that there
is room for mild variation within the site, without compromising functionality. As only 3

Canadian strains of the 84 were found with variation in motif D and the mutations were
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not sustained in future related strains, the 3 are likely mutagenic anomalies. Conservation
within motif D, following the majority of strains, will likely be sustained in prevalent
strains in the future. Motif F was the final motif found in Canadian strains, and was
completely conserved in Canadian strains and matched previously described amino acid

sequences and locations [Vasquez-del Carpio et al. 2006].

VP2:

The VP2 genome segment is an essential scaffold protein in rotavirus
cores. It interacts with many of the rotavirus structural proteins, in particular VP1, VP3
and VP6. It has been proposed that VP2 interacts with VP1 and VP3 in its N-terminal
domain. Analysis of the N-terminal domain between residues 1-156 showed a lot of
genotype-specific interaction. As this protein is an essential scaffold protein and must
interact with structural proteins VP1, VP3 and VP6, these genotype-specific changes
likely correspond to genotype specific changes in both VP1 and VP2. Analysis of VP1
showed high conservation of the segment in several core functional domains, while
genotype-specific changes occurred elsewhere. Folding of the VP1 protein allows several
areas, all of which are likely genotype-specific, to interact with VP2 to form rotavirus
cores. In addition, the high genotype-specific variability in VP3 proteins probably
corresponds to the variability in the VP2 N-terminal domain, as well. Genotype-
specificity is emphasized by several deletions in the C2 rotavirus N-terminal regions
before the 50" residue. The specific interactions between VP2, VP3 and VVP1 proteins are
still unknown, but the variability in the interacting region is likely a key factor in the lack

of reassortment in rotaviruses, especially in these proteins [Heiman et al. 2008].
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Interestingly, when C1 rotaviruses were analyzed according to their G genotype it was
found that there were four genotype specific changes between the G4 rotaviruses and the
other G genotypes associated with C1 strains. G genotype-specific variation existing in
the N-terminal region of the VP2 amino acid sequence could be a random evolutionary
variation, or based on a selective relationship between the VP7 genotype and VP2
genotype. A VP6 amino acid alignment failed to reveal any G4 specific amino acid
variation, which makes it likely that Canadian G4 strains vary from other C1 strain
residues due to genetic drift rather than selective pressures provided by genotype

specificity.

VP3:

The VP3 GTP/S-adenosyl-L-methionine binding region was conserved in the
latter half of the domain. It is likely that this domain is highly conserved between amino
acids 460-472 because these amino acids are functionally more important than the amino
acids at 447-459. The first amino acids were more susceptible to general variation and
genotype-specific variation. Past studies have confirmed this variation pattern among
many rotavirus A strains and strains of different species [Chen et al. 2009]. Other motifs
studied include the casein kinase Il functional region, which is completely conserved in
all strains. Interestingly, comparison of M1 and M2 strains showed genotype-specific
amino acid variation at the second residue of this site, while all of the previously
described functional residues were conserved throughout genotypes [Cook and McCrae.

2004]. This may indicate an evolutionary divergence between M1 and M2 segments in
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Canadian strains. Finally, the guanylyltransferase motif was completely conserved in all
Canadian strains, confirming the functional importance of this motif.

Structural proline and cysteine residues were also analyzed. The only proline not
found of the 15 described was at position 502. Proline-502 likely represented a non-
essential residue to the VVP3 protein make-up. All others were completely conserved and
three additional conserved prolines were found. All previously described cysteine
residues were found, in addition to two new ones at sites 78 and 528 [Cook and McCrae.
2004]. The secondary and tertiary structure of this core protein is important for proper
interactions with the two other core proteins. Structural amino acids such as the rigid
proline or the sulphide-bond forming cysteines play key roles in \VP3 structure and
interaction. Additional studies based on full genotype surveillance or mutagenesis will

reveal whether these residues play a large role in the structure of the VP3 protein.

VP4

Functional sites previously described by Chen et al in 2009 including cysteine and
proline residues shifted slightly in human rotavirus strains when compared to the lamb
strains. The movements of the residues were not drastic and their importance is
highlighted by their complete conservation throughout both human genotypes in this
study. The internal fusion domain described as variable by Chen et al in 2009, was
slightly variable in the human strains. There were four genotype-specific amino acid
changes in addition to three rare variations throughout all strains. In this domain,

conservation does not seem to be required at all sites, and the variation does not seem to
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inhibit the essential functions of this domain. The variations noted in the Canadian strains
in the current study were also noted previously [Chen et al. 2009].

Another important functional region is the cleavage domain. During the rotavirus
life cycle, a complete rotavirus must undergo a trypsin-dependant cleavage between the
VP5* and the VP8* regions of the VP4 protein. This cleavage enables efficient
penetration after binding. Cleavage sites are found at arginine residues found at positions
230, 240 and 246 in Canadian rotaviruses. It has been shown using site-directed
mutagenesis that only cleavage at site 246 is required, although all three sites are
susceptible to cleavage by trypsin [Gilbert and Greenberg. 1998]. In Canadian strains
arginines at sites 230 and 240 were completely conserved. However, the site required for
cleavage, 246, varied in one Canadian strain. While strain RT120-07 did not contain the
required arginine residue, it did have a lysine residue at site 246. Lysine is also
susceptible to trypsin cleavage, so this mutation is likely to preserve the cleavage
function of the VP4 protein [Gilbert and Greenberg. 1998]. Although rare, the lysine at
site 246 has been noted in past studies [Arias et al. 1996]. Conservation of trypsin-
susceptible amino acid residues at these sites signifies the importance of cleavage to
enable viral entry into the cell. Although rare, the variation shown at site 246 to another
trypsin-susceptible amino acid confirms the functional requirement for this site.

Initial attachment of rotavirus to the surface of cells may be sialic-acid dependant
or sialic acid independent. Studies have shown that many animal rotaviruses contain a
galectin fold with a carbohydrate binding site responsible for sialic acid binding
[Dormitzer et al. 2002, Dormitzer et al. 2004]. However, most human strains are sialic-

acid independent, including Wa and DS-1. As Canadian strains may have evolved from
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Wa-like and DS-1-like strains in the past, it is likely that they are also sialic acid
independent. Sialic acid independent rotaviruses likely require the galectin fold and
neuraminidase-insensitive modified sialic acids or glycolipids for cellular atttachment
[Baker and Prasad. 2010, Dormitzer et al. 2002]. Analysis of the binding groove is
important to monitor differences in sialic acid insensitive strains, and to determine how
these relate to the type of putative receptors involved in cell attachment and penetration.

In the case of the Canadian strains, the amino acid sequence alignment of
antigenic sites previously implicated in escape mutations in the VP8* region is similar to
that of other human strains [Zeller et al. 2011]. There is a shift in the amino acid
sequence number due to a deletion early in Canadian amino acid sequences, but the
amino acid positions are otherwise conserved with respect to each other. Conservation of
amino acid position is an indicator that Canadian strains likely follow the function of
other human strains, in that they have sialic acid independant hemagglutinin acting
properties.

The outermost portion of the VP4 protein is the VP8* portion of the protein.
Antigenic binding epitopes were analyzed. Although VVP8* should not be sialic acid-
dependant, the binding of rotavirus to intestinal cells is probably still dependant on this
region. The antigenic regions analyzed in this study show a similar pattern of
conservation and variation as an earlier study analyzing Belgian strains in the same way
[Zeller et al. 2011]. There is high conservation of amino acid sequence in 5 of 25
antigenic amino acids in the VP8* region. There are also sites with temporal trends of
variation, such as 125, 131, 135, 149, 194 and 195. These trends can be convergent or

divergent with the amino acid sequences of RotaTeq, as well as their tendencies to be
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associated with a particular genotype. As these variations can be either convergent or
divergent to the RotaTeq vaccine strain, it is probable that the observed variation was not
caused by selective vaccination. This observation could also be due to the low vaccine
coverage in Canada until 2012 [Dube et al. 2010, PHAC and CNCI. 2011]. Residue 182
was varied in only a single rotavirus strain. The lack of variation in site 182 and the 5
conserved sites (86, 87, 108, 179 and 193) is probably related to an important function
related to cellular attachment. Many other amino acid substitution sites are genotype-
specific. As RotaTeq and Rotarix contain only non-P[4] VP4 segments, it is not a surprise
that many of the genotype-specific amino acid arrangements in Canadian P[4] strains are
not the same as in the vaccine strains. In fact, in P[4] strains, three of four antigenic
regions of the VP8* protein contain at least one amino acid change known to cause
immune escape when compared to either vaccine sequence. As vaccine use increases in
Canada, P[4] strain amino acid sequence and prevalence should be monitored to ensure
that the vaccines remain sufficiently well matched antigenically to provide protection.
The portion of the VP4 protein that makes contacts with the outer capsid layer,
and with the rest of the virion, is the VP5* segment. The VP5* (or “foot” portion) of the
VP4 protein is thought to be partly responsible for integrin binding and cellular entry,
along with anchor functionality for the spike of the virion. Analysis of Canadian strains
shows that VP5* epitopes are completely conserved in 3 of 5 epitopes. This is in
agreement with previous data showing that VP5* is more highly conserved than VP8*,
indicating functional constraints in amino acid variability [Dormitzer et al. 2004].
Epitope 5-5 varies only in P[4] strains. This variation has been implicated as an antibody-

escape mutation and differs from the 5-5 epitope of vaccine viruses. The 5-5 motif is the
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beginning of a putative af heterodimeric, transmembrane glycoprotein (integrin) binding
domain found in many group A rotaviruses. It has been implicated as essential for
attachment and entry of rotaviruses into cells [Coulson et al. 1997]. Similar to the 5-5
domain, sites 387, 392 and 439 of the 5-1 epitope are genotype-specific and differ from
vaccine strains. In addition, epitope 5-1 contains two residues that are conserved in
Canadian strains but differ from RotaTeq and one that differs from Rotarix. The
difference between vaccine strains at completely conserved sites of Canadian strains is
evidence that vaccine strains are based on older strains. Monitoring of antigenic epitopes

in future studies will be important as vaccine strains become increasingly outdated.

VPG:

The middle capsid layer of rotavirus is made up of VVP6 trimers. Trimerization of
the VVP6 protein is important for proper protein function and antigenicity. Antibodies
involved in detection and neutralization of rotavirus are capable of binding the trimerized
form of the amino acid. VP6 is an important structural protein, since it interacts with both
inner core and outer capsid proteins [Affranchino and Gonzalez. 1997, Heiman et al.
2008].

Trimerization of the VP6 protein is dependant on residues between 246 and 314.
These amino acids are highly conserved in Canadian rotaviruses. There are only a few
genotype specific differences between the two genogroups. Canadian strains follow a
typical pattern of conservation in this essential domain.

Protein-protein interaction domains are essential for VP6 to properly interact with

specific structural proteins in the rotavirus. Specifically, domain B is responsible for
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interacting with VP2 and VP4, while protein H is responsible for interacting with VP7
and VP4. Throughout both of these domains and within the protein-protein interacting
domains there are a steady number of genotype specific variations within the VP6
genome segment. The genotype-specific variation observed in VP6 is another example of
an essential protein that is conserved within its genogroup, probably because mutations

are constrained by the necessity to maintain an essential structural function.

VPT:

Phylogenetic analysis of the VP7 genome segment ORFs placed all Canadian
strains within the five genotypes predicted by heminested multiplex PCR. G1 strains
could be divided into two sub-genotypic lineages. Most Canadian strains fell into
subgenotypic lineage 1, which was more divergent from the Wa and Ku type strains than
lineage 2. G1 strains were most closely related to G4 strains and least closely related to
G2 strains. The high variability between G1 and G2 is representative of the differences
found in antigenic sites. G2 also diverges most from all other Canadian strain G
genotypes. It is not surprising that Rotarix, which only contains a G1P[8] strain is less
efficacious against G2 strains in clinical trials, especially because G2 is strongly
associated with P[4] VP4 genotypes [Zeller et al. 2011].

Neither of the currently licensed vaccines carries G9 components. Canadian G1
viruses differ by roughly 0.35 nucleotide substitutions per site when compared to G9
strains, while G3 strains differ by roughly 0.31 nucleotide substitutions per site compared
to G9 strains. In more recent years, G9 has been shown to be one of the most prevalent

Canadian rotavirus strains. The fact that G3 is more closely related to G9 could mean that
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some cross-protection is offered by G3 strains. When comparing vaccines, Rotarix
contains a G1 virus, while RotaTeq includes both G1 and G3 genotypes. Both vaccines
have been shown to be efficacious against G9 strains. However, efficacy against G9 may
have some dependence on the VP4 genotype associated with the G9 strains, which is
most commonly P[8].

It has been proposed that G9 reassorts more readily than other G types [Kirkwood
et al. 2003]. Phylogenetic analysis reveals that G9 strains are more closely related to G2
strains, in comparison to the identity of G1, G3 or G4 strains to G2 strains. G9 is also
relatively closely related to G1 strains, in comparison to other genotypes. The ability of
G9 to reassort more readily may be due to its greater homology with both G1 and G2
than with other genotypes, which may allow the lineage 2 genogroup VP4 and VVP6
proteins to associate more easily. More evidence for this comes from two 2010 G9P[4]
strains which are highly identical to the 2007 G9 Canadian strain. It is possible that G9
may be the common ancestor of the other G types, as indicated by its place on a rooted
phylogenetic tree. The G9 branch appears to be ancestral to all other rotavirus types
circulating in Canada, as indicated by its shallow branch on the VP7 phylogenetic tree.

Antigenic motif analysis shows that VP7 genotypes differ greatly in their
antibody binding regions. Although some variation occurred within genotypes, most
variations were between different genotypes. Antigenic motifs were divided into three
epitopes: 7-1a, 7-1b and 7-2. Variation in 7-1a was most evident when comparing the G1
genotype-containing Rotarix vaccine strain to Canadian G2 strains, for which there were
9 variable sites of 14 sites analyzed in the 7-1a region. Included in the 9 G2 variable sites

were 6 variations at sites known to cause immune escape from monoclonal neutralizing
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antibodies. A comparison of Canadian G2 rotaviruses and the G2 component of RotaTeq
revealed 4 variations, 2 of which were known to be escape mutations that were conserved
throughout the genotype. Other strains also contained conserved variations with respect
to their RotaTeq components. In fact, all Canadian strain genotypes, except G3 strains,
contained a conserved site which varied from RotaTeq at antigenic residues in the 7-1a
antigenic region. Antigenic amino acid differences between RotaTeq components and
matching genotypes, such as G2, demonstrate the possibility of evolution causing
immune escape as the vaccine strains diverge over time from their respective genotypes
circulating in the population. With the exception of some G1 strains, all Canadian strains
contained at least two neutralizing monoclonal antibody escape mutations when
compared to the Rotarix vaccine. It is important to note that vaccine components induce
protection from rotavirus with different groups of immunoglobulins, so while immune
escape mutations are important to monitor, sufficient serological cross-protection may
still be induced by a vaccine.

The second of the G type antigenic epitopes analyzed was 7-1b, in which 4 of the
6 amino acid sites are known to be sites of escape mutations. Canadian G1 strains were
well matched to both vaccines in this epitope. Only a single Canadian strain (RT072-07)
varied from the vaccine strains in the first 5 amino acids of this epitope. Furthermore,
RT072-07 had a substitution at site 212, which is not associated with immune escape.
Strains from other genotypes had fewer matching amino acids in their 7-1b epitopes as
compared to vaccine strains, but none differed more from the vaccine strain than the
Canadian G3 strains. G3 strains differed from their respective RotaTeq component in

three sites and from the Rotarix 7-1b component in four sites. G2 strains varied the most
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within their genotype and had up to three differences from Rotarix and two from
RotaTeq, and at least one of each was an immune escape mutation. With the exception of
most G1 strains, all Canadian rotaviruses varied from their respective RotaTeq vaccine
components with one immune escape mutation. Once again, many variations were noted
in circulating rotavirus strains in comparison to the RotaTeq vaccine components. This is
an indication that rotaviruses may have evolved towards vaccine escape since the
intoduction of the vaccine.

Finally, analysis of the 7-2 epitope showed that Canadian G2 and G4 strains
differed the most from Rotarix in their 7-2 epitope, while many G1 strains were well-
matched. With the exception of some G1 residues, epitope 7-2 was highly conserved
within respective genotypes and differed highly between genotypes. In general, RotaTeq
components were well-matched to most genotypes with the exception of one or two
mutations in some Canadian G1 and G4 strains.

Analysis of the three main antigenic epitopes showed that G9 strains were more
closely related to G3 strains than other G genotypes, differing in 8 of 29 epitope sites.
Protection against G9 strains by Rotarix should be approximatly equal to its protection
against non-G1 strains. Cross protection by RotaTeq is more difficult to estimate because
components of RotaTeq match portions of G9 strains. Cross-protection against G9 strains
is likely provided by the G4 component of RotaTeq which shares 19 of 29 residues with
G9 strains, mostly in the 7-1a and 7-1b epitopes.

As previously stated, RotaTeq and Rotarix were highly efficacious against
circulating strains of rotavirus during their clinical trials. This study shows that there are

sites where circulating strains may contain escape mutations that could reduce immunity
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induced by vaccines. Although it is expected that vaccines still provide good cross-
protection against all rotaviruses regardless of group A genotype, it is important to
monitor the accumulated changes in antigenic regions of rotavirus over time in order to
identify further escape mutations. Presently, Canadian strains are likely to be highly
susceptible to neutralization by neutralizing antibodies induced by the current vaccines,
especially RotaTeq. Future studies will be useful to determine if and when new vaccines
should be updated.

Heminested multiplex PCR genotyping has indicated that G1 are the most
prevalent strains circulating in Canada, while G3 is the second in prevalence. Both
vaccines provide very good protection against these strains and it is unlikely that the
minor mutations identified in this study will result in immunological escape. However,
G2 strains are highly divergent from Rotarix and G9 strains are not well matched by
either vaccine. In addition, G2 strains are almost exclusively associated with P[4], a VP4
genotype not contained in either vaccine. G9 strains are known to recombine more easily
than other genotypes and have recently been found with P[4] genotypes in Canada
[Kirkwood et al. 2003]. G2 and G9 strains should be monitored closely as vaccine usage
increases. If surveillance demonstrates a sustained increase in G9 or G2 prevalence, re-
evaluation of the antigenic composition of currently used vaccines and possibly updating

the vaccines should be considered.

NSP1:

NSP1 is the largest of the non-structural proteins. While found throughout the

cytoplasm during infection, it is considered the only non-essential protein because
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rotavirus can replicate in its absence [Graff et al. 2002], and is subject to a high mutation
rate that may or may not affect viral function. Although the function of NSP1 is not
entirely clear, there is speculation that it is involved in viral RNA-binding capabilities, as
well as possibly having an effect on interferon regulatory factor 3 (IRF3) and E3
ubiquitin ligase [Heiman et al. 2008]. It is known that NSP1 has zinc binding activity and
can bind to virus-specific RNAs [Ito et al. 2001]. It is thought that the RNA-binding
domain may be a cysteine-rich motif. Analysis of an alignment of Canadian strains
showed that there is a conserved cysteine-rich motif within the NSP1 genome segment,
although it differs slightly from those previously described [Hua et al. 1993, Ito et al.
2001]. There is possibly room for variation to occur within this site without the loss of
function. The cysteine-rich domain pattern, C-X;-C,-X7-C-X5-C-X3-H-X-C-X,-C-Xs-C,
is conserved in all Canadian strains. The purpose of this binding region may be to
associate the viral RNA with host translational proteins.

It has also been proposed that NSP1 interacts with the cellular factor IRF3 at its
C-terminal end, in combination with a zinc finger at the N-terminal end. This interaction
may play a role in reducing the interferon-mediated antiviral response [Graff et al. 2002].
In Canadian rotavirus strains, the zinc finger, which is defined by cysteine residues at the
N-terminal end between residues 42 and 72, is well conserved [Graff et al. 2002]. The
proposed zinc-binding cysteine residues at sites 54, 57, 63 and 66, in particular, are
completely conserved among all genotypes. The finger contains several sites that rarely
contain mutations and three that vary more frequently in Canadian strains. There are also

5 genotype-specific variations within the zinc finger. The C-terminal domain acts in
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concert with the zinc finger to bind IRF3, which models the IRF3 interacting a-helix. The

C-terminal domain is not well defined and not well conserved in Canadian strains.

NSP2:

Sites 205 to 241 of the NSP2 protein are thought to be an RNA binding domain
based on the proposed B-strand formation of the sequence [Patton et al. 1993]. In
addition, the region is highly conserved with basic residues and only 6 variable sites, one
of which was found to be genotype-specific in Canadian strains. High conservation
indicates that this site may play an important role in viral function. Within this site is a
putative Histidine-triad (HIT-like) motif proposed to have magnesium ion binding
capabilities. The HIT family of proteins usually function as nucleoside hydrolase/
transferase proteins [Kumar et al. 2007]. The motif between bases 221 and 227 does not
follow the traditionally required HIT signature motif, His-X-His-X-His-X-X, and does
not have high identity to other HIT proteins. However, when structures are superimposed
upon each other, it does contain a similar histidine site at residue 225 that is apparently
similar to histidine-112 of the protein kinase C interacting protein (A HIT protein)
[Jayaram et al. 2002]. The NSP2 protein functions in covalently binding y-phosphate
from nucleotides, in a magnesium-dependant manner, unlike HIT proteins, which bind a-
phosphate independent of magnesium. It has been suggested that this nuclease activity is
an energy transduction mechanism acting as a molecular motor for dsSRNA sythesis in the
viroplasm, as NSP2 is the only rotavirus protein with NTPase activity [Jayaram et al.
2002, Kumar et al. 2007]. The NSP2 protein sequence is potentially very important in

coordinating genome replication and packaging. Alignment of Canadian strains confirms
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high homology in the putative RNA-binding region, as well as in the putative HIT-like
protein region, despite relatively high variation within and between strains in areas
surrounding this domain. The conserved sequence found in Canadian strains between
residues 221 and 227 is H-X-K-X-H-X-R. The lysines at positions 188 and 223, as well
as arginine at position 227 have also been shown to be involved in the function of NSP2
[Kumar et al. 2007]. These residues are also conserved in Canadian strains. The
magnesium binding sites involved in NSP2 function are also completely conserved at
sites 153 and 171. Canadian NSP2 proteins are conserved at all amino acids thought to be
required for NTPase function. Although the exact function and mechanism of NSP2 is
not fully understood, the conservation of these sites suggests that proper function of
NSP2 is dependant on these amino acid sequences.

NSP2 is known to have conserved structural cysteine residues at positions 6, 8, 85
and 285 [Patton et al. 1993] and all of those cysteines were completely conserved in the

viruses analalysed in this study.

NSP3:

The NSP3 protein showed a high degree of conservation in important motifs
despite the variation between genotypes. One genotype-specific amino acid substitution
was found in the RNA binding motif, but it was otherwise highly conserved. The RNA
binding motif is thought to bind cellular RNA; therefore, it is likely that the site should be
conserved intergenotypically. The genotype-specific residue within the motif is likely to

be ancestral rather than mutation related.
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Complete conservation of previously described cysteine residues highlights the
importance of these residues to proper function of the protein. Two other cysteine
residues were also found in T1 genotype strains, but it is unclear if they have any
functional significance.

Oligomerization motifs were highly conserved within genotypes, but differed
between them. This is possibly another example of how differences in protein-protein

interactions could inhibit intergenotypic reassortment.

NSP4:

The NSP4 protein has many important domains. NSP4 has a hydrophobic trans-
membrane domain for integration into the endoplasmic reticulum. It also contains
domains for association with the other viral proteins such as VP4 and VP6. Part of the
VP4 binding domain is the enterotoxin domain. It has also been suggested that NSP4 may
play roles in viral pathogenesis such as intracellular calcium recruitment, tubulin
interaction, recruitment of DLPs to the ER, chloride secretion and VVP4-related TLP
assembly [Arnoldi and Burrone. 2009, Ball et al. 2005, Heiman et al. 2008, Horie et al.
1997, Okada et al. 1984].

The hydrophobic domain is highly conserved except for residue 19, which
demonstrates genotype-specific variation. The enterotoxin domain is also highly
conserved. The only mutations noted in this domain were rare and similar to those
reported by Horie et al [Horie et al. 1997]. The enterotoxin domain plays a role in viral
shedding and spread, and is highly conserved, possibly in order to allow binding to

specific host receptors during pathogenesis. Unlike the enterotoxin portion of the VP4
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binding domain, the latter 13 amino acid portion (136-149) is variable in many sites.
Several sites appear to be genotype-specific, but some genotype-specific variations are
not shared by all E2 strains. Once again, genotype-specificity in the latter portion of the
VP4 binding domain could be the reason for the lack of reassortment of the NSP4
genome segment between Wa-like and DS-1-like strains. However, evidence of NSP4
reassorting independently of other genome segments has been shown, and many
interspecies reassortants have been found [Ball et al. 2005].

The final 20 amino acids in the NSP4 protein represent the VP6 binding domain.
Although the domain in the VVP6 protein, which interacts with NSP4 has not been
identified, the association between NSP4 and VP6 that occurs during viral assembly is
well documented [Ball et al. 2005, Heiman et al. 2008]. The VP6 domain is also part of
the tubulin binding domain. In the case of Canadian NSP4 strains these domains are
highly conserved. There is one NSP4 lineage-specific mutation at residue 169 within the
VP6 binding domain. In addition, there are a few genotype-specific variations, but the

residues are highly conserved within binding domains.

NSP5:

NSP5 is the shortest of the genome segments with the shortest amino acid
sequence in this genetic analysis of Canadian rotaviruses. The NSP5 genome segment
sometimes includes a second ORF encoding the NSP6 protein. However, NSP6 is non-
essential and absent in many rotaviruses. This study showed only genogroup | viruses
(DS-1-like) had NSP6 ORF regions. NSP5 is very important to proper viral function,

particularly during assembly of core proteins within the viroplasm.
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NSP5 proteins must multimerize and associate with NSP2 and ssSRNA, to carry
out their task of viral protein accumulation within the viroplasm. Multimerization is
thought to give the NSP5 kinase function and the ability to become hyperphosphorylated
and to interact with viral components. NSP5 has a multimerization domain defined by
amino-acid residues 187-197, at the C-terminal end of the protein [Torres-Vega et al.
2000]. In Canadian strains, these residues were conserved within genotypes, but
contained two genotype-dependant differences. There were two variable sites between
genotypes. The high conservation was not surprising because of the suggested
requirement for this motif to oligomerize. Oligomerization activates kinase activity, to
hyperphosphorylate and to bind to NSP6. As suggested previously, there were no
threonine or serine residues in the multimerization domain despite the high frequency of

those amino acids elsewhere in the protein [Torres-Vega et al. 2000].

4.2.3 Summary of Phylogenetic Analysis:

Canadian strains represent a unique population of rotaviruses that vary in
relatedness to previously described strains. The majority of genogroup Il genome
segments are related to Matlab 13-03, while genogroup | segments are more frequently
related to RV176-00. However, Matlab 13-03 differs from most Canadian strains in the
VP3 segment, falls into the T2 genotype for the NSP3 genome segment and is a G12
strain, when analyzing the VP7 genome segment. RV176-00 is also a G12 strain, and
diverges substantially from Canadian strains in the NSP4 phylogenetic tree.

The use of Wa, DS-1, P and ST-3 as type strains in heminested multiplex PCR are

useful as positive controls. However, in the future the assay may need to change to
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accomodate genetic drift. These strains are suitable for VP7 and VP4 genotyping positive

controls, but are not representative of currently circulating Canadian rotaviruses.

4.2.4 Assessment of Current Heminested Multiplex PCR Methods:

Heminested multiplex PCR genotyping is a powerful and fast tool for genotyping
rotavirus strains. However, this technology relies on highly conserved genotype-specific
regions and suitable primers to complement these regions. Using the sequencing data
from full genome analysis, the primer-binding sites were assessed to elucidate whether
the currently used assays are suitable for continued use.

The first round of genome replication involves two “parent” primers that encircle
the unidirectional genotype-specific primers used in the second stage. The primer VP7F
is still a very good primer, with no consistent mismatches. However, VP7R contains three
mismatched sites that are quite common. The VP7R binding site should be monitored
periodically in the future to ensure it still matches the primer.

Con3 is another primer with a highly conserved binding site. Con3 binds the VP4
genome segment with an extra base. As the mismatch does not relate to a frameshift of
the translated VP4 sequence, it is part of the original primer. Con3 also contains a
common mismatch located 10 bases from the 5’ end. Mismatches in the middle of a long
primer like Con3 are less worrisome than mismatches at the end. Primer stability can be
maintained as long as the ends of the primers bind well. Therefore, the common
mismatch in Con3 is not considered a serious problem. Likewise, Con2 has a common
mismatch at the second cytosine base, which lies 9 bases from the 5” end of the primer.

While additional mismatches could cause primer failure, this mismatch is unlikely to
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cause any primer problems due to its proximity to the primer ends. Four rarer mismatches
occurred in Con2 and three in Con3. The rare mismatches are not recurring and likely just
anomalies in the genome segments that should be noted, but should not affect primer
function.

The final two parent primers are VP4F and VP4R; both target highly conserved
regions. VP4F, in particular, targets a site with only one rare mismatch. The target site for
VP4R is more questionable, containing 5 potential mismatch sites, one of which is
common. A single fairly common mismatch and several uncommon mismatches will not
affect the primer. These newer versions of VP4 parental primers are highly effective,
although, they negate the detection of P[11] strains, since the P[11] primer binds too
close to VP4F.

Mismatches found in parental target sites are of particular concern in the detection
and genotyping of rotaviruses. If target sites of parental strains are mutated to the point of
primer failure and the assay is used for confirmation of rotavirus presence, rotavirus may
go undetected. Currently analyzed mismatches are occurring in successfully genotyped
strains, so the primers still appear to work. However, in using parental strains as rotavirus
detection tools an alternative assay should be used as a confirmatory assay to ensure no
false-posatives were missed due to a greater degree of mismatch or lower virus
concentration. A real-time PCR assay was designed to provide a sensitive test for
rotavirus detection.

Typing primers were analyzed for mismatches to determine if they were still
specific enough to be used in genotyping assays. The target for the G1 primer contained

five rarely mismatched bases in the 84 strains analyzed. While the rarely mismatched
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bases are not likely to cause primer failure, a combination of one or more of them
perhaps in conjunction with the common mismatch may lead to mistyping. The common
G1 mismatch occurred at 7 bases from the 3’ end of the primer. Presently, this mismatch
has not caused mistyping and is not a concern. Future surveillance studies should
consider the use of degeneracy at the site to prevent mistyping G1 strains, if mistyping of
G1 is suspected. Non-G1 genotypes from the fully genotyped group were highly
mismatched to the G1 primer, so false G1 positives among strains are not a concern.

The G2 target site was greatly mismatched to the primer. Three sites conserved in
the Canadian targets did not complement the primer. In addition, a fourth common site in
the primer target varied. This primer was developed to detect the DS-1 rotavirus strain
which was in danger of failure due to primer mismatch with Canadian strains. Future
surveillance studies should consider changing the primer by adding degenerate sites or by
evaluating which conserved target sequences should be used. DS-1 should not be used as
the basis for new primers, since it is no longer representative of the circulating G2
population of rotaviruses.

Canadian G3 rotavirus strains were detected with a completely conserved target
site; however, the primer contains one mismatched base. Fortunately, the mismatched
base occurs near the middle of the primer and is unlikely to affect the detection of G3
strains. False-positive G3 detection is unlikely since G3 target sequences contain 3
exclusively genotype-specific bases, as well as several genotype-specific bases that are
seldom shared by other genotypes.

The G4 target site is highly conserved among the three Canadian strains

sequenced. There are three mismatches with the primer sequence at the 5’ end. These
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mismatches are a concern for effective G4 genotyping. This primer should be re-
evaluated for redevelopment before use in another surveillance study.

The G9 specific primer is new compared to the primers for other genotype targets.
Therefore, the primer matches the target site quite well. The target site contains two bases
that vary among Canadian G9 strains, but these variations are rare. When the variable
sites are excluded, the G9 primer suits the target site perfectly. The target site is also one
of high variability amongst other genotypes, so false-positive G9 detection is unlikely.

The P[8] primer was found in a highly variable part of the target sequence.
Despite degeneracy in the primer, the number of commonly variable sites makes this
target a poor choice for continued surveillance. More specifically, strains with four
conserved sites that differ from the majority of Canadian P[8] strains, are found in sub-
genotypic lineage 2 in the P[8] phylogenetic tree. These strains are more closely related
to the Wa-type strain the primer is based on. Three of the four sites that differ are those
that correspond to degenerate bases on the primer. Currently, the degeneracy allows a
suitable number of variations in nucleotide sequence to be matched, so that the primer
works effectively. However, as these lineages diverge, it may be more suitable to have a
genotype-specific primer somewhere less genetically variable. This is an especially sound
strategy considering the implications of adding more degenerate sites as mutations
accumulate. More degeneracy will result in lack of specificity, more dilution of specific
primer components and the possibility of false-P[8] detection.

The 2T-1 primer for detection of P[4] is well suited for Canadian P[4] strains. The

target site for the 2T-1 primer is completely conserved in Canadian strains at the target
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site. In addition, there is only one base that mismatches the primer. False-P[4] detection

is unlikely, as there are seven genotype-specific sites in the P[4] primer site.

4.3 Real Time PCR Assay:

Real-time PCR utilized a 184 base pair target sequence (size of the segment of the
Wa VP2 segment may vary if there are insertions or deletions in the future) near the 3’
end of the rotavirus VP2 genome segment. Of the 84 samples previously genotyped by
full ORF sequencing analysis, 76 were C1 and 8 were genotype C2. VP2 genotype strains
matched non-VP7 segment genotypes 100% of the time, and fell into either Wa-like
(genogroup 1) or DS-1-like (genogroup 1). Therefore, this assay was developed to detect
all rotaviruses, while being able to discriminate between C1 and C2 rotaviruses. This
VVP2-based real-time detection assay should prove highly useful in future studies.

The real-time PCR assay was successfully validated and is a sensitive and specific
test capable of discerning between the two most commonly occurring VP2 genotypes
circulating in Canada today. The panel of samples tested included 136 C1, 20 C2, 37
negative and 2 multiple genotype samples. Three samples that had multiple G or P types
were detected by the C1 probe only. Samples tested came from a variety of years and
were of a variety of G genotypes to ensure the test was robust enough to capture all
rotavirus samples. Of the 195 samples, 73 were from 2007, 61 were from 2008, 38 were
from 2009 and 23 were from 2010. Previous genotyping and confirmation showed that
101 samples were G1P[8], 17 were G2P[4], 24 were G3P[8], 3 were G4P[8], 4 were
G9P[8], 2 were G9P[4], 6 samples contained multiple genotypes, and one was previously

unconfirmed by sequencing but genotyped G2P[4]. Several attempts to confirm the
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genotype of sample RT029-07 were made but sequencing was inconclusive. In this
instance, the number of copies detected in RT029-07 by the assay was about 31725,
which is on the low end of the standard curve. Detection of the unconfirmed strain shows
that this real-time assay is more sensitive and can confirm a lower copy number of
genomic material than can traditional reverse-transcriptase PCR and sequencing. RNA
degradation due to multiple freeze thaw cycles and time spent in -20° C may account for
the real-time assay failing to detect both C1 and C2 genotypes in multiple-genotype
samples, previously found to have G1, G2, P[4] and P[8] genotypes. RNA degradation
may have also played a role in the inability to confirm the RT029-07 genotype in earlier
studies.

The real-time assay is likely to prove most valuable when used in conjunction
with VP4 and VVP7 heminested PCR genotyping. The real-time assay is fast and is useful
to confirm results from the heminested assays. Drawbacks of heminested multiplex PCR
include non-specific amplification causing false positives, misreading of genotypes due
to band smearing, or lack of separation and the possibility of misgenotyping or
genotyping failure due to mutations in genotype-specific primer binding sites. Previously,
genotyping results were confirmed using partial genome sequencing of the VP7 and VP4
genome segments. Sequencing, while highly confirmatory and helpful, is only as strong
as the parent primer set used in the heminested multiplex PCR assay. Primer mismatch or
low template concentration in sequencing could lead to a false negative test result. In
addition, sequencing lacks the ability to detect multiple genotypes in a single sample,
without further steps to culture, clone and isolate multiple strains from a specimen. The

real-time PCR assay is both highly sensitive and robust, in that it will detect strains of
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rotavirus within a sample to a lower limit of around 5 x 10° copies. As rotavirus related
illness is unlikely to occur when such a low copy number is shed in the stool, this
sensitivity is more than sufficient to detect rotaviruses causing disease. The real-time
PCR assay also utilizes a different genome segment and primer set. Thus, it requires at
least one of two probes to bind to the amplifying DNA, therefore it is less susceptible to
contamination than standard PCR. Since this real-time assay has been developed, and
demonstrated to discriminate between C1 and C2 rotavirus strains, it will be useful as an
alternative assay to detect multiple genotype samples.

In comparison to sequencing, the use of the real-time assay as a confirmatory
assay is more time efficient, uses fewer materials and reagents and can detect more than
one genogroup of virus within samples. The real-time PCR assay also has few
shortcomings compared to traditional sequencing. The biggest shortcoming is the
inability to discern between G genotypes. If a genotyping band is interpreted in the wrong
position due to gel inconsistencies, or smearing, the real time assay can not detect the
error. In addition, with conventional heminested multiplex PCR, any non-specific
amplification that could be misconstrued as a positive result for a rotavirus genotype can
be confirmed by sequencing the non-specific amplicon. Searching for the sequence using
internet based genetic tools such as BLAST can identify the false target amplicon causing
the amplification. During the course of this study three adenovirus samples were
identified by sequencing non-specific amplicons. Finally, in some cases, sequences can

also be aligned to allow phylogenetic analysis, without further sequencing.
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4.4 Future Directions:

Additional genotype surveillance will be necessary as vaccine uptake increases.
Regular and broad surveillance standards should be set to enable adequate surveillance of
evolving and emerging rotavirus strains in Canada. This is especially important due to the
possible effects of selective pressure on viral evolution caused by increased use of
vaccines.

Motif analysis from this study can be used to follow up on any rare amino acid
variations found in Canadian rotavirus strains. Protein and cell culture studies can answer
questions about protein function, protein interactions, viral fitness, antigenicity and the
roles of particular variable motifs during infection. Comparison of individual protein
motifs implicated in pathogenesis may answer the question of why G1P[8] strains have
been the most prevalent strains in humans over time.

Rotavirus genotyping assays require regular updating in order to ensure they are
effective in the genotyping of particular rotavirus genotypes. Monitoring of these assays

should continue and primers should be updated and tested accordingly.
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5. Conclusion

Rotavirus remains a substantial cause of morbidity in Canada today. This study
has shown that circulating rotaviruses in Vancouver, Edmonton, Saskatoon, Winnipeg,
Toronto, Ottawa, Quebec City and Halifax, are predominantly G1P[8], G2P[4], G3P[8],
G4P[8] or G9P[8] rotaviruses. Other viruses make up less than 1% of strains detected.
Efficacy studies have shown that RotaTeq protects against severe rotavirus gastroenteritis
for all of the prevailing strains found circulating in Canada. Phylogenetic trees and motif
analysis showed that Canadian rotaviruses differ at a sub-genotypic level, but are not
abnormal rotavirus strains. Rotavirus vaccines have only recently been introduced as part
of the Canadian vaccination schedule in 4 of 13 provinces and territories. Further roll-out
of vaccination programs are expected to reduce the burden of rotavirus on the health of
infants and reduce the costs to the healthcare system and economy of AGE.

This study analysed standard rotavirus protein motifs. In some cases, there were
changes in motif location, which demonstrates the genetic flexibility of rotavirus
proteins. While motifs were highly conserved in some functional regions, they showed
variability in other regions, which may not be as strongly constrained by functional
factors. Variability most often occurred between the two Canadian genogroups, the Wa-
like genogroup and the DS-1-like genogroup. Differences in important motifs, especially
those for viral protein-protein interactions, may explain the extreme bias these proteins
have when assorting with one another, which discourages reassortment events between
genogroups.

Currently used rotavirus genotyping assays should be regularly validated to

ensure they have adequate performance. Several aspects of the currently used heminested
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multiplex PCR assay were evaluated and while current performance is good, there could
be the possibility of primer failure due to genetic drift in specific strains. Close
monitoring of the 1T-1DCDN primer for P[8] typing, in particular, the aCT2 primer for
G2 typing, and the aDT4 primer for G4 typing, should be done to avoid the possibility of
genotyping failures.

A real-time assay for detection of rotavirus was developed as an alternative to
sequencing for confirmation of rotavirus presence and genotype. However, confirmation
of genotype with this assay is limited to genotyping between genogroup 11 (highly
associated with G1, G3, G4, G9 and P[8] genotypes) and genogroup | (highly associated
with G2 and P[4] genotypes). The real-time assay also has the advantages of high
sensitivity and being quicker and easier to carry out.

Surveillance of rotavirus on an annual basis should be continued to monitor
changes in rotavirus prevalence, as well as to detect the possible emergence of new
rotavirus genotypes. Strain surveillance should become routine as vaccinations are likely

to change the rotavirus landscape in Canada and the rest of the world
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7. Appendix

Table Al: Sample collection sites broken down by site and year.

Rotavirus Paediatric Hospital Location Number of
Season Samples
2007 Centre hospitalier universitaire | Quebec City, | 27
de Québec, Centre hospitalier Quebec
universitaire de Laval (CHUQ,
CHUL)
2007 IWK Health Centre Halifax, Nova | 10
Scotia
2007 Children’s Hospital of Eastern Ottawa, 30
Ontario (CHEQ) Ontario
2007 Stollery Children’s Hospital Edmonton, 24
Alberta
2007 Winnipeg Children’s Hospital Winnipeg, 4
Manitoba
2008 CHUQ, CHUL Quebec City, | 20
Quebec
2008 CHEO Ottawa, 51
Ontario
2008 IWK Health Centre Halifax, Nova | 30
Scotia
2009 CHUQ, CHUL Quebec City, |16
Quebec
2009 IWK Health Centre Halifax, Nova | 35
Scotia
2009 CHEO Ottawa, 40
Ontario
2010 CHEO Ottawa, 7
Ontario
2010 IWK Health Centre Halifax, Nova | 11
Scotia
2010 Royal University Hospital Saskatoon, 11
Saskatchewan
2010 Hospital for Sick Children Toronto, 3
Ontario
2010 Children’s & Women’s Health Vancouver, 20
Centre of British Columbia British
Columbia
2010 Cadham Provincial Laboratory | Winnipeg, 5
Manitoba
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Table A2: Primers used for full genome sequencing.

Genome | Primer Name Primer | Nucleotide | SEQUENCE (5'-3") Mt (°C) | Ta(°C) | Amplicon
Segment Sense | Location Length
VP1-F-04' + 1-17 GGCTATTAAAGCTGTAC 334 1 639
VPI-F-O04Rev - 639-623 TGCCCATGTTACTAAGT 36.7
VPI1F-1AKM2 + 583-604 TATAGATATGAGTACGAGGTGA 41.2 44 727
VPIR-1AKM2 - 1309-1287 | CATTAGCCATATCATCCATTACA 49.0
VPIF-2AKM + 929-952 CAAAAATGATACAAGACTGGTTAG 477 15 762
VPIR-2ALT - 1690-1666 GCGTCTGTATTACTTTAGCATCAT 49 6
VPI VPIF-3AKM + 1588-1606 | TGGGATTCATCTCAACATA 42.6 46 951
VPIR-3AKM - 2538-2521 ATTCAATTTCGCTTTTTC 41.9
VPIF-4AKM + 2389-2408 TTATCAAGTC AGAAATC AGG 41.6 46 914
VPIR-4AKM - 3302-3283 [ GGTCACATCTAAGCACTCTA 41.3
VP14.5F*% + 2105-2127 | TTAAATAATGAGAAGCGTGGACAA 54.8 45 503
VP14.5R* - 2933-2915 GCATCAACTGGCGGAACTC 522
VP1-3’ENDFI + 2751-2770 | ACAATGTATAGGGTCAAGAA 41.0 47 535
VPI-R-04" - 3302-3286 TCGCGAATCTACACT 47.0
VP2F-1AKM + 1-17 GGCTATTAAAGGCTCAA 39.7 43 646
VP2R-1AKM - 646-623 TCAACAACTTTACCTGCATCTCTA 50.6
VP2F-2AKM + 600-622 ATGGCTGTAGAAAATAAAAACTC 46.7 9
VP2 VP2R-2AKM - 1519-1496 | TCAATACTCCATCAATAACTACTT 44.6 4 20
VP2F-3AKM + 1404-1425 | AGACTCCGTTTCAAATAGCAGA 50.3
VP2R-3AKM - 2284-2265 TIGCGCATAGTCTCCTGTTC 50.4 4 881
VP2F-4AKM2 + 2131-2150 TTCAGATAAAATTGCTCAAG 424 47 586
GEN-VP2R” - 2717-2699 | GGTCATATCTCCACAGTGG 44.0
VP3-F! + 1-20 GGCTATTAAAGCAGTACTAG 38.7 4 976
VP3-RIALT** - 976-953 GTTTCAAATGTAAA ATCAGAATAC 44 8 ’
VP3 VP3F-2Alt + 790-812 AGAGATGGC TAGGTAAAAGAGTA 46.2 46 960
VP3R-2Alt - 1749-1723 | TGATCTAGTTTATAATATTTGTCAGTT 458
VP3F-3AKM + 1628-1651 | GGATGTTTAGGTATATTTGGATTA 46.7 4 963
VP3R-5AKM - 2591-2571 | GGTCACATCATGACTAGTGTG 44.4 6
VP4-5"EndF + -19-8 Ty GGCTATAA 50.0 47 259
VP4-5EndR1 - 240-216 TAGTTGGTTGATGTAAATTAGGTGG 525
VP4-1a* + 2-23 GGCTATAAAATGGC TTCGCTCA 553 50 958
VP4R-1ALT - 959-936 TGCAGTTACTTSTTCDCCATCWCK 513
VP4 VP4F-2Alt + 755-776 GAGAGCACAAGTTAATGAAGAT 45.0 M g
VP4R-2Alt - 1630-1612 ATTGTRCTTTTTATTCCTG 373 76
VP4F-3AKM + 1545-1562 CAAGAAATAGCAATGTCA 379 44 843
VPAR-AALT B 2378-2356 | TTTGGTCACATCCTSARWHGRGC 534 )
Gen- VP6F* + 1-20 GGCTTTTAAACGAAGTCTTC 45.6 46 261
VD6 VP6R-1AKM - 762-746 GCTGAATTAATCACACTTGG 45.1
GEN-VP6RFor + 592-610 GTCGCTGGATTTGATTACT 439 50 766
Gen- VP6R” B 1356-1340 | GGTCACATCCTCTCACTAT 36.9
VP7 Beg9’ + 1-28 GGCTTTAAAAGAGAGAATTTCCGTTTGG 60.7 4 1062
End9’ - 1062-1036 | GGTCACATCATACAATTCTAATCTAAG 499
NSPI-F' + 1-22 GGCTTTTTTTATGAAAAGTCTT 46.8 45 970
NSP1 NSP1-FRev - 970-945 ATTTGGTTTAATTAATTTAGATACTA 43.8
NSPI1F-2AKM + 621-643 CAGAATGGCATACCTACCAGCAAC 50.3 50 999
NSPIR-2AKM - 1619-1597 | CACATTTTATGCTGCCTAGGCGC 59.7
Gen-NSP2F° + 1-19 GGCTTTTAAAGCGTCTCAG 71 -
NSP2 Gen- NSP2R* - 1059-1042 GGTCACATAAGCGCTTTC 452 30 1059
GEN-NSP3F- + 1-21 GGCTTTTAATGCTTTTCAGTG 491 _
NSP3 NSP3-R’ - 1105-1084 | GGTCACATAACGCCCCTATAGC 54.4 >0 1105
. NSP4-1a’ + 1-22 GGCTTTTAAAAGTTCTGTTCCG 52.0
NSP4 NSP4-R’ - 752-729 GGTCACATTAAGACCATTCCTICC 54.7 46 752
Gen-NSP5F? + 1-19 GGCTTTTAAAGCGCTACAG 176
NSP3 GenNSP5SR” - 667-651 GGTCACAAAACGGGAGT 44.3 M 823

L Tsugawa, T. et al. 2008 > Matthijnssen, J. et al. 2008 > Gouvea, V. et al. 1990. * Kudo
S. etal. 2001.

*If required

**Rarely, some DS-1-like strains fail with this primer. In that case use VP3R1ALDS-1
5"TCGCCATTCCTTCCAGTC 3’ Length 1111, annealing temperature 45°C.
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Table A3: Type-strain genotypes for all 11 rotavirus segments, except for vaccine strains,
in which VP7 and VP4 segments were relavent and available.

Strain Name| VP7 VP4 VP6 VP1 VP2 vP3 NsP1 | NsP2 | nsP3 | NsP4 | nsPs
Wa a1 P[8] 1 R1 c1 M1 Al N1 T E1 GE
Ku G1 P[8] 1 R1 c1 M1 Al N1 T E1 H1
DS-1 G2 Pl4] 2 R2 c2 M2 A2 N2 T2 E2 H2
AU-1 G3 P9 E R3 c3 M3 A3 N3 T3 E3 H3
B1711 G6 Pl 2 R2 c2 M2 A2 N2 T2 E2 H2
Matlab13-03 | Gi2 P6 1 R c1 ] AT N T2 E1 A1
126 Gi2 P4 2 R2 c2 MA/NIZ A2 N T2 E2 H1
RMC321 G9 P[19] B R c1 M1 AT NE T Ed A1
116E G9 P[11] 1 R ci M1 Al N1 T E1 H1
69M G8 P[10] 2 R2 c2 M2 A2 Nz T2 E2 H2
IAL28 G5 P8 11 R ci M1 A N1 T E1 H1
TB-Chen G2 P4 2 R2 c2 M2 A2 N2 T2 E2 H2
T152 Gi2 P9 3 R3 c3 M3 12 N3 T3 E3 HG
RV176-00 Gi2 P6 2 R2 c2 M2 A2 N2 T2 E6 H2
P G3 P8 1 R c1 M AT N7 T Ed H1
ST-3 G4 Pl6] £ R c1 M1 Al N1 T E1 A1
WI79-9 G1 P[5]

SC2:9 G2 P[5]

WI78-8 G3 P[5]

BrB-9 G4 P[5]

WI79-4 G6 P[8]

39-12 G P[g]

Po-13 G18 P17] 14 R4 c4 M4 Ad N4 T4 E4 H4

Table A4: Type-strain accession numbers for all 11 rotavirus segment sequences, except
for vaccine strains, in which VP7 and VP4 segments were relavent and available.

|_ Full Strain Name i‘;::: VPT |_ VP4 |_ VP& VP1 VP2 VP3 NSP1 NSP2 NSP3 NSP4 NSP5

RVA/Human-tc/USA/MWa/1974/G1P1A[8] Wa ROHVP7A |ROHVP40OCP |RO2SEGSE |DQ490539 |X14942  |AY267335 |L18943 L04534 X81434 |K02032 |AF308494
RVA/Human-tc/JPN/KU/1888/G 1P 1A[8] Ku ROHVP71 |AB222784  |AB022768 |AB022765 |AB022766 |ABO22767 |AB022769 [ABO22770 |AB022771 [AB022772 [AB022773
RVA/Human-tc/USA/DS-1/1976/G2P1B[4] [Ds-1 EF672581 |EF672577 EF583028 |EF583025 [EF583026 |[EF583027 |EF672578 |EFB72580 |EF672579 |EF6T72582 |EF672583
RVA/Human-tc/JPN/AU-1/1982/G3P3[9] AU-1 D8B271 D10970 DQ490538 |DQ490533 [DQ490536 |DQ490537 |D45244 DQ490534 |DQ490535 |D898T73 AB008B56
RVA/Human-wi/BEL/B1711/2002/G6P[6] |_B‘\711 EF554087 |EF554085 EF554086 |FF554082 [EF554083 |[EF554084 |EF554088 |[EF554089 |EF554080 |EF554091 |EF554092
RVA/Human-wi/BGD/Matlab13/2003/G12P[6] [Matlab13-03|DQ 146676 [DQ148674 DQ146675 |DQ146671 [DQ146672 |DQ146673 |DQ146677 |DQ146678 |DQ146679 |DQ146680 [DQ146681
RVA/Human-tc/PHL/L26/1987/G12P[4] L26 M58280 EF672591 EF583036 |EF583033 [EF583034 |EF583035 |EF672592 |FF672594 |EF672593 |EFE72596 [DQ146698
RVA/Human-wtIDN/RMC321/1990/G9P[19] RMC321 (AF501578 |AF523677 IAF531913 |AYB01114 [AYB01115 |AYB01116 |AF506292 |AF506293 |AF541820 |AF541921 |AY033396
RVA/Human-tc/IDN/GOM/1 985/GIP[11] |11BE FJ361209 |L07934 FJ361208 |FJ361201 [FJ361202 |FJ361203 |FJ361205 |FJ361208 |FJ361207 |GAUT7B558 |[FJ361211
RVA/Human-tc/IDN/89M/1 980/GEP4[10] 69M EF672560 |EF672556 EF583016 |EF576937 |[EF583014 |AY277916 [D38151 EF672559 |EF672558 |EF672561 |EF672562
RVA/Human-tc/BRA/IAL28/1992/G5P[8] |AL28 EF672588 |[EF672584  |EF583032 |EF583029 |[EF583030 |EF583031 |EF672585 |EF672587 |EF672586 |EF672588 |EF672590
RVA/Human-wl/CHN/TB-Chen/1996/G2P[4] TB-Chen  |AYTB7646 |AY787644 AYTB7645 |AYT87653 [AYTB7652 |AYT87654 [AYT8T647 |AYT787648 |AYT87649 [AYT87650 [AYT87651
RVA/Human-tc/THA/T152/1998/G12P[8] T152 ABO71404 |ABOTT766 DQ146702 |DQ146699 |DQ146700 |DQ146701 |ABD97459 |DQ146703 |DQ146704 |[DQ146705 |DQ146706
RVA/Human-wl/BGD/RV176-00/2000/G12P[6] RV176-00 |DQ490556 [DQ490554  [DQ490555 |DQ490551 [DQ490552 |DQ490553 [DQ480557 |DQ490558 | DQ490559 |DQ4S0560 |DQ490561
|RVA/Human-tc/USA/P/1974/G3P1A[8] P AB118024 |AJ540228 EF583040 |EF583037 |EF583038 |EF583039 |EF672599 |EF672601 |EF672600 |EF672603 |EF6T2604
RVA/Human-tc/GBR/ST3/1975/G4P2A[6] rSTS EF672616 |L33895 EF583048 |EF583045 |EF583046 |AY277919 |EF672613 |EF672615 |EF672614 |U59110 EF672618
RVA/Vaccine/USA/RotaTeq-WI79-8/1992/G1P7[5] WI79-9 GUSB5057 |GUSE5055

RVA/Vaccine/USA/RotaTeq-SC2-9/1992/G2P7[5] SC2-9 GUSB5068 |GUSE5086

RVA/Vaccine/USA/RotaTeq-WI78-8/1992/G3P7[S] |wi7e-8 GUS85079 |GUSE5077

RVANVaccine/USA/RotaTeq-BrB-9/1996/G4P7[5] BiB-9 GUSB85090 |GUS65088

RVANVaccine/USA/RotaTeq-WIT9-4/1992/GEP1A[8] WI79-4 GU565046 |GUS65044

RVANVaccine/USA/Rotarix-A41CB052A/1988/G1P1A[8] |§9-12 JN849114 [INB4G113

RVAIPigeon-1c/iJPN/PO-13/1983/G18P[17] Po-13 D82979 |AB009632 JAROVPE |AB009629 [ABO09E30 |ABOD9E31 |ABO09633 |ABOO9E2S |ABODS626 |ABO09627 |ABOO9628
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Table A5: Raw data sorted from West to East by vaccine site. Mixed infections are
included as rotavirus-positive samples but not included in genotype counts.

City Year G1P[8] G2 P[4] G3 P[8] G4 P[8] G9 P[8] Other In“;‘;zg‘;n
Vancouver 2010 9 3 5 0 0 0 0
Edmonton 2007 13 4 0 0 0 0 6
Saskatoon 2010 ] 1 2 0 0 1 0

. 2007 3 0 0 0 0 0 0
Winnipeg 2010 2 1 1 0 0 0 0
" Toronto 2010 3 0 0 0 0 0 0
2007 25 1 1 1 0 0 0

- 2008 16 3 4 0 0 0 1
2009 20 3 0 0 12 0 1

2010 3 1 2 0 0 0 0

2007 15 1 7 0 0 0 0

Qg:’yec 2008 7 1 0 0 0 0 0
2009 6 2 5 0 0 0 2

2007 5 1 1 0 1 0 1

T 2008 29 0 0 0 0 0 0
2009 3 0 17 2 0 0 1

2010 10 0 0 0 0 1 0
Total 174 22 45 3 13 2 12
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Table A6: CanadianSample strain accession numbers and full names on genbank.
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Strain Name VP4 VP NSP1 NSP4 NSPS
JQ069621 Q069672 Q069374 JQ069122_|JQ069038
R Q06962 Q06987 Q069375 JQ069123_|JQ069039
R R Q06962 |J0069674 Q069378 JQ069124_|JQ069040
R R Q06962 Q08987 [JQ069377 JQ069125_|JQ069041
R R [JQ069625 Q069876 [JQ069378 )_[JQ066126_|JQ069042
R R Q069625 Q069877 [JQ069379 JQ069127_|JQ069043
R R JQ069627 Q069876 JQ065350 JQ069128 _|JQ069044
R RTO015-07 JQ069628 QO6987S Q065381 JQ065129_|JQ069045_|
I RT016-07 JQ069629 [Jq065880 JQD65382 JQ068130_|JQ069046_|
R RT018-07 JQ0B9B30 JQ069881 JQ069383 JQO069131  |JQ063047
RT019-07 JQOB9631 Q069882 JQ069384 JQO069132  |JQO69048
RT025-07 JQ069632 [7qo698s3 JQO69385 JQO069133  |JQO69049
RVA/Human-wi/CAN/RT028-07/2007/G1 RT028-07 JQOB9633 JQ069884 JQO69386 JQO69134 | JQOB9050
R RT031-07 Q069634 JQ069885 7_|JQ069387 | JQ069135 _|JQ069051
RT032-07 JQ069635 Q069886 8 [JQ069388 | JQ069136 _|JQ069052
RT033-07 Q069636 [Jc06g887 9 [JQ069389 | JQ069137_|JQ069053_|
RT034-07 Q069637 Q069888 0_[JQ069390 | JQ065138_|JQ069054_|
RT036-07 Q069638 [Ja069889 1_[JQ066391 | JQ065139_|JQ069055_|
RT037-07 JQ069639 Q069890 20065392 JQ065140_|JQ069056
RT048-07 JQ0B9640 [JQosg8at [JQ069393 JQO069141  |JQOBS057
RT049-07 JQO0B9641 Q069892 JQ069394 JQO069142 |JQO69058
RT054-07 JQ069642 JQ0E9893 JQO69395 JQO069143  |JQO69059
RT055-07 JQ0B9643 Q069894 JQO69396 JQO69144 | JQOB9060
JQ069644 JQ069895 Q069397 JQ069145_|JQ069061
JQ069645 Q069896 JQ06939 JQ069146 _|JQ069062
|[JQ069648 Q069897 JQ069147 | JQ069063_|
Q069647 Q069898 JQ069148_|JQ069064 |
Q069648 [Ja069899 JQ065749_|JQ069065_|
Q069649 [JQ069800 [JQ0654 JQ06: JQ065066_|
JQ069650 Q069501 JQ0654 JQ065151_|JQ069067_|
JQ069651 [qo68902 JQ065404_| JQ065152_|JQ069068
RT077-07 JQD69652 [JQ069503 JQ069405 JQ068153_|JQ069068_|
RT092-07 JQOBYB53 Q069904 JQ069406 JQ069154 |JQ063070
N/RT094-07/2008/G1P8 RT094-07 JQ0B9654 | JQOE9905 JQO69407 JQO069155 |JQOBS071
N/RT095-07/2008/G1P8 RT095-07 JQOB9655 | JQ0E9906 JQO69408 JQO69156  |JQO69072
N/RT096-07/2008/G2P4 JQ231221 JQ069907 JQO69409 JQOG9157  |JQOB9073
N/RT097-07/2008/G1P8 JQ069656 JQ069908 Q069410 JQ069158 _|JQ069074
R JQ069657 Q069909 1_]JQ0694 JQ069159 _|JQ069075
R Q069658 Q069 2 JQ06: JQ069076
R [JQ069659 Q069 3 JQ06: JQ069077
R Q069660 Q069912 4 JQ069162_|JQ069078
R JQ0696! Q069 5 JQ065163_|JQ069079_|
R JQ0696¢ [JQ069914 5 JQ065164_|JQ069080_|
R JQ0696¢ Q069915 7 [JQ069165_|JQ069081
R JQOBY6! Q069916 JQO069166  |JQO69082
JQOBYBES Q069917 JQO069167 |JQO69083
Q069666 Q069918 JQ069168 _|JQ069084
R [JQ069667 Q069919 2 JQ069169 _|JQ069085
R |[JQo6966E Q069920 2 JQ069170 _|JQ069086
R Q069669 Q06942 JQ06: JQ069087_|
R Q069670 [Ja069922 1006542 JQ068172_|JQ069088_|
R Q06967 [Ja069923 Q069425_| JQ06: 1065089 _|
R JQ06967. | NEREEER] JQ06542 [JQ069174_|JQ069080
R JQ06967 QU69525_| JQ065427_| [JQ069175_|JQ065093
R JQ06967 JQ069926 JQ065428 JQ069176_|JQ0BS051
R RT178-07 JQOBYBTS Q069927 JQ069429 JQO69177 |JQO69092
RT179-07 JQOBYE76 Q069928 JQO69430 JQO69178  |JQO69094
JQOBYETT [7Qo69929 JQO69431 JQO69179  |JQO69095
JQOBYE7E JQ069930 JQO69432 JQOG9180 | JQOB9096
JQ069679 Q069931 JQ069433 JQ069181_|JQ069097
JQ069680 Q069932 Q0694 JQ069182_|JQ069098
Q069681 |Jo069933 Q0694 JQ06!
[JQ069682 [Ja069934 [JQ0694 1066184
Q069683 Q069935 [JQ068: JQ06:
JQ069684 Q069936 JQ065438_| JQ069186
JQ069685 [q069937 JQ065438_| JQ069167
JQ069685 Q069938 JQ065440 JQ069188
JQ0BIBET Q069933 JQ069441 JQ069189
JQOB9688 Q069940 JQ069442 JQOE9190
RT020-09 JQ069689 JQ0E9941 JQO69443 JQO069191
RT025-09 JQOB9690 JQ069942 JQOE944. JQOE9192
RT026-09 |[JQ069691 1006994 Q06944 JQ06919:
RT031-09 [JQ069692 Q069944 JQ0694 0069194
RT038-00 Q069693 Q06954 Q0694 JQ06:
RT036-00 Q069694 Q069946 Q069448 _| JQ069196
RT053-0 JQ069685 Q069547 JQ065449_| JQ065197_|
RT060-0 JQ069655 Q069945 JQ065450_| JQ065198_|JQ
RT063-0 JQ0B9697 Q069949 Q068451 JQ069159_|JQOBST15
RT070-0f JQOBYBSE | JQ0B9950 JQ069452 JQO69200 Q069116
RVA/Human-wi/CAN/RTO072-09/2008/G1P8 RT072-09 JQ069699 JQ0E9951 JQ069453 JQO069201  |JQO6911T
RVA/Human-wi/CAN/RTO73-09/2009/G9P8 RT073-09 JQO69700 Q069952 JQO69454 JQO069202 |JQ069118
FVNHuman-wUCAN/RTU?4-DBIZGDB[GZF‘4 RTO74-09 JQOBY701 JQ069953 JQOE9455 JQO069203  |JQ069119
VAHuman-wiiCAN/RT082-09/2009/G1P8____|RT082-09 JQ069702 10069954 Q069456 JQ069204_|JQ069120
RVA/Human-wi/CAN/RT085-09/2009/G9P8____|RT085-09 JQ069703 10069955 Q069457 JQ069205_[JQ069121




Table A7: McNemar’s test contingency table to analyze reassortments between
genogroups. Reassortment events were non-existent so no significant evidence of regular
reassortment between any genome segments was found for genogroup Il strains.

C1 Not C1 Row Total
All Wa-like 76 0 76
(excl.VP7)
Not all Wa-like 0 8 8
(excl. VP7)
Column Total 76 8 84
Chi-Squared 0, Accept null hypothesis that marginal proportions are not

different from one another

Table A8: McNemar’s test contingency table to analyze reassortments between
genogroups. Reassortment events were non-existent so no significant evidence of regular
reassortment between any genome segments was found for genogroup | strains.

C2 Not C2 Row Total
All DS-1-like 8 0 8
Not all DS-1-like 0 76 76
Column Total 8 76 84
Chi Squared 0, Accept null hypothesis that marginal proportions are not

different from one another
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