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Abstract

Group A rotaviruses are aajor 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
around600,000 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 knotanbe key rotavirus proteireiciting a neutralizing
antibody response during infectidrhis study is focused on predicting the efifeeness of
rotavirus vaccinesiia Canadian population by genetically compgagenotypes 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 fro® paediatric hospitals, suspected of rotavirus infection, were
sent to the National Microbiology Laboratory for genetic analysis. In all, 84®les were
collected, while 29 were successfully genotyped and confirmed by heminested multiplex
PCR and sequreing, respectively. There were an additional 12 samples with multiple
infections. A reatime PCR assay, detecting two VP2 genotypes, was developed as
alternative rotavirus detection and confirmation assay.

Canadian rotavirus genotypegm found to & mostly G1P[8] (approximately 67%)
followed by G3P[8)approximately 17.5%), G2P[4] garoximately 8.5%), GORB|
(approximately 5%), G4P[8] feraximately 1.2 %) and G9P[4] f@roximately 0.8%),
between 2007 and 2010. Rotavirus genotype prevalencedtadtgeatlyamongareas and
seasons, buhatched the multivalent vaccine well

A subset of rotavirupositive 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 genotygpecific variations. Unusual amino aeigriations were
rare in CanadaAntigenic domains varied, often in a genotgpecific mannern

corclusion, ptavirus vaccine escapepsesentlyunlikely amongst Canadian strains.
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1. Introduction- Rotavirus Lit@ature Review

Rotavirus:

Rotavirus is a virus from the Reoviridae family of viruses. It is responsible for
causing acute gastroenteritis predominantly in infaateseen theges 63 months and 2
years Acute gastroenteritis symptoms include diarrhea, vomiting and pyrexia. Presently,
Rotavirus is responsible for the deaths of an estimated 600,000 peopksar, the
majority of which occur in developing parts of the world, sucB@sSahara 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, whdmBiand colleagues first
identified a 70nm viral particl-layerf rom a pat.
electron microscopy (EMEstes and Kapikian. 200.7The rotavirus was subsequently
identified in aecalsampes from infants and young children, also by EMpicted in
Figurel [RiepenhoftTalty et al. 1983]Rotavirus was showto be responsible for 35
50% of hospitalizations due to severe gastroenteritis, é@ethess than 2 years of age
[Estes and Kapikian. 2007nd was showto be the dominant cause of diarrheal disease
worldwide in infants and young children and estimatechiesse 870,000 deaths per year

duringthe 180s[Estes and Kapikian. 2007, Greenberg and Estes. 2009]
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Flgure 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 estimatedhat 95% of people worldwide have beefected with rotavirus by
the age ob [Dennehy. 2008, Matthijnssens et al. 2Bp&everityof disease varies from
symptomfree to severe gastroenteritis and dehydration. Estimates of the burden of
rotavirus disease vary, but it is clear tr@havirus disease aaes mortality and
substantial morbidityn developing countrieOne 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 digMatthijnssens et al. 2008. In the developed world

estimates differ sligtly. A study, involvingchildrenwith health insurance coverage



the United States, estimated 1 in 27 will require an emergency department visit, while 1
in 74 will require hospital admission by the age ¢€b6rtes et al. 2009]Another study,
highlighting the burden of rotavirus thUnited States of America counties, estimates
emergency department visits will be ragai by 1 in 13 to 1 in 17 children by the age of
5, depending on the courjtyee et al. 2008]Only rough estimates can be made on the
burden of rotavirus disease in a North American population, as disease ratesfiimange
year to year and area to area. In addition, testing methods, settadswabs, are not
alwaysadequate to detect rotavirus and may result in false negatives. Hospital code use
for acute gastroenteritis (AGE) may result in underestonatf rotawus burderas 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 gg@asbrotavirus incidence
peaks) in the colder months or in the latter part of winter. Tropical climates often have
rotavirusepidemicsyear roungdwith a less pronounced peak of incidefidennehy.

2008]

In North America, the mortality rate of @tirus is relatively low; neverthess,
the economic burden of rotavirussisbstantialln the U.S healthcare costs of rotavirus
diarrhea are nelr$300 million[Cortes et al. 209]. However, that estimats too low
when considering other cosespecially when incorporating societal costs (work days
lost, diseaseelated purchasestc.). Includirg societal costs, an estimate foetotal
cost of rotavirugelated disease isar $893 million in the U.S.AWiddowson et al.

2007} In Canada, the econonmatavirusdisease burden, including societal costs, has

been estimated to be from $8.9 million to $18.4 million per jlemSaux et al. 2011]



1.2 Rotavirus Molecular Biology:

Reoviridae are neenveloped, icosahedral viruses with segmented double
stranded RNA genomes. In the case of rotaythee are 11 genome segments, edch
which encode a single protein. Occasionally, there is a second protein encoded by the
NSP5 genome segment. Generally, the rotavirus geeogales six structural protejns
VP1-4, VP6, VP7, and six nestructural proteins, NSP8.[Greenberg and Estes. 2009]

Viral particlesconsist ofthree concentric layers, the inner capsid, middle capsid
and otier capsid, as shown Figure2. The inner capsid is composed of the VP1 (RNA
dependant RNA polymerase), VP2 (core scaffold/shell protein) and VP3 (capping
enzyme) prot@s. The VP2 protein forms the shell of the inner capsid in an arrangement
of 120 quasequivalent 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 rrimers of VP4 (spike) protein and 260 trimers of VP7 (outer capsid shell) protein
[Greenberg and Estes. 2009, Guglielmi et al. 20I0¢ segmented rotavirus genome is
attached to the com 11 of the 12 fivdold vertices formed by joining VP2 proteins.

Each of the 11 genome segments is bound to one VP1 polymerase complex and VP3
capping enzyme at orteé the 12five-fold vertices shown inFigure2 [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 causirige 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 f®Méding and proterbinding
capabilities to recruit proteins to viroplasms facilitating replication. NSP3 is able to bind
cellular mRNA, inhibiting cellular translation. Also, NSP3 may recruit cellular
trarslational components to viral genome segments in the initial sthgeglication, to
facilitate viral translatiofjArnoldi and Burrone. 2009Functions of the NSP4 include
facilitating the viral replication cycle, via chaperoning core proteins and functioning as
enterotoxin, indueig diarrhedArnoldi and Burrone. 2009, Ball et al. 2005, Greenberg

and Estes. 2009]

1.3Rotavirus Life Cycle:

Rotaviruses are transmitted via the feoall route. Theotavirus triple layered
particle (TLP) is a verytableparticle and able to survive the harsh environment of the
digestive systerflGreenberg and Estes. 2009he rotavirg particles pasthrough the
stomach ito the small intestine, where nalividing differentiated enterocytes are
infected by rotavirus. The targeted mature enterocytes are located at the tips of intestinal

villi [Greenberg and Este2009, 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
trypsinactivated TLPs enter the target cell quickly by direct penetration, while viruses

not activated by trypsin cdre absorbed by endgtosis atmuch slower ratefBaker and



Prasad. 2010However, non trypsHtleaved rotaviruses are transcriptionally inactive.

This indicates that trypsibased protein cleavage facilitates viral activaturrently,

the proposethechanism of cell entry involves the VP4 protéeig cleavedby trypsin,

into two proteins, VP5and VP8 (* indicates cleaved product of VP4 proteifhe

newly activated spike proteins are held in place by calcium stabilized VP7 ousadl cap
shell proteins. Initiabinding occurs through the VR®rtion 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 integrieipeosuch atl ® 1 ,

then heat shock protein 70 and other intedfdaker and Prasad. 2010, Greenberg and
Estes. 2009, Lopez and Arias. 2006]

During cell entry the viral particle sheds duter capsid layer, resulting in the
internalization of only the doublayered particle (DLP). The DLP acts as a transcription
centre for viral RNA in the cytoplasfereenberg and Estes. 2008)sing the templas
contained within the core the VP1 protein transcribesgdmse (messenger) RNA,
which is capped at the 56 end by the VP3
translation. Genomic RNA is conserved inside the core during this process. Qtikepos
sense RNA transcripts are released to the cytoplasm through the type 1 channels. Type 1
channels are created by the alignment of th@dvertices of VP2 and VP6 protein
shells. The channels are located above each VP1 polymerase c{@umézlmi et al.

2010]

Core formaibn of rotavirus progeny occuvga a unique process involving a

cytoplasmic gathering of messenger RNA, proteins and genomic RNA. These molecular

gatherings, called viroplasms, can bguwalized in rotavirus infected cells as membrane



free inclusiorbodiessurrounded by hostbosomes, as shown kigure3 [Patton et al.

2006] The nonstructural proteins NSP2 and NSP5 are critical for the recrattofe

proteins to viroplasms. Although not completely understood, thestnaotural proteins
organize the structural proteins and complete genome complements of positive sense
RNA, in such a wayhatcores can assemble with #ienecessary componentshis

been suggested that this assembly process asicouttaneouslyand that the correct
genome complement is integrated due to RRIAA interactions between posithgense

RNA segment$Pesavento et al. 2006This process is likelyo bepartly mediated by the
natural affinity ofthe components (core proteirigj each otler, but also by the affinity

of NSP2 to VP1 and NSP5 to VIPRatton et al. 2006While the centre ahe 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 VP6 is prevalent,
possiblyrecruited to that position by NSP4 protein. Hence, asdheemarticles exit the
viroplasm, they are changed into DLPs as the VP6 proteins integrate onto core proteins
[Patton et al. 2006]

Genome replication also occurs in theplasm. Short interfering RNAvidence
hasindicated that, unlike RNA destined for protein production, genomic RNA found in
viral progeny does not originate outside of the viropl§Sivestri et al. 2004]Evidence
suggests genome replication occurs withe viroplasm, which also means that there are
some transcriptionally active douHkeyered 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. 2Q0Bhis observation led to the suggestion that

viroplasms were seeded by DLPs dawned from infecting rotavirus paffdkesstri et



al. 2004] However, more recent evidence, from a study usingl@lyélled infecting

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

particlesCarrenaTorres 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 viroplasnbLPsare recruitedo theendoplasmic reticulum

(ER) by NSP4. The DLPs proceed to bud into the ER, where VP7 proteimdexgeated



onto the particletransiently,by a mechanism that is not completely understood.
However this proessinvolves displacing ER membrane with VP7 protein as the process
continues. The VP4 spike proteins are likely incorporated on the particle as it exits the
cellular membranfPesavento et al. 2006]

The NSP4 enterotoxin protein is a key factor in inducing viral shedding by
diarrheaNSP4 is a versatile protein, existing as both a membrane associated protein as
well as a widely distribiedintercellular protein. The ®@rminal portion of the domain is
capable of migratioto other cells causing diarrhea inducoanditions to spread to
uninfectedcells neighboring infected cellBall et al. 2005] The enterotoxin domain of
the NSP4 is capable of making intestinaipt cells permeable to Cwhich in turn,
mobilizescalcium ions C&"). C&*is very important to rotavirus infectio@a* plays a
role in outer capsid stabilization and shedding during entry. It also acts as a messenger,
indicating cellular damage, diicing cell death. As cells making thgeupper 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 intercellgicium ions into
the cytoplasntauses cell death high concentrations. NSP4 can also indpasma
membrane permeability walcium ions in healthy cells, causing fluid loss to the intestine
[Ruiz et al. 200Q0]Research has also shown that NSP4bits a sodium channel
symporter in rabbits. The symporter SGLT1 is specifically designed for the reabsorption
of water in the intestinfHalaihel et al. 2000]All mechanisms contributing to the
increase in fluidm the intestineontribute 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 reshuk sustenance of diarrhea.
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Finally, NSP4interacts with several cellular calcium ion chaperone and regulatory
proteins, which effects calcium distribution and possib&enteric nervous systefBall

et al. 2005, Ruiz et al. 20Q0]

1.4 Rotavirus Detection:

The diagnosis of rotavirus is a key factor inakotus gastroenteritis prevention
and control. Agjastroenteritis can be caused by a number of enteric pathogens in
children, it is important to identify the cause in order to contathantrol outbreaks,
especially for viruses ith a low infectious dossuch as norovirus and rotavirus. Enteric
virus outbreakgresent with similar symptoms, gtentificationof the pathogennvolved
is dependant on laboratagsting[Feeney et al. 201150me other viruses known to
cause AGE include norovirus, adenovirus 40, adenovirus 41, astrovirus and sapoviruses
[Cunliffe et al. 2010]

Several enzyme immunoassay (Ekis and latex agglutination (LA) assays are
available and are typically used in a clinical setting for fast detection of rotavirus.
However, EIA and LA methds are unreliable due to cragsactivity, antigenic driftlow
specificityand low sensitivityvhen compared to polymerase chain reaction (PCR) based
methoddGomara et al. 2001, Jothikumar et al. 2009, Nordgren et al. 2E18¢tron
microscopy (EM) has been ustedl detection of rotavirus since the discovery of the virus
in 1973. However, this method is limited by low sensitiviégghnical expertise and cost
of equipment in health care facilitig®othikumar et al. 2009, Pang et al. 200Rgcently,
developments in real timeCRtechnology have opened a new door for fast and sensitive

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

11



Rotavirus reatime PCR assaysalie been based on NSR8”6and VP7 gene segments
and, thus farare the most sensitive rotavirus detection mefreeney et al. 2011,

Jothikumar et al2009, Nordgren et al. 2010, Pang et al. 2004]

1.5Rotavirus Classification:

In addition to detection of rotavirus, methods to classify rotaviave lheen
drastically improved durinthe 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 (PAGHngels.
addition, two monoclonal antibodies, specific to the VP6 protein, further classified the
rotavirus into one of four different subgroups (SGI, SGIl, SGI+SGIl or non SGI + non
SGIl). Depending on antigenigi and the separation patternthe PAGE gel
rotavirusedell into one of seven serogroups-(8) [Matthijnssens et al. 2068 As more
knowledge ofotavirus was gainederotyping of the two outer capsid proteins (VP4 and
VP7) became the prominent method for classification. Rotavirus strains were classified
basedon several specifineutralizing nonoclonalantibodies. However, use of
monoclonal serotypspecific antibodies is limited by availability of the antibody for
every serotype, including new ones, as wellasple stat€DLP vs. TLP)[Fischer and
Gentsch. 2004, Gouvea et al. 1990the virus in the sample contains too few triple
layered particles the antibodies will fiilischer and Gentsch. 2004]

With improvements in technologgame inprovements 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

12



proteins, they became the basis of a new sysfagenotyping, which correlated highly
with the serotyping assays of the pg&entsch et al. 1992, Gouvea et al. 1990je dual
nomenclature system presently used for classification of rotasimskeides a G type
(VP7) and a P type (VP4Jhe P type is written with its genotype number in square
brackets, which is occasionally preceded by its serotype number (P1BJ[4]). For the
remainder of this genotyping study the serotype will not be includpdrasf the P type.
The methods used to genotype rotaviruses involved an initial reverse transétprase
(RT-PCR)using two primers complimentary to consensus regions of the VP4 or VP7
regions. Subsequent PCR reactions involving multiplexes of unidinatgenotype
specific primers were used to identify the specific VP4 or VP7 gen(Bpasch et al.
1992, Gouvea et al. 1990The amplicon sizes are determined by agarose gel
electrophoresis @hused 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 ofustgenomes. 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 cutoff percentages. The letter to designate the segment is dependent on an aspect
of the function of its protein. In the segment order of WP4-VP6-VP1-VP2-VP3-
NSPENSP2-NSP3NSP4NSP5 the genotype nomenclature isBgx]-I1x-Rx-Cx-Mx-

Ax-Nx-Tx-Ex-Hx, where x is the genotype number for a given segawashicapital letters

13



refer to attributes of their respective protdidatthijnssens et al. 2088 The cutoff
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 strafmsinto 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 mong sugpbrted by
bootstrapping thawere amino acid ideity based trees. Finally, diversity due to point
mutations is more evenly distributed across the genome than amino acid variations,
making cutoff values more reliable than those from amino aputistthijnssens tal.

20089.

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 Wdike genogroup is the most common genogroup. Phylogenetierese
supports Wdike strains sharing a common origin with many porcine rotaviruses. The
DS-1-like genogroup is the second most common to infect humans. TidliR&Sstrains
seem to have a common origin with bovine rotaviryistthijnssens et al. 2008 The
third genogroup, named All+-like rotaviruses, is rare in comparison to tteer two.
AU-1-like viruses seem to have a common origin with feline rotaviruses and possibly
canine and bovine rotaviruses amget othergDe 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
nucledide changes in primer binding regions. In order to ensure the assays do not fail due

to genetic drift, primers for these assays nimaesthecked and either-designedr
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modified regularhyflturriza-Gomara et al. 2000, lturriz&@omara 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 rgBiedin et al. 2010, Das et al. 1994,

lturrizaGomara et al. 2004For genotyping assays, new primers should be created based
onregions that are approximatalgnsensus, but also genotypeecific Al t hough t he 5¢
a n d en@s®f most segments are relativedbsgenetically there are regions in each of

the ORFs that may be subject to higher rates of mutf¥atthijnssens et al. 2008.

When ceating new primers for sequencing, care should be taken topriaiers

complementary to regions that @ableand nm-genotype specific

1.6 Rotavirus Genotypes:

Genotyping of rotavirus has become an important surveillance technique
worldwide. For seeral decades novhe incidence of different rotavirus genotypes in
many countries haseen monitored to identify the most prevalent diseasssing
rotaviruses in various regions of the woitEnotypes can be determined using
percentage identity cudff values. For the G and P genotypes the identityotfutalue
has been defined as 8(¥atthijnssens et al. 2088 A total of 27differentG genotypes
and 3differentP genotypes have been detected to [d#tthijnssens et al. 2009,
Matthijnssens et al. 2011, Santos and Hoshino. 260%kever,only 11differentG and
12 differentP genotypesave been found in humafiatthijnssens et al. 2008
Rotavirus genotyping and surveillance is necessary to monitor new and enstrgjing;
as well ador identifying potentialrecombinants that may become health threats in the

future. Furthermore, establishment of whichiculatingstrainsare predominant can be



used to evaluatihe potential effectiveness of vacan®otavirus surveillance als
allows the quantificatioof diarrheal causes that are o torotavirusegDesai et al.
2010]

Early rotavirus surveillance was compiled incenprehensive study obtavirus
surveillance from the years 1973 to 2§8antos and Hoshino. 2009]he study included
genotype data from 124 studies published from 128, which included more than
45,000 human rotavirus samples from over 50 countries. The study indicated that,
worldwide,the most prevalent genotype that causgdvirus infection wa&1P[8],
whichis ako frequently the most prevalent rotavirus genotypbe 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 thehighest 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], asrs inFigure4. However, these
values were biased toward samples from the developed world, as most of the data were
from Europe, Astralia and North Americgsantos and Hoshino. 2005]

National rotavirus genotyping studies have continued to emerge in the literature.
Recent studies have indicated various genotype frequencyishiftavirus previence
and energences of novel genotypaound the worldOne such study in the United
States showed a shift of rotavirgenotypeprevalence in Rochester, New York from
87% G1P[8] in 2006 to 69% G12P[B] 2007[Payneet al. 2009]

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

continues to account for around 60% of rotavirus stif@nk et al. 2010, de Rougemont
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et al. 2010, Lennon et al. 200§imilarly, studies from ongoing surveillance in Australia
have indicated G1P[8] to be the most prevalent strain for taritgaof years

surveillance hatbken placgKirkwood et al. 2008, Kirkwood et al. 2006, Kirkwood et

al. 2007, Kirkwood et al. 2008, Kirkwood et al. 2009, Kirkwood et al. 2QhGjddition,
studies from the African surveillance network, Japan and New Zealand have also shown
G1P[8] to be the most prevalent strfhandrahasen et al. 2010, Esona et al. 2010,

Yoshinaga et al. 2006]

Unusual
PI6IG1, G2, G3 or 4 99,

G4; P[9]G1 or G3]
25%

; P[8]G1
2.7% B Ui 64.7%

P[8]G4
8.5%

P[8]G3 \
3.3%

P[4]G2
12.0%
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 tis prevalent strains. However,
these studies sh@al that the most prevalent strain vea® of the otherdur most
common strains. Ae Korean studglsoshowed a drastic decrease in GOP[8] prevalence
from about 69% (n=75) to about 5% (n=64) in consecubtavirus seasorj&steban et
al. 2010, Han et al. 2010, Zuridah et al. 2010]

There have been only two studiegatfavirusgenotype incidence in Canada; both
collected data &m single sites during single seasorise first Canadian rotavirus
genotyping stdy took place in Toronto, Ontario, amds based on phylogenetic
genotyping of the VP7 segment onily samples from the 1991998 rotavirus season.
The study found G1 to ibe most prevalent genotydellowed by G2,G3, G4 and G9
which weredetected at very low frequenfigostouros et al. 2003Eimilar results were
found in the othestudyfrom Edmonton, Alberta durintpe 20032002rotavirus season
no G3 or G9 rotavirusesere identifiedPang et al. 2004]

The data from past rotavirus surveillance studies indicate several aspects of
rotavirus genotype frequency. Firstly, the most prevalenhstad rotavirus circulating
worldwide are G1P[8], G2P[4], G3P[8], G4P[8] and G9P[8]. Secondly, fluctuations in
prevalenceare frequentThe nature of these fluctuations is not understoodsand
unpredit¢able[Han et al. 2010, Kirkwood et al. 2009, Kirkwood et al. 2010, Santos and
Hoshino. 2005]It is possible thatotavirus strains in adjacent regions can have
completely different prevalence profilesdioating that the prevalent strain in one area is
not necessarily indicative of the prevalence of rota\sttasnsin anothefde Rougemont

et al. 2010]
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There have only been a handddistudies that analyZell open reading frames of
rotavirus[Matthijnssens et al. 2008 Pietsch and Liebert. 2009, Than et al. 20E1)I
genome classification will prove useful in the fi@gdor many reasons. Firstly,
reassortment events amongst different genome segments are not well understood. Some
segments reasd more frequently than othersulFgenome analysis is a good way to
analyzehow segmenteassortment is driven emerging st&ins,and to identify genetic
drift due to selection by vaccines or other unknown fagtGr&wood et al. 1993,
Matthijnssens et al. 2010a, McDonald et al. 2009addition, genetic drift can be
monitored closely by full genome sequencing, includragking of antigenic sites.
Moreover genetic information collected can be used further, to analyze different motifs
related to genotypes and infectivity. As more infation is collected genetic markers of

successful strains may becomere apparent.

1.6.1Emerging Rotavirus Strains:

The rotavirus genome is segmented, so it is possible that reassortment can occur
during a mixed infectiorReassortment events occugduently in G and P genome
segment$Matthijnssens et al. 2003 Matthijnssens et al. 2011, Santos and Hoshino.
2005] Futhermore, reassortment is an importantniotitvell understood mechanism of
rotavirus genetic variation, in all genome segm@ragd et al. 2003, McDonald et al.

2009] Studiesanalyzing reassortment eventscirculating and emerginggrains are
important to ensure current vaccines are appropriate to create maximal immunity in the
population. They are also important to elucidateiib@lence ohaturally occurring

reassortment events in general; instancethe preferences of reasgment in genome
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segmentsthe effects ofevolutionarypressures anithetemporal and regional ffierences
in reassortment virus&€sin be identifiedMcDonald et al. 2009]

All of the most common genotypes havéeatst one G or P genotype inncmon
with the RotaTeq (RV5) and Rotarix vaccine®wever, 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 lee 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. 2008nt®s and Hoshino. 2005]

EmergingG9 strains havdikely beencirculating and spreading in many areas of
the world since the discovery of G9, in Philadelphia, U.S.A. in 1983. Subsequently, the
G9 genotypewas bund in Japan in 1985986, andrugoslava, Thailand and India,
oftenin combinationwith uncommon P typedaird et al. 2003] Since its recognitiofs9
has become one of the five most prevalent rotavirus strains detected dlodiatlyet al.
2003] In addition, G9 has emerged as the most dominant genotype in certain rotavirus
seasons in certain regions. In the late 1990s GSlveasiost prevalent strain in [§aoro,
Japan and Alice Springs, Australsantos and Hoshino. 2008ince the year 200G9
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 Ameria[Abdel-Haq et al. 2011, de Rougemont et al. 2010, Esteban et al. 2010,
Han et al. 2010, Matthijnssens et al. 20@4sed o nucleotide identityhere are three
lineages of59 rotavirusesof these, onlyineage Illof G9strainshas emerged globally
[Santos and Hoshino. 200%)f the five most prevalent genotypes, only G9 is not

representa in either vaccingDennehy. 2008]Also, the G9 strain is considered to have a
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higher frequency of reassortmeventshatoccuras compared tthe other four most
common circulating G genotyp@sirkwood et al. 2003, Laird et al. 2003]

Otheremerging rotavirus G types that shoutbreakpotentialinclude G12, G8,
G5 and G10. The G12 rotavirus strain was first discovered in the Phillipines inethe lat
1980s. It was not identified agaumtil 11 years later, when it was found in the United
States. Since 1999 the G12 rotavasiflavebeen recognizedorldwide and, like G9,
havebeen recordedsthe most dominant strain during annual surveillance in at tase
site[Matthijnssens et al. 2009, Payne et al. 2009, Santos and Hoshino. RQfi&Y the
2007 rotavirus season in Rochester, New York, G12 was detected in 69%d b1 the
rotavirus positive samples collectgthyne et al. 2009Unlike other emerging strains,
G12 rotaviruses hay#o datepnly been found in human8oth G8 and G10 rotavirus are
most commonly associated with bovsgedes. However, G10 has been identifiad
many humamotavirus outbreaki India, while G8 has been found in children in Africa
and South AsiiMatthijnssens et al. 200968 rotaviruses have a high frequgioé
reassortment with both animal and human rotaviruses. G5 rotaviruses are most commonly
associated with pig and horse species. However, there hava tmgmcidences of
human infection by G5 rotaviruses beginning in 1982. G5 rotaviruses have nggularl
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 emergingotavirus P types, not including®[and P[4], include P[6],
P[9] andP[11]. The P[6] genotype has often been found in asymptonaddizirus

incidens o f neonat al and infantile rotavirus
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However, P[6] has aldoeen found in many symptomatccurrencesf rotavirus

globally. The predominantly feline rotavirus strain, P[9], is a genotype being considered
for inclusion in vaccine development. In 19Te P[9] genotype wadiscoveredn
rotavirusrelated diarrheaf a 14 year old boy, in Japan. Sirthen 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 rotasiatsd

diarrhea in Pune, Indi Hovever, the strain is primarily aoncern due to the outbreak

and has nobemerged worldwidgSantos and Hoshino. 2005]

1.7 Rotavirus Vaccines:

The expansionf our knowledgeof rotavirus diseasm the 1980s ath1990s
prompted the development of a rotavirus vaccine. The first rotavirus vaccine developed
was a bovingotavirus based vaccindesignated aR1T4327. Despite successful
vaccination of calves and fairly successful vaccination of Firchigtren, thebovine
RIT4327 vaccine wasot successful enough vaccinating children in Africa and Latin
America. The RIT4327 vaccine was not further developed, but it did provide a starting
point for futurevaccine development. The RIT4327 vaccine also showed tfzeicane
with antigenic mismatches could elig@dme degree of immunity in many children
[Dennehy. 2008, Greenberg and Estes. 2009]

The RIT4327 vaccine was followed by RRVa vaccingthat was developed
usinga similar strategy. The RRV vaccine was based on the Rhesus Monkey rotavirus
RRV. However, trials for the RRV vaccine showed thatas not highly efficacious

[Dennehy. 2008]The failure washought to be caused by antigenic mismatch. The RRV

22



rotavirus was a G3 type virus, while the majority of circulating viruses at the time were
G1, G2 or G4 viruseS.he vaccine developeWyeth Fharmaceuticalgjecided to modify
the vaccine to make it moefficacious. Their new strategy involvgénerating
recombinant viruses using the RRYV strain as the vaccine backbone with human G1, G2
and G4 VP7 genome segments. The final version of the vaccine,TRRY RotaShield,
was a quadrivalent rhesus monkeyorabinant vaccine. The vaccine underwent trials in
the United States of America, Finland and Venezuela, all indicating that the vaccine was
80-100% efficacious ithe prevention ofevere diarrheal disease. In August of 1998 the
vaccine was approved for usethe United States. In 1999 it was clear that, for unknown
reasons, RotaShield caused a@8 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 elease until its withdrawal from the market. Although deemed
unsafeto market the vaccin®r infants in the Uried States of America market, there
was debate as tehetherbenefits ofthe vaccine would haveutweighed the risks in
developing countries, vene mortality is far greater thantime United StatefgGreenberg
and Estes. 2009]

After the filure of RotaShieldho rotavirus vaccinesereavailable for several
years. Finally, in 2006, two new vaccines (ghaonceptually irFigure5), were
releasd in dozens of markets worldwid®lerck developed RotaTeq, a pentavalent
bovine recombinant vaccine, using ti@vine rotavirus strain WC3 as thackbone. The
G6P[5] WC3 virus was recombined with the human VPegdar 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 st 80

[Dennehy. 2008, Greenberg and Estes. 2009]

RotaTeq® Rotarix™
{/ ""H-..\ /,/ B
D G1 (Human)
. G2 (Human)
] 3 (Human)
e Q. 0
- G4 (Human)
ar o
I . G5 (Bovine)
.
\ - . P[6] (Bovine)
£ . P[8] (Human)
i To—
— (’" - — ™~
\"“*-__ _/J S~ "

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, enligtabout 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 effacious in preventing rotavirus disease. RotaTeq showed 98%
protection against severe rotavirus disease and a 63% reduction in hospitalizations when

compared to the contrgroup. One clinical trial of Btarix showed 85% protection

against severe rotavirgsseaseand a 42% reduction in hospitalizations when compared
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to the control groupDennehy. 2008]In addition to protection against rotavirus, the
areas of the trial experienced herd immunity. The CDC estimatedraase d60% in
rotavirus diseasdn addition there waa delay in the rotavirus seasdor, the seasons
following the trials[Greenberg and Estes. 2009]

The vaccine trials also confirmed that strain speaifitbodies did nioprovide
the only source gbrotection 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 gastrogsiteespite Rtarix only
containing one serotyp&he vaccines even showed protection against G9 strains, which
are not part of the VP7 components of either vadgireenberg and Estes. 2008
alternative Etopean 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 ith 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 significafibennehy. 2008]

Although seeminglyery different,both of the currently licensadiccines have
unigue benefits. RotaTeq is a 3 dose vaccine with a broad antigenicity and a high
efficacy. Rotarix was developed as a 2 dosedittenuated human strain vaccine. As
Rotarix is based on a humairain, it replicates well in vaccimecipients resulting in
possiblesheddingwhich resultsn greater herd immunityRotarix can also be delivered

at lower concentrations due to its ability to replig@ennehy. 2008, Greenberg and



Estes. 2009]However, Rotarix should not be used in immunocomprimised children with
HIV or SCID, as it has been shown to cause rotavieleted diseas@atel et al. 2010

Both vaccines have proven to be effectiv@ostmarketing surveillancePost
vaccine introduction surveillance studies in countries with high ratescafne coverage
have shown largdecreases in incidences of rotavirus dis¢@sem et al. 2010,
Braeckman et al. 2011, Dennel2p08, Desai et al. 2010, Munasa. 2010, Patel et al.
2011, Paulke&Korinek et al. 2011, Richardson et al. 2Q1A]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 availgb#i8% 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, 2002008, compared to the average ofiti@dents in the previous 6
rotavirus seasons, was 64%. The decline in rotavirus positidens indicated both
vaccine success and herd immunity inth8.A.[Centers for Disase Control and
Prevention (CDC). 2009]

In Austria,RotaTeqvaccine was released in 2007. Austria released the vaccine as
a part of a universal mass vaccine program and found rotaeiated hospitalizations
decreased by 74% in eligible vaccine resms[Tate et al. 2010]Two years after the
universal vaccination program was introduc&dstria continued to provide high
coverage with the vaccines (74% in 2009). They realized a sharp decline in rotavirus
incidens as well as some herd immuniBaulkeKorinek et al. 2011]Similarly, in
Brazil, universal vaccination with Rotarix, starting in 2006, resulted in a reduction in

rotavirusrelated hospitalizations. lone cty, 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 nevaccine genotypprovides evidence that the G1P[8] (Rotarix)
vaccine caugkan increase in G2P[4] prevalencestmay not be the case. Surveillance
of surrounding unvaccinated countries indidateat, 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 fluctuafiGurgel et al. 2007, Patel et al. 2008, Tate et
al. 2010] Finally, acountrywide study of vaccine effectiveness in Mexico saw a
dramatic decrease in daatte due to usagof the Rotarix (RV1yaccine. Although
roughly half of theeligible infants were vaccinated, the country saw a reduction of 35%
in thetotal annualdeath rate caused by rotavirus dised$gs change was most
dramatically seen in the youngest age catggbtess than 11 months of ggehich
realized a reduction in death rate of 418%me age categories were not vaccinated due to
ineligibility, but realized aeduction in annual deaths, indicating thaine herd
immunity may haveoccuredn this studyfRichardson 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 shwed that Rotarix had a faywer efficacy in African nations.
Rotarix was shown to have only 25.1% efficacy in Malawi and 44.1% in South Africa,
against any rotavirus disegdgadhi et al. 2010]In a presentation #e 11" Annual
Conference on Vaccine Resegroger Glass from the Fogarty Institute in California,
stated that onl$4% of children in South Africand 55% of children in Bangladesh
showed an immune response after given Rof@i&rien. 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 @sicountries
is not well understoo(Pentavalent Rotérus vaccine in 5 sites)t has bee suggested
that poor nutrition and othanterference by antibodies in betanilk may be involved in
reduced efficacy. Since oral vaccines have also showisuccas in Africa,Roger Glass
suggested thdhere is something unique abale Gl tracts of African children that may

be the cause of the lack of efficacy of the Rotfivladhi et al. 2010, O'Brier2008]

1.7.1Vaccine 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 200fBalvadori and Le Saux. 201@oth 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
Immunizationto recommendhe usage of RotaTeq in 20QRational Advisory
Committee on Immunization (NACI). 2008 ssuminghata very large proportion
(94%) of rotavirus gastemteritis is caused by strains covered by the vaceaesination
has the potentidab prevent approximately 56,000cidens annually. NACI estimates the
reduction inincidens would include around 15,000 emergency department visits and

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

1.7.2Cost Effectiveness:

The cost effectiveness oftavirus \accine is difficult to estimatd-irstly,

estimates of the burden of rotavidiseasevary. Second, the price of the vaccine is
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inconsistent. In the United States of America the cost of the completeditsee
complement of the RotaTeq vaccine is around $217.50, including administration
[Widdowson et al. 2007]n another scenario, reducedce of vaccines can be
negotiated if a longerm vaccination program is established, such as in Ausfingiaall

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 Bine2009, Tate et al. 2010 recentstudyin the
U.S.estimates that, given the current price for the rotavirus vaccine and the current
rotavirusburden cost ($893 million per year), the vaccine will not be cost effective
[Widdowson et al. 2007]lthough the vaccine is paid for by insuransinot the
government. An estimate of the rotavirus vaccine-effsctivenes$as not kben
undertaken in Canada. Howevestimats of hospital and societal cissassociated wh

rotavirus have been maflee Saux et al. 2011]

1.8Rotavirus Immunity:

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

relationship igprovided by the RRVI'V vaccine: mce human VP7 recombinants were
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added to the RRV vaccine thdiefcy of the vaccine was improvg@reenberg and
Estes. 2009]

In 1983, a stdy assessed immunity induciedadults by VP4, VP7 and NSP4
proteinsexpressedsing abaculovirus vector. The adults were challenged with a G1P[8]
virus and an assessment obfective immunity was made. The group found that
protective immunity was mostly established by homotypic antibody created prior to the
challenge. Lower levels girotective immunity were inducday heterotypic antibodies
[Yuan et al. 2009]The evidence provided ihe 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 regionsisp#gifFor instance, there
have been several studies assessing particular VP7 antigenic sitestiitidies. &
epitopedor rotavirusVP7 protein werelescribedy Kirkwoodand colleagueand Chen
and colleagesSome protective antibodies are hetepatyvhile others are specific to the
infecting strainds G genot abipteofthelepitopics | mpor t a
sites when assessing the potential effectiveness of the vafchesset 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. Alagyarticular antigenic sitmayaffect the

antigenicity of other antigenic sites. For instance, a previously described mutation in
antigenic site Con the VP7 protein, carifact the ability for antibody to bind site, &s

they orient themselves near one anofK@kwood et al. 1993, Yoshinaga et al. 2008]

a mutation were to occur in a broadly reactive antigenic neutralizgpitope protective
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antibody elicited by a vaccirmuld have reduced or mutralizing cpabilities
[Yoshinaga et al. 2006]

Evidence of antigenic specificity effecting protective immunity means it is
important to follow circulating virus genotypes and vaccine effectiveoesssure that
emerging strais  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 Canadiahealthcare system and economyrbtavirusinfectedchildren across the
nation. Parents, clinics, hospitals and tertiary care facilities are burdened by the effects of
rotavirus disease on Canadidmnldren. Recently, two vaccines, RotaTeq and Rotarix,
were licensed in Canada. The vaccines have been stigenwhere¢o be highly
efficacious against severe rotavirus dis¢@snnehy. 2008]

Prior to the current studyhee wereno upto-date Canadian rotavirus genpityg
data. In fact, previous Canadian rotavirus studies took place several years pgor to th
licensure of the new vaccines, and only sampleelsite over a single rotavirus season
[Kostouros et al2003, Pang et al. 2004 otavirus genotypes are known to fluctuate and
different rotavirus genotypes are known to vary in different areas of the [gamdos
and Hoshino. 2005]Theaim ofthe current study was tabtain a picture ofotaviruses in
Canadawhich would allow more clarity in vaccine policy development.

Estimated coverage of the vaccines in Canada is quitfClabe et al. 2010]Use

of the highly efficacious vaccas mg 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 vaccindsatizmal Advisory
Committee odimmunizations (NAC), recommended the pentavalent reassortant vaccine,
RotaTeq, to be used by Canadian infgNistional Advisory Committee on
Immunization (NACI). 2008a]Before implementation dhe recommendation, it was
important to establish that the recommended vaccisewed matched to the current
population of rotaviruses in Canada. Provided there is a match between the vaccine
strains and genotypes in circulating Canadian rotaviruses, Wwild be additioria
evidence that the vaccine would effective in the Canadian population.

The purpose of the current studysata provide ugio-date genotypic, and

characteristic information of currently circulating rotaviruses in Canada.

1.10Hypothesis:

| hypothesize that surveillance will revelhatcurrently circulating rotavirus
strains in Canada are well matched to the currently licensed vaccines in Canada by
analysis of VP4 and VP7 genotypes, genetic drift within genotypes and analgtis of

circulating genotypes for abnormalities and reassortment events.

1.10.1Scientific Reasons for Approach Taken to Answgpéthesis:

Analysis of VP7 and VP4 genotypes of all aviaiéaCanadian rotavirus samples
was important because the outer cdygsioteins, VP7 and VP4, are targets for
neutralizing antibodies in the hdsie Rougemont et al. 2010This studyrelated

currently circulating Canadian VP7 and VP4 genotypes to those kmolengrotected
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by curently available vaccind®ennehy. 2008]Further analysis, oa subgroup of
Canadian samplesf all genome segments and proteins via full open reading frame
analysis elucidatel any abnormalities in Canadiantaviruses. Abnormalitieghcluded

those affecting normal pathogenesis, antigenicity or strdatanaposition.
Abnormalitiesmake Canadian rotaviruses unique compared to other circulating viruses.
Unique viralcompositionmay be implicated in future straiitrfess or vaccine failure, as
vaccines are based on old rotaviruggsnnehy. 2008]This subgroup of fuly

genotyped rotavirusesdso servd to analyze reassortment events in Canada.
Reassortment events have na¢mevell studied, due to a lack of full genome sequencing
studiegMcDonald et al. 2009]Creating constellatianin phylogenetic analysalowed
in-depth analysis into the nature of reassortment in differentelated areas over a
relatively short timespan. Analys of Canadian VP4 and VP7 sequengasused as a
quality control mechanism for commonly dsgenotyping methods. Thensure
surveillance data from the current study and the future is reliablesaagisaare not in

need of updatingturriza-Gomara et al. 2000, Iturrizaomara et al. 2004Finally, a
reattime assayvasdeveloped as a faster, more sensitive alternative méshoehfirm
rotavirus detection and genotyping results when compared to sequencing. A faster, more
efficient confimation method will be usefi future surveillance when determining and

confirming genotypes.

1.110bjectives:

In the following study th 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 withihe Canadian gaulation. In addition tdull rotavirus

ORF genotypingl intenced 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 roteses. Full ORF genotyping watsousedassess

the validity of the currently usdteminested 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 VP7 protein and functional
abnormalities. Finally, eeattime 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 fraghtpaediatrichospitals from July 24, 2007
until June 2, 201. Three hundred and forgrght samples were collected in total.
Samples were shipped on dry ice frpaediatrichospitals then stored &0°C at the
National Microbiology Laboratory (NML) until RNA extraction took place. Sample

collection from the paedlric hospitals is summarized irableAl.

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 (InvitrogerCarlsbad, Ca The stool was vortexed vigorously for 1
minute or until the 10% st 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 800 x g) for 10 mintes using aikppendorf 5417R centrifuge (Eppendorf,
Hamburg, Germany). The upper clarified stool solution was collected for extraction and

storage for future use.

2.3Genome Extraction:

RNA was extracted using the EasyMag extradayNlérieux Marcy I'Eoile,
France). To begin the extraction, 2Q0of 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, £Q0of magnetic silica beads were added to the



mixture and mixed thoroughly with tharaple solution by pipetting up and down. The
extraction was run using the Generic 2.0.1 method. The extraction resulted in the elution

of 6Ce L of RNA solution.

2.4Rotavirus PCR screening:

Due to the doubkstranded RNA nature of the rotavirus genomerediminary
denaturing step was required for all PCR reactions. Sample tubes containinglooly 5
appropriate primers ana b rotavirus extracted RNA were placed into an Applied
Biosystems Veriti Thermocycler (Applied Biosystems, Carlsbad, Ca) andudetait
95°C for 5minutes Here cooling to 4°C. This step wanecessary to ensure that genomes
denature and ranneal to primers, while the reverse transcriptase enzyme is not
deactivated at high temperature.

Following denaturation, the sample and primeution was added to 4Q of
OnestepRFPCR sol ution ( Qi agen, Hi l den, Ger many)
reagents were as recommended by the manufacturer without using Q solution. The final
primer concentratiom every reactionvas 600ng/L for each primerPCR produts
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 faiaitkif.

Samples were screened for rotavirus using the QiagerstepeRFPCR (Qiagen,
Hilden, Germany) and previously described primer pairs Beg9/End9 and Con3/Con2 or
VP7F/VP7R and VP4F/VP4RGentsch et al. 1992, Gomara et al. 2001, Gouvea et al.

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

Parent PCR amplicons, created with the Con3/Con2 or VP4F/VP4R for VP4
genotyping and P7F/VP7R for VP7 genotyping, were further used for genotyping by
heminested multiplex PCR. Five microlitres of screening reaction amplicon solution were
added to fortyfive microlitres of Platinum Tag PCR solution with the reagent
concentrations recommerdlby the manufacturer. All appropriate nested primers and
their complementary parent prinsevere also in the solution at a final concentration of
600ngt L each. Heminested primers and cyclingditions can be found ihables 1 and
2, respectivelyGenotyes for samples were assignesgéd on amplicon sizas found in
1% agarose gelectrophoresisGels with faint bands or additional nepecific bands

were retested for confirmation of contaminant or multiple genotypes.
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Tablel: Heminested muflex 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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Table2: Below are thermocycling conditions for all FPICR reactions in this study. Parts

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

Stage Number of Time Temperature (°C)
Cycles
Part 1: I nitial Stage f or Te nfdraetnet
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
PrimerTable
Extension 60 seconds 68
Final Extension 1 10 minutes 68
Cool Stage 1 - 4
Part 3: Add AParento Amplicons fron
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 sequencitige screening amplicons. Amplified

DNA was first purified usinghe Millipore Montage DNA purification spin filter system

(Millipore, Billerica, Ma) according to the
both positive s@ening bands and napecific bands were purified using the Minelute
Gel Extraction Kit (Qiagen) according to the

of the samples were then measured aittanoDrop 1000 Spectrophotometer

(ThermoFisher Scientifid)Valtham, Ma). If necessary, samples were diluted to 5Qng/
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andsequenced 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 Terminatahemistry.

Sequences were assembled with the SeqMan software (Lasergene Version
7.2.1(1), 410, DNAStar Inc.5equences were exported as .fas files and aligned using
MEGA 5.0 softward Tamura et al. 2011Confirmatoy phylogenetidrees were created
using ORFs of VP7 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 Wh, BSST3 and
US1205. These positivantrols were obtained fromd@entsch 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.

MA104 cels 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) sobuti(Gibco). The cells were incubated at 37°C
with 5% CQ.

Cells were maintained and propagated for infection by regular splittiogjlef
every47daysNext , cel | monol ayers were washed wit|
Phosphate Buffered Saline (DPBS) sl 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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TrypsinEDTA solution to the flask and incubating at 37°C with 5%, @02-4 minutes,
or until cells were visibly detached. CGeilere resuspended with 8.5mL of maintenance
solution and split in small aliquots to flasks containing fresh maintenance media.
For inoculations100% confluent MA104 cell layers, in Corning T75 (75¢m
polystyrene canted neck flasks, (Corning Inc, Cayniy) were first washed with 5mL
Gibco 1X DPBS solution without calcium chloride or magnesium chloride (Gibco). Next,
15mL serurdree Gibco Medium 199 with 1X Gibco Glutamax (Gibco) and Gibco
PenStrep solution (Gibco) were added to the flask. The flaskes tven incubated at
37°C with 5% CQ. The following day 20€L of rotavirus positive contreihfected cell
lysate were activated by adding 2mg/mL trypsin solufiype IX-S, lyophilized
powder, 13,00620,000 BAEE units/mg protein (Sigma, Steinheim, Gerypadissolved
in PBS pH 7.4, (Invitrogen, Carlsbad, Ca)) to a final concentrationaaj/rdl.. The
trypsin/virus solution was mixed at 37°C 2@0rpm in an Eppendorf thermomixer
(Eppendorf, Hamburg, Germany) for 1 hour. Next, the uninfected cell monolagezs
washed with 5mL seruffree medium 199. Subsequently, the activated virus solution
was diluted with serurfree Medium 199, so that 1.5mL of atbn wasavailable for
inoculation Finally, the activated virus solution was added to the washed T75 flask
containing uninfected MA104 cells and swillin the flask to codhe monolayer. The
infected flasks were incubated at 37°C for 1 hour, with swirling of the flask evEdy 5
minutes. Twelve millilitres of serufiee Medium 199 with 1X Gibco Glutamax
(Gibco), Gibco PenStrep solution (Gibco) and €gdmL trypsin were added facrease

medium inthe flask.
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Cellswere monitoredor cytopathic effects (CPEvery 13 days. A mock
infected control was used as a comparison point to determine CPE effettisatagirus
infection in other flasks. Collection of rotavirus infected cellular lysate was accomplished
after three freeze/thaw cycles ir82°C freezer. The lysate in the flask was collecteal in
50mL Fisherbrand polypropylene centrifuge tube (Thernsbédti Scientific) and
centrifuged at 400 X g for 10 minutes il BermoScientific Heraeus 3SRcentrifuge

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

2.8Full Genome Sequencing:

Samples for full genome sequencing &eelected 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 choseed 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 specifitakdrus season. This would allow an
analysis of diversity within a genotype. Finally, sequencing analysis was undertaken on
samples with limited identity to other strains chosenir@ected samples should be
excluded as genotyping may be skewed byaprimes et 6 s affinity to one
sample over another, then \vWeersa with subsequent primer sets. Based on these criteria,

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

Samples were fully genotyped using speggficner 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 WXL, TB-Chen, AU1,
L26, ST-3, RMC321, 69M, IAL28, B1711, US1205, RV1D6, T152, Matlab1®3, P
and 116HBoth et al. 1984, Chen et al. 2008, Cook and McC2864, Cunliffe et al.
1997, Das et al. 2004, Ernst and Duhl. 1989,t&x#met 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.
2008, Matthijnssens et al. 20068Mohan and Atreya. 2001, Mulherin et al. 2008,
Nakagomi and Kaga. 1995, Okada et al. 1984, Paddiaega et al. 1995, Pongsuwanna
et al. 2002] As the majority of the RotaTeq vaccine contains bovine sequences, but the
VP4 and VP7 components are humiaaoth vaccines were included in VP4 and VP7
alignments onlyMatthijnssens et al. 2010b, Zeller et al. 20dcession numbersnd
genotypedor these segments can be found ables A2 and A3 respectivelyNext,
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 Primér@elsergene Version
7.2.1(1), 410, DNAStar Inc.) quality score and the genetic stability of the target sequence
throughout genotypeglthough many primers in this study were developed using new
alignments, some were previously developed in other st{@mssea et al. 1990, Kudo

et al. 2001, Matthijnssens et al. 2008sugawa and Hoshino. 2008] complete list of
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primers and their references can be thimTableA4. As the end portions of many of

the rotavirus genome segments are highly consepraders 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 cemtration, 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 saofplasying 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 adjustgtitteesprimer set,
based on the Primer Select (Lasergene Version
recommendations. Annealing temperatures were adjusted after the subset was tested to
optimize the PCR. Annealing temperature was increased sligltlgrg 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 SegMan software (Lasergene
Version 7.2.1(1), 410, DNAStar Inc.). Sequences wergected and trimmed so that
only the appropriate ORF sequence was left for each segment. Any sequences indicating
degeneragdue to quasipecies in a seqoe were double checked by repeat sequencing
or overlapping sequences of the same region. If otlaeisrmdicated a lack of

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

Completed and trimmed segments were exported to the Mega 5.0 program
[Tamura et al. 201]1wheae an alignment was made. The ORFs of Wa, Ku1D8U-1,
B1711, Matlab 133, L26, RMC321, 116E, 69M, IAL28, FTBhen, T152, RV1780, P,
ST-3 and POL3 were used as type strains and outgroups for the data for all genome
segment alignments. The alignmeatgmeters for the ClustalW alignment algorithm in
MEGA 5.0[Tamura et al. 201Wvere as recommended Byylogenetic Trees Made
Easy[Hall. 2007] First, ORFs were translated intmi@o 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. Afirer algorithm aligned the sequences, the
data was converted back to nucleotide form and exported as a .meg file for further

analysis.

2.8.3Analysis 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 protetprotein interaction, those enabling proper protein secondary
structure and those responsible for antigenicity. Motifs analgeedhownn Table3. In
addition, primers for the heminested multiplex PCR assag a&sessed to ensure they
would besuitablefor future genotyping studies. Rrers assessed inclutihose inTable
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2.8.4Phylogenetic Analysis:

Phylogenetic trees were created using the Neighboming method with 2000
bootstraps. Statistically speaking, a tree made using 2000 bootstraps produces a tree with
95% confidence. At this point segments nmhaestooked 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 segmernfiHall and Barlow. 2006]Trees were rooted with the PI3 avian
rotavirus strain as an outgroup. R differs greatly from human strains and contains

avian genome segments with no human recombirilstaihijnssens et al. 2008
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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 €108.£2 Cook and McCrae et al. 2004 5. Patton et al 1993 6. Gilbert et al. 1998 7. Zeller et al 2011 8. Coulson|
al1997 9. Affranchino et al 1997 10. Hua et al 1993 11. VadpekCarpion et al 2006(2) 12. Rao et al 1995 13. Okada et al 198bfidet al 1997 15. Torre¥ega et al

2000.
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Table4: Primers were assessed by full genome segment sequence analysis for matching
target sites, as well athosediffering from other genotypes. References can be found in

Tablel.

Primer Name Segment/Sense Sequenx®) (50

(Position)

Con3 VP4/+ (1132) TGG CTT CGC CAT TTT ATAGAC A
Con2 VP4/- (868887) | ATT TCG GAC CAT TTATAA CC
VP4-F VP4/+ (132149) | TAT GCT CCA GTN AAT TGG
VP4-R VPA4/- (775795) | ATT GCATTT CTT TCC ATA ATG
1T1IDCDN (P[8]) VP4/- (339-356) TCT ACT GGRTYRACR TG
2T1 (P[4]) VPA4/- (474494) | CTATTG TTA GAG GTT AGAGTC
VP7-F VP7/+ (5%71) ATG TAT GGT ATT GAA TAT ACC AC
VP7-R VP7/-(914932) | AACTTG CCACCATTITTIT CC
aBT1 (G1) VP7/+ (314335) | CAAGTA CTC AAATCA ATG ATG G
aCT2 (G2) VP7/+ (411-435) | CAA TGA TAT TAA CAC ATT TTC TGT G
G3 VP7/+ (250269) | ACG AAC TCA ACA CGA GAG G
aDT4 (G4) VP7/+ (480499) | CGT TTC TGG TGA GGA GTT G
G9 VP7/+ (75%776) | CTT GAT GTG ACT AYA AAT AC

2.9RealTime Assay Development and Validation:

A reattime assg was developed for detection of rotavirBeattime PCR is a

guantitative technique, measuring amplication after each cycle; therefore, this technique
is good for fast typingThe assay was developed based on results of theedityping

assay. Analysi of DS1 like strains indicates that VP2 genotype does not significantly
differ from all other genome segments (including VP7). There is a need fortareal

assay based on a geneticatigtdestructural protein coding genome segment. The basis
for chaosing 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 RN#ependant RNAbolymerase replicates akkgments at equal

rates. Aso,VP1, VP3, VP4, VP6 and VP7 are fairly variablecomparison to VP2;

therefae, VP2 was chosen as the géméevelop the regime PCR assay. Also, the new

reattime assay was developed with current Canadian strain detection in mind. Therefore,
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the £quence data, used to develop the assay, was based on currently circulating Canadian
rotaviruses from this study. The 36 end of t
be the portion of the segment transcribed last.

Development of the VP2 reime asay began with a multiple alignment of the
VP2 genome segmesin all fully sequenced isolates. The alignment was created using
Mega 5.0 Tamura et al. 201ith the Clustal W algorithm. A consensus sequence was
expated to PrimerSele¢tasergene Version 7.2.1(1), 410, DNAStar Itc.jlevelop
several sets of primer pairs targeting sequence&Base pairs long. Three primer sets
were analyzed on the 306 end of the VP2 genon
fairly stablegenome was sought out by analysing strains for variation at the potential
primer target sites. Primers were developegenetically stableegions. Also, single
probes for both Wiike and DS1-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 loopsdsaH#rization, primejprimer
dimerization, primefprobe dimerization and profprobe dimerization. One gable
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 wa amplified and agarose gel data showed that the primers were highly specific.
Primers were ordered froenomics Core (National Micbilogy Laboratory,
Winnipeg, MB). Probes were ordered from Integrated DNéchnologies (IDT,

Coralville, 1A) with the segences found iffable5.
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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, CoralvilldA) and the VP2 R primer. Samples from the twodoes, Wa
like and DS1 like (synonymous with C1 and C2, respectively), were used so that a
standard curve could be made for each. The T7 region of the VP2FAT7 primer added a
T7 promoter region to DNA amplicons of the previously sequenced samples-RT006
(G1P[8]) and RTO3®7 (G2P[4]). The amplified sequences were confirmed by
sequencing by genomics core (National Microbiology Laboratory, Winné&g.
Amplicon DNA was used to transcribe RNA with the MEGAscript kit (Ambion, Aystin
TX), usingthe T7 prometr , according to manufacturerds i
removed from the transcribed RNA by addired-ITurboDNAse (Ambion) and
incubating for 10 minutes at 37°C. RNA for the standard curves was measured for RNA
concentration using the Qubit (InvitrageCarlsbadCA) , according to manuf
instructions. Standard template copies per microlitre were determined with the following

equation:

TemplatedlL. = { ([ sample (ng/OL)] A Qubit dilution

nucl eotai de)} A N

, whae the dilution factoris20Nai s Avagadr ods “handtiieeverage6 . 0 2 x
molecular weight of a nucleotide is 330.0 g/nidie final size of the amplicon was 586
base pairs for both 667 and 3607. Amplicon sizes were confirmed with agarose gel

electroploresis in the Qiaxcé€Riagen Hilden, Germany).

5C



Table5: VP2 Realtime 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 cursdéor C1 and C2 assays.

Primer/Probe | Position (Wa) | Sense Sequen3b) (50

Name

VP2REF3 21832204 + GAAAGAGATGAGATGTAYGGAT

VP2RER3 23482367 - AGCGATATAACTGATGARTC

VP2Probe C1 | 22582282 + 6-FAM/TTAATGAG A/ZEN/
ACTGGAGACTATGGTC/IABKFQ

VP2Probe C2 | 22232246 - HEX/TTATCTGTT/ZEN/
GAAATCCCTCTAAAT/IABKFQ

VP2E4AMT7 | 21312150 + TAATACGACTCACTATAGGTTCAGATAA
AATTGCTCAAG

VP2-R-04* 26992717 - GGTCATATCTCCACAG)TGG

! ReferencefTsugawa and Hoshino. 2008]

Prior to runninglte realtime assay extract RNA was prepared in a denaturing
step, as described earliertireconventional PCR setup. TheclORNA extract and
primer solution was added to€ll5 One-Step RFPCR reaction mixture (Qiagen, Hilden,
Germany). The On&tep RTPCRKkit was mixed according to manufactui@rs
recommendations. The final concentrations of probes and primers in the mixture were
250nM and 900 nM, respectively. Samples were mixed well with thé®RR solution
using an Eppendorf Centrifuge 5430 (Eppendddmburg, Germany) to spin the fast
reattime plate for 10 minutes at 1500rpm. The plate was then added to the ABI 7500 fast
reattime machine (Applied Biosystems, Carlsp@a). A 30-minute 50°C reverse
transcriptase step and a-atbnute 95°C polymerase @ation step preceded the cycling
stage. Realime 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, Austi TX) was also used, according to

manufacturerdés instructions, to ensure t
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enzymes and a fast oséep enzyme. Ramp speeds were set to fastinealdefault
settings.

The assay was validated with 19&viouslycharacterisedamples. Two
Canadian rotavirus strains RTO08 (G1P[8]) and RT0687 (G2P[4]) were used as
positive controls at approximate concentrations of 5>capies peeL and 5 x 10
copies peeL, respectivelyPositive controls useabtained cosistent signal values
through many rungurther validated the redime assay. Enzymes with different lot
numbers were also used to ensure consistenttyeiassay in different batchef the

same enzyme.

2.9.1Cell Culture Propagatiofor Canadian Rotarus Controls

Two Canadian rotavirus cultigevere developed for use in the raale assay as
positive controls. Samples were chosen Basegenogroup, sample availabilégd
whether they were fullsequencedlhe samples chosen were RTdIBand RTO68)7.
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 usgalace of infected MA104 cell lysate.
Multiple passages were required for virsise adapt to cell culture. Passages were
undertaken by collecting cell lysates after freeze thaw cya$gseviouslydescribed
and reapplying 2mL of the lysate to a fresh M 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 ngg L trypsin. Upon completion of & 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 r¢mhe PR assay.
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3. Results
3.1Heminested Multiplex PCR Genotyping
A total of eight differenpaediatriccentres submitted samples, shown in Table
Al. Of the 348 samples tested frahe 20072010 rotavirus seasons, 259 were
successfully gengped for rotavirus. AIR59samples were confirmed by sequencing
Samples submitted frothe 20072009seasonsvere prescreened for rotavirus
by enzyme immunoassay (EIA) or EM before submistaathe NML Of the 189
samples that precreened positiveof rotavirus, 187 were genotyped successfully by
heminested multiplex PCR. Two samples weregareened positive for rotavirus but
could not be genotyped due to exhaustion of the sample. There were also 34 samples that
were prescreened negative for rofavs, but were successfully genotyped by heminested
multiplex PCR and confirmed by partial genome sequencing of the VP7 and VP4 genome
segmentsFifty of the fifty-seven 201@amples submitted were genotyped by heminested
multiplex PCR and confirmed by getyping.
In total, here were 174 G1P[8] strains detected, 22[@]X®rains detected, 45
G3P[8] strains detected, 3 G4P[8] strains detected, 13 G9P[8] strains detected and 2 other
genotype strains detectéfiable AS). The other genotype category contaliteo G9P[4]
strains from 2010, but no other genotypes. Rample data is shwvn in TableAS.
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 pagsbilinusual
reassortants occurring within the sample.
There were 12 samples with multiple genotypes detected by heminested multiplex

PCR from 20072010. Samples with multiple genotypes were most often found with both
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P[8] and P[4] genotypes. Sampleghamultiple genotypes also included those with both
G1 and G2, G1 and Gand G1 and G9.

Temporally, the prevalence of rotavirus changed slightiy year to year, but
G1PI[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 representédjure6.

G2P[4] samples were detected in this study steadily at between 6.7% and 12.0%
prevalence annually. There weredrastic changes in G2P[4] prevalence while all other
G types experienced noticeable y&awear fluctuations, when considering some strains
were not detected in some years but detected in others.

Only 3 G4P[8] strains were detected in the courseethdy. The samples were
detected in 2007 and 2009 in Halifax and Ottawa, respecti@8Iy[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 arid 20 Halifax and Saskatoon,

but only one sample was found in 2007 and two in 2010.
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Figure6: Bar graph showing genotype prevalence over the four rotavirus seasons
of Canadian surveillance in this study.

Geographicallythe most prevalent samplesin all citiesG1P[8] the most
(Figure7). 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 ifdx in 2009out of a total of 22. Most
specimens from Halifax in 2008f which 17 were detectediereG3P[8] All sites,
except Toronto, detected G2P[4] strains. G3 strains were found in all sites except for
Toronto and Edmonton. GBtrains were only@tected in twaites, while G%trains were

only detected in three
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Figure7: Map showing the eight Canadian sites in this study. Raw data fatileean
be found inTableA5. A cumulative pie chart of all genotype data collected in the
surveillancestudy is shown in the top right corner of the map.

3.2Full Genome Analysis

3.2.1Analysis of Reassortment:

Full ORF sequencing of 84 rotavirus strains revealed that rotavirus reassortant
strains only exist for the VP7 genome segment. Canadian rotésotates 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 ajemygraip I, or
Walike genogroup (includes the VP4 genotype P[Blatthijnssens et al. 2068
Matthijnssens et al. 2008 Genotypes and accession numbers for the 11 genome
segments of aB4 fully sequenced rotaviruses are foundable6 and A6, respectively.
All G2 strains are associated with segments that can be placepkimagroup br DS 1-

like (includes the VP4 genotype P[4]atthijnssens et al. 20@8Matthijnssens et al.

2008]. The lack of reassortment amongst alternative genotypes was confirmed by
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statistical analysis comparing VP2 genome segments with all otherPibigenome
segmentsMc Ne ma r 0 tsstical @nalyses sconangendableshown inTables A7
andAS8) indicate that there are two genogroups of rotavirus circulating in Canada, DS
like and Walike. In all Canadian strains the VP2 genotype does not differ from the
genotypes of all other neviP7 genotypetor genogroup Il and. |

All non-VP7 segments were confirmed to be in theWa 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 gdnatgpsgler
[Matthijnssens et al. 2068

The two main genogroups were further classified into subgenotypic groups when
distinct subgenotypic clusters were formed by Canadian strains. Appropriaté cut
values for subgenotypic clusters were evaluated on a segment to segment basis
(described below). As there are only eighhogroup ktrains in every genome segment,
only one cluster was identified for most genome segments. However, phsticgen

analyses of &w segments show a degreeggehogroup Hivergencemeritingsubgroups.
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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 genorsegment there were as many asibclusters within the
genogroup lkluster. Canadian strains in a single cluster for one genome segment did not
necessarilyndicate they would be in the same subcluster throughout all genome
segments. Evolutionary divergence beén clustergaried from segment to segment.
Subclusters for NSP1 strajrier instancediverged by as much as 0.20 base substitutions
per site wheipairwise identity was calculated using the Maximum Likelihood model in
the MEGA 5.0 prograniTamura et al. 2011]Strains were considered in the same NSP1
subcluster if they differed by less than 0.06 base substitgtio per si te. Ot her
genogroup lklusters had varying cutoff values based otedledivergence amongst
strains in different clusters with little overlap of strains in different clusters. Minimum
cutoff values between Canadigenogroup Il and ¢lusters 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 #gulisns per site. Clonal virusevere
consideredtlonal when all of thesub-clustersn the 11 segnm# phylogenetic analyses
were identical Although several clonal strains were found, there were many with
differences. Of the 7§enogroup Itrainsgenotyped28 differentclonal groupsvere
found. Likewise, the 8 G2 strains differed enough in some sgigrteecreate 4 different
clonal groupsbut only differed in suigenotypic clusters in the VP1, VP3 and NSP4

genome segmentas shown in Tablé.
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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




3.2.2Analysis ofPhylogenetics anilotifs:

Many amino acid motifs involved in rotavirus protein struefdunction and
antigenicity were analyzed. Motifs were analyzed and compared to those previously
found intherotavirusliterature,asdescribed in Tabl8.

VP1:

The VP1 segment encodes the RNépendant RNA polymeragehylogenetic
analysis of the VP$egmenbf Canadian rotaviruses revealed high relatedness within the
Canadian strainshown in Figure 8All Canadian strains in the same genotype differed
by less than 0.05 nucleotide substitutions per site. Of the 84 strains seqtiesnd&dR 1
strainsclustered into four sugenotypic 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 Matled818ineage 2 contaed 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, RT094and RTO749. Stran RT177
07 fell into lineage 2, but evidently differs from most Canadian strains including many
within its lineage. RT17-D7 is most closely related to Wa but is also fairly closely
related to the type strain IAL28. R2 strains clustered into two singlgesudtypic
clusters, based on the previously statedofivalue of 0.025 nucleotide substitutions per
site. Two Canadian strains, RT128 and RTO0&9, were in cluster 1 and the other six
Canadian R2 strains were part of gyénotypic lineage 2. All R&trains were most

identical to RV176800. The phylogeetic tree for VP1 is shown in Figuge
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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@hey included thospredicted to function in the
RNA-dependant RNA polymerase (RdRp) as bivalent natanrdinating motifs, and
sugar selection motif§/asquezdel Carpio et al. 2006 All of the VP1motifs are part of
the righthand resembling finger and palm region of the RdRp. All of the described
motifs (A-D and F) were compldieconserved, 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 contatha 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 groupA representative alignment of several samples in the study and type

strains carbe found in Fgure9.

[ 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 AV A 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 I1TFI1L 517 L \ 584 AV A 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

Figure9: Representative amino acid alignment of the five Ri¢fiendant 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 scaffatieipi~ull genome
analysisof the Canadian rotavirus strairessealed two VP2 genotypes, C1 and C2.
Canadian strains in the C1 genotype clustered into thregesuitypic lineages. The
largest of the three lineagesiblineage 1jncluded31 Canadian sains. Subgenotype 3,
the second largesub lineagewas comprised a7 strains The largest two genogroup |l
clusters are most dely denticalto the Matlab 1303 type-strain while sublineage2,
comprised ofL8 strainsis most identical to the Py strain. All G2 strains fall into the
same cluster and are most closely related to the type strain FOO126phylogenetic
tree for the VP2 genome segmenshown in Figurd0.

Analysis ofthe region from amino acid 1 to 156, describing VP1, ¥R8@ N2
interacting domains, showed substantial variafidgiman et al. 2008]There wer&6
variable sites, not including exclusively genotgmecific sites. In addition, amino acid
analysis revealed 33 gaype-specific variations amongll C1 and C2 strains.

A comparison of G4 strains (which were §tfains) with other C1 strains showed
thatG genotypespecificalterationan the VP2 genome segment at sites 29, 30, 54 and
416 existed between G4 strains and othert@ins. Several strasralso comained
inserts, composed of pelysine andpoly-aspaagine, at lengths up to four amiagids,

beginningat amino acid 38. ThestrairsdO | mw&re mot feund ilgenogroup ktrains.
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Figure 10: Neighbor Joining phylogenetic tree with 2000 bootstraps of the VP2 genome segment.
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VP3:

Phylogentic analysis of theRB genome segment of Canadian rotaviruses showed
a relatively high amount of divergence within VP3 genotypes and between VP3
genotypesThe VP3 protein is part of the core structural protein group of rotaviruses,
thought to cap the viral nfRA strains durig transcription, and a degree of conservation
mightbe expecteth this important functional gen&he largest of the three M1 sub
clusters contained 55 of the 76 Canadian M1 strainsg8nbtype cluster 1 is most
identicalto the P type strain. Sub clast3contains only the Canadian strain RTAB3
RT13307 is most identical to Matlab 183; a type strain that is often highly identical to
the majority of Canadiagenogroup lktrains, when considering other segments. The
final Canadian M1 clustégsubcluster 2)contains 20 Canadian strains and is most
identical to the Wa type strai8even of the eight M2 genotype strains fall into the first
cluster, most closely related to the RVi0®type strainRT00809 falls into the M2
subgenotypic lineage 2 nsd closéy related to DSL, but has lower identity with DS of

theother Canadian M2 strains. The VP3/fadgenetic treés shownin Figurell.
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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 44474, consisting othe GTP/SadenosyiL-
methioninebinding regionare not completely conserved. There were several variable
sitesin this region irthe 76 M1 strains, as well &sur genotypespecific variations in
M2 strains. Variations mostly occurredthe first 12 amino acids of the domain.
Roughly half of the sites in M1 strains varied in amino acids48%, while only 3 sites
showed any variation in the final 12 amino acids. M2 genotype strains were highly
conserved in this motif, except for thrgiges. The three variable M2 sites varied in only
one strain eachThere was less variatiamhen comparinghe M2 strains withthe M1
strainswithin the GTP/SadenosylL-methionine binding regionThe casein kinase Il
functional region described as K lfmived by TAMD region was found as KXTAMD,
where X was leucine in M1 strains and methionine in M2 strains. The casein kinase Il
region was completely conserved in residues 383 Cook and McCrae describa
potential guanlyltransferase activity site begiing at position 54lCook and McCrae.
2004] Residues 54545 are completely conserved with the sequence KPTGN, as
previously describefCook and McCrae. 2004]

Structural mofis wee also analyzed. All except onéthe fifteen previasly
described proline residuggere found in the previously described position with complete
conservation within Canadian strains. However, the proline at position 502 was not found
in any of theCanadian sequences. Instgailine sites at positions 182, 280 and 498
were completely conservetlhe four cysteine residues described bylCared McCrae
were all 100% conserved in the investigated stramaddition, conserved cysteine

residue sites @re found at position 78 and 528the Canadian strains
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VP4

Phylogenetic analysis of the VP4 protedepicted irFigure12, indicatesthat
there aredur subgenotypic lineagewithin the P[8] genotype of Canadian strains. Most
strains belong to lingge 1 while only single strairtselong tdineages 3and 4. Sub
genotypic lineage 1 is most closestated to the type strain P. Sub genotypic lineage 2
contains 11 strains anslmost closely related the Watype strain While mostineages
werecloselyrelated to the typstrain Wathe subgenotypic lineage 2 is distinct from
lineage 1. Lineage 4, made up of RTAIA is most distinct from all other P[8] strains,
differing by up to 0.1223 nuebtide substitutions per site frasther P[8] strains. RT118
07 is nost closely related to the lineagstgain but differs enough not to be included in
lineage 3 All Canadian P[4] strains fall into the same g@motypic lineage and are most
closely related to the type strain X&hen.

Rotavirus spike proteinspded for by the VP4 genome segment, have several
regions of structural and functional interest. Several functional cystesigeiesat amino
acid sites 203, 317, 380 and 786 were previously described, in a lamb roi@henset
al. 2009] In the currenstudy, cysteine residues were found at sites 215, 317, 379 and
773.Although the positions have changéds likely that functional homology is
conservegsince the four residues align in conserved regibreaughoutall rotavirus
genotypesPreviously described functional proline residues were found completely
conseved in all genotypes. There was howeaeateletion in the Canadian human strains
when compared to the lamb straewsing the final two prolines to shit positions224

and 225 rather than 225 ap@6[Chen et al. 2009]
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Figure 12: Neighbor Joining phylogenetic tree with 2000 bootstraps of the VP4 genome segment. Square
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Residues 377 to 395, comprising the internal fusion domain described by Chen
and colleaguegChen et al. 2009)werefoundto behighly conservedThere was some
variability amongst all straing 2 sites(384,392). However, this ariability was rare and
for themost part the site was well conserved. There were also four P[4] gerspypéc
variations noted in this regidB884, 391, 396 and 399)

In Canadian strains the potential arginine residues maxkifcleavage site
are located at the conserved possi@30 and®40, but site 246 varies in one strain,
RT12007 [Gilbert and Greenberg. 1998javinga lysine at positio246instead of
arginine

Coulson and colleagues described potential integrin ligand binding sites on the
VP4 spike proteim a 2003 publicationOne important motif was a-B-G-E motif
found in Rotavirus A strains, whichisamotiflo wn t o bind specific Ub
transmembrane glycoprotein ligafj@oulson et al. 1997]n the 84 sequenced Canadian
samples the ®-G-E site can be found at residues 3I® and is completely conserved.

Antigenic amino acid motifs were alegaminedn this study. The previously
analyzed antigenic amino acids of the P[8] sequence fratalleq and Rotarix were
used aseference residudZeller et al. 2011]Comparingantigenic sites involved taking
into account theosition changes caused by #raino aciddeletionin Canadian strains,
few of the domains, describpdeviously by Zeller and colleagues, were conserved. As
previously described, all sites in thel8egionwere variable except for site 100 and 193.
Amino acid 192 varied in a genotygpecific manner. Most variations in regioti 8vere
rare, if a site was analyzed individually. However, when looking at-then8tif as a

whole, one or more differences betwdlee Canadian straingnd vaccine strains were
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identified Analyzing variations temporally, it was shown that site 149 changed from
aspaagine to serine in both P[8] and P[4] strains in 2@008. However, in 2009, the
variation only occurred in P[4]sins. Also, variatiorfrom RotaTeq amino acids was
more frequent in 2009 than in 2007 or 2008 at sites 194 and 195.

Antigenic region & was nearly completely conserved in Canadian rotavirus
strains. However, there was a difference in the amino acid segjaéresidue 182 in
strain RT02609.

Domain 83 contained a few highly variable sites, such as sites 113, 125, 131 and
135. Interestingly, when comparing sites 125, 134 B35 temporally, the strains kee
variable in D07 and 2008, but all residuesreeonserved andentical toRotaTeq in
2009. Most sites contain genotyppecific P[4] variability that is divergent from
RotaTeq in antigenic region3d the alignment is showin Figure13. Antigenic region
8-4 is completely conserved in Canadian ssa&@rcept for residue 89, which varies from
RotaTeq in P[4] strains only.

Analysis of the VP5*asterisk identifies products of VP4 cleavagsion of the
VP4 protein involves five antigenic epitopes. The first of these epitopes is conserved
within genotyes, but not intergenotypically in most sites. In the eight sites of the epitope
that wereanalyzed, all P[4] strains differ from RotaTeq at sites 383, 385, 387, 392, and
439 and are completely conserved. P[&iss differ from RotaTeq isites 383 and&b
only, andareotherwisecompletely conserved. All other VP5* sites were completely
conserved and had the same residues as RotaTeq except for efitapeeSidue 305, in

which all P[4] strains contained a serine rather than a lysine residue.
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RT118-07 P[8] DGNSG SDLTS E G D PV DS N DN NTN S DTAWNLR E N s L
RT133-07 P[8] DGSNS A NLNG E R DPVD N D- NTN S DS AWNLR R E N 8 L
RT177-07 P[8] DSSNSSANLNIN E R TPV DSSNDN NTRN S DS AWNLR R E N s L
RT038-09 P[8] DGSNS A NLDG E R N PV D N D NTN S DS AWNLR E N s L
RT060-09 P[8] DGSNS GNLNG E R DPVD N D NTN S DS AWNLR E N S L
RT070-09 Pl DGS NS ANLNG E R NPVD N D NTN '§DSAWNLR E N ] L
Ds-1 P[4] DGSGS A DL NIN E R §QTN E NN NTN S NRKWNIR E N s 8
TB-Chen P[4] DGS S S A DL NN E R SQTN E NN NTD S DREWNIR E N 8 s
RT008-07 P[4] DGSSSSADLNINN E R NQTN E N S NTD S DREWNIR E N s s
RT125-07 P[4] DGNSSSADLNN E R NQTN E N S NTD S DREWNIR E N s 8
RT008-09 P[4] DGS S S - A DL NN E R SQTN E N S NTD S DREWNIR E N s s
AU-1 P[9] DLPGYLINNDN AN QNTAQ S NDS TRE S SANHSSR E A R T

[ Differs from Rotarix
Differs from RotaTeq
Differs from both Vaccines

Figurel3: VP4 antigenic motif alignment using the vaccine sequences in these
regions as references. Four VP8* motifs and five VP5* motifs were analyzed.
VPG6:

The positionof Canadian rotavirus strains withthe phylogenetic tree revealed
high identitywithin genotypesFigure 14 shows the phylogenetic tree for Canadian VP6
genome segment$here were two distinct clusters of Canadian strains in the 11
genotype. One strain, RTODY, was related highly to both sglenomic lineages, but
was more closelyelated to lineage 2 strains. There were 5kgernotype 1 Canadia
strains and about half of thoaerein lineage 2. Lineage 1 strains were highly identical
to the type strain Matlab 133, while subgenotypic lineage 2 strains were most identical
to theST-3 type strain. The 12 genotype strains were highly identical to each other.
However, the 12 strains differed substanyidibm the type strains B$, TB-Chenand

L26. Rather, the 12 strains clustered with RvVA0®and B1711.
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Key differences in thamino acid sequensef the VP6 trimerization domain are
mostly genotypespecifig amino acid sequences are highly conserved within genogroups
between amino acids 2484 [Affranchino and Gonzalez. 1997]

The Band H domains ahe VP6 protein were naméased on their folding
patternB and H domains contain salomains interagig with VP2, VP4 and VP7
proteins[Affranchino and Gonzalez. 1997 ekinan et al. 2008]The regions specifically
encoding binding sites to VP2, VP4 and VP7ratativelylargeamino acidsequences
compared to other binding domaii$he sequences seem to be highly conserved within
genotypes, with a steady number of gepetypecific variationshroughout 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.
VP7 compoents of Canadian strains fall into five different VP7 genotypes. Of the strains
fully genotyped only the G1 Canadian strains were divided into two subgenotypic
lineagesthe larger of which is lesslentical than the smalle€anadian G2 strains were
mostclosely identicato the TBChen strain and momivergent from the DS 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 VP7 proteijZeller et al. 2011]Antigenic amino acid groups were grouped into
epitopes found idlifferentregions otthe VP7 protein. Major epitopes includd.@, #1b
and 7#2. Amino acids from these epitapthat were analyzed were residues known to be
associated with antigenic escapethis casgthese sites were analyzed with vaccines in
mind. In region 71a, theravere several genotygspecific 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 RtaTeqvaccine in thé&52 region. Canadian G4 strains were also very
divergent from Rotarix with variens in seven sites, but only two were diverdentn
the G4 strain of RotaTeq.lfstrains contained variations in epitopd dat sites known
to cause iimune escape except for G3. Canadiarst&@®ns(which have no
corresponding VP7 protein in vaccipesntained only three variable sites when
compared to the G3 of RotaTeq. Hawee G9 differed in several additional sitesen
compared tahe Rotarix VP7 componentG1 strains differed more from RotaTeq than
Rotarix. Moreover, G1 had the least conservation within the genotype, when compared
to other genotypes.

Analysis ofantigenic site 71b involved surveying six amino acids,eoof which
was conserved amngall genotypes. Both vaccine strains completely matched all
Canadian G1 amino acids for the first five amino acids of this epifopmgle G1 strain
RTO07207, did not match vaccine strains at this epitope, since iahasbleucineesidue
rather tlan a valineesidueat site 212. There wadsosome variation at resid2 in

the Canadian G1 strainBhe G2 strains differeffom the G2 of RotaTeq itwo sites,
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andfrom Rotarix in threesites. One site in the b epitopevas variable within the G2
genotype. The G2 variable site often did not correspond with the G2 component of the
RotaTeq vaccine awith the VP7 component of the Rotarix vacgias shown irfrigure
16. Epitope 7#1b diverged most from both vaccines amongst G3 strhirthis epitope
G3 strains differed from Rotarix in four sites gnmim 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 sit@mand
Rotarix at three sites'he final site of the epitog@ot usually associated widscape
mutants)wvas Gllike in G4 strains and Gike in G9 strains.

Canadian strasdiffered greatly from Rotariat site 147 of the-2 epitope. In
fact, all stains excpt for some G1 straindiffered from the Rotarix vaccine at site 147.
RotaTeq vaccines matched all RGA 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 varigons capable of immunological escape from RotaTeq. Despite the single
mismatch at site 147, Rotarix was well matched to most G1 strains. However, Rotarix
wasa poor match to other genotygaghe 72 epitope, especiallyith G2 strains. Seven

of nine regues differed from Canadian G2ahs when compared to Rotarix.
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VP7

7-1a 7-1b 7-2

Genotype |87]91] 94| 96[97| 98| 99] 100] 104] 123] 125] 129] 130] 201 201] 211[212[ 213[ 238] 242 143 145 146[147] 148] 190] 217] 221 264
Rotarix-A41CB052A G1 TTNGEWKD S VVDK NV DNT K DQNLSMNG
RotaTeq-WI79-9 G1 TTNGDWEKD S VVDK N VDNT K DQSLSMNG
Wa G1 TTNG WHKD NV VDK N VDNT K D Q LS MNG
Ku G1 TTNGBWKD S V VDK N VDNT KD aQ LS MNG
RT064-07 G1 TTSGEWKD N V VDR N VDNT KD Q LS I NG
RT099-07 G1 TTNG WHKD N V VDR N VDNT K D Q LS TNG
RT118-07 G1 TTNG WKD N V VDR NV DNT K D Q F S TNG
RT133-07 G1 TTSGEWKD N V VDR N VDNT KD aQ LS TNG
RT177-07 G1 TTNG WKD S VVDK NVDNT K D Q LS MNG
RT070-09 G1 TTNG WHKD S VVDK N VDNT K D Q LS MNG

RotaTeq-SC2-9 G2 ANSDEWEN D TMNK Vv N D D I S
DS-1 G2 E W K Vv N D
TB-Chen G2 EW K \" N D
RTO008-07 G2 E W K Vv N D
RT125-07 G2 EW K Vv N D
RTO008-09 G2 E W K Vv N D

[nNoN~NoN0] []

OR|P] PPPLPPPP|PD| PPOLLPP|D| POOPEPDODR|OR

RotaTeq-WI78-8 G3 TTNNSWRKD D AV D KJ| A D G
AU-1 G3 TTN WK D N V D K T D G
RT004-07 G3 TTN WKD V D K T D G
RT131-07 G3 TTN WKD V D K T D G
RTO004-09 G3 TTN WKD V D K T D G
RT019-09 G3 TTN WK D V D K T D G
RT031-09 G3 TTN WKD V D K T D G
RotaTeq-BrB-9 G4 STSTEWKD N L | DK R A G
RT048-07 G4 T EWKD E K T G
RT038-09 G4 T EWKD E K T G

RT034-07 G9' TTGEEWKD Q
RT060-09 G9' TTGEIEWK D Q D K
l Differs from Rotarix

Differs from Respective RotaTeq Strain
Differs from both Vaccines

" Genotype is considered a RotaTeq match if they are the same as any strain of RotaTeq
Figurel6: Representative amino acid alignment of VP7 antigenic regions. Strains are
organized by VP7 genotype under their respective vaccine genotype component if
applicable. Three VPéigenic motif regions were analyzed.
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NSP1:

Variation of NSP1 is demonstratby phylogenetic analysishown in Figure 17
Phylogenetic analysis for NSP1 was greatly skewed when using the chosen outgroup,
PO-13, to such a high degree that a substitutgroup, T152, was used instead. Amino
acid homology of PA3 compared with mammalian viruses ranges from8%]Ito et
al. 2001]

Analysis of Canadiarotavirusnucleotide sequences showed as many as 0.1942
base subsititions per site within the A1 genotypkhe Al strains were dividadto two

distinct sub genotypic lineages. The larger eftivo subgenotypic lineages (stib
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genotype 2) containetP Canadian straireut of thetotal 76 A1 strains. The larger group
was hghly identical to the NSP1 genome segment of Matla®3.3Therevere 27 Al
strains in the sub genotydioeagel, which was highly identical to the P typ&ain. A2
strains fell into one sugenotypic lineage which was highly identical to RVi0& A
phylogenetic tree for Canadian VP6 genacsegments can be foundHkingurel?.

The only motifanalyzed 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 rictbut does not follow the sequenCeX-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 €&X,-Cy-X7-C-X,-C-X3-H-X-C-X,-C-X5-C. The amino acidhotif is quite

similar, but not identical tathe originally described RNAinding motit
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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 stgenomc clusters. Given a maximum 005 base substitions
per site cubff, 5 subgenotypic 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-@3. Lineages 2 and 3 are quite distiact 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 RT13307 strainis related to P but falls outside thie cutoff value to be
included in sulgenotypic lineage 5.

All N2 rotaviruses are quite distantly related to the type straing B&d TB
Chen. N2 strains are rather closely related to the G12P[d]-iX¢ strain RV17600.
Total variation within the Ml or N2 genotyps amongst Canadian strains was as high as
0.1223 base substitutions per sigohylogenetic tree for NSP2 strains can be seen in

Figurel8.
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Figure 18: Neighbor Joining phylogenetic tree with 2000 bootstraps of the NSP2 genome segment.
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The NSP2 protein is a viroplasm coordinating protein. There is an affinity for
NSP2 to bind RNA vih its basic binding region between residues 205 andP4tton et
al. 1993] Canadian rotavirus sequence data show that this region is highly conserved and
basic with few variations within the motif. Variable siteclude 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 neutratpotar amino acids such
as valine, leucine and isoleucine. Variabilitysee 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 magnesiunmindimg region
requiring glutanc acid at site 153 and tyrosiae171. The motif between 221 and 227 is
completely conserved and d¢aims the previously describetidine residue at site 225
surrounded by charged amino acids. The sequence is not the previously described
histidine triad (HX-H-X-H-X-X) motif, as thee is a H223K with complete conservation.
The magnesium ion binding residues at sites 153 and 171 are completely conserved in
Canadian straings shown irrigure19 [Jayaram et al. 2002/asquezDel 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

Figure19: NSP2 RNAbinding region alignment. Strains are organized by genotype.
There is a reference tyystrain for each genotype. The putative Hikie 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

L VA L AV vV Vv vV A A v
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Strudural motifs in the NSP2 genome segment include four previously described
cysteine residues at amino acid sites @58and 283Patton et al. 1993]n Canadian
samplesthecysteine residue sites are consistenhwhose 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 ideaadssortment between lineages being very rare due to
incompatibility of reassortant proteprotein interactions.

Four subgenomic clusters of T1 strains exist. Every strain withiNgP3 sub
genomic lineage is within 0.04 base substitutions per site &l others within the
lineage. One strain, RT18®, differed substantially from all other Canadian T1
rotaviruses, but not enough to be considered a new genotype. RT168 shown to
have 0.1318 base substitutions per site when compared pairnhsd\tpe strain Wa.
However, he strain didall into its own subgenomic lineageyeing the most closely
related to strain 116Hhe T1 subgenomic lineages 1, 2 and 3 were all distict but most
closely related to the P rotavirus strain. All Canadian T2nstraiere part of the same
sub-genomic lineage most closely related to RV-D06The tree for NSP3 can be seen in

Figure20.
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Figure 20: Neighbor Joining phylogenetic tree with 2000 bootstraps of the NSP3 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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Motifs analyzed for the NSP3 protein include a putative RNA binding motif,
which is potentially a site used to downregulate é@llmRNAJ[Arnoldi and Burrone.
2009] In addition, structural motifs and olig@rization motifs were examinge@ihe
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, whilad beempreviously described as one residue to the
left of the second leucine base, at site [R&o et al. 195]. The amino acid sequence L
X-M-X-L-S-X-X-G was found in all Canadian T1 rotaviruses. TBERNA binding
motif was similarexcept in T2 rotavirusesvherethe methionine at position 103 became
a leucine and was fowed by another leucine. Apdrom genoty-specific variations,
the RNA bnding region and leucine zipper regiaerehighly conserved.

Two completely conserved cysteine residues were found at residues 120 and 136.
The other structural cysteines were highly but not completely consen@uthat T1
Canadian strains, while T2 strains contained no additional cysteine ref$adioest al.
1995]

The oligomerization domain between residues 181 and 236 has conserved
hydrophilic and hydrophobic domains withetT1 and T2 genotypes with few
exceptims. However, the sequences gemotype specific, differing at many sites and

definitely altering polarity between the two tyd&ao et al. 1995]

NSP4:

Phylogenetic analysid the NSP4 geome segment demonstrat2dubgenomic

E1l lineages and three different Canadiangeomic E2 lineages. Most E1 strains
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follow sub-genotypic lineage 1, which is most closely related to Matl8lBotavirus.
Lineage 2 E1 viruses are most sty related to the genotypkefining strain, Wa.

The E2 genotype strains were more diverse than the E1 strains. Strains(RT036
and RT0O0809 cluster together in stdenotypic lineage 1, which is most closely related
to the G8P[10] strain 69M. RT12A8/ falls into Canadian lineage 2 by itself, being most
closely related to the G12R[dtrain L26. The remaining fivE2 rotaviruses fall into
Canadian lineage 3, which is most closely related to the G6P[6] type strain B1711.
phylogenetic tree for NSP4 can §een inFigure21.

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. Adf thesedescribed 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 thespecific serine residuat site 19.

Analysis of the enterotoxin domaspanning residues 11¥B5showedhigh
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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Figure 21: Neighbor Joining phylogenetic tree with 2000 bootstraps of the NSP4 genome segment.
Square brackets represent genotypes, while coloured lines represent sub-genotypic lineages.
Measured in units of base substitutions per nucleotide.

9C



the pasfHorie et al. 1997]The finalvariations found in tla enterotoxic region, N134K,
weregenotype specific, occurring only in E2 rotaviruses. The enterotoxin domain lies
within the VP4 binding domain, whidl fairly variablejn contrast to the enteaxin
domain The variation of the domain spanning from amino acid 142 isgreates
between sites 135 and 14&shown inFigure22. The variable region can logvided
into groups by phylogenetic tree anatydPatterns such as the aspastpgane
combination, at sites 136 and 18iily occur in subcluster 2 of E1 genotypes, while the
valine residues commonly occur at site 142 for subcluster 1 of E1 genotypes. E2
genotypes werhighly conserved within the getype but variedyreatly from E1 strains
between residues 135 and 143. The pattern othudtering in the NSPE1 genotype
strains(correlating with tle VP4binding domain variationsyas used to group VP4
strains and predict which amino acids in VP4 mpky a role in binding NSP4. Only one
VP4 site site 281was synchronous with the variation pattern for the WPling region
of NSP4

The oligomerization domain was also highly conserasdshown ifrigure22.
There were six sites of variation betweenidues 86 and 106, three of which were E2
specific. Variation within the oligomerization domain aside froemgkenotypic
differences appearedrely and strains did not contain more than one of the noted
variations[Horie et al. 1997]

A final binding domain, the innarapsid binding domajmwas also analyzed for
conservation. Unlike # VP4 binding domain, this one svaonserved. There were five
sites of variation noted, one of which was solely genotype spectfier @ariations

showed bias toward the E2 genotype, but alsluded some E1 genotypeastis. These
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mutations vere commonly gparagine orisoleucine to serine conversions. Two of the

variation sites changed rardhorie 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
RTO070-09 E1 136
DS-1 E2 136
TB-Chen E2 136
RT008-07 E2 136
RT125-07 E2 136
RT008-09 E2 136
AU-1 E3 136
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Figure22: 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 fitapofor 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 B-H1 su
genotypic lineages with 64 and 12 strains, respectiaslghown inigure 23 The larger
of the H1 lineages was highly identical to Matlali® while the smaller wdsghly

identical to the Wa typstrain. The two lineages appear quite distinct orpthdogentic

tree, but differ by as little as 0.0338 nucleotide substitutions per site. The distinction
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between the lineages is more atttdhleto the high identity between the strains within
each suklgenotypic lineage.

Only one Canadian H2 lineage wsisown in phylogenetic analyis. The H2
lineage was most highly identical to B1711, but also very highly identical to RVQ76
and TBChen. Canadian H2 strains are divergent fromalD& comparison to the other
H2 typestrains included in the studgs seeim Figure23.

The NSP5 genome segment was descréseldavingwo conserved structural
cysteine residues and a conserved multimerization site. The functional cysteine residue at
amino acid position 173 was completely conserved in all genotypes. Howesgion
170 was only conserved 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 analld2 specific cysteine resida site 148The previously
defined multimerization domain, required for proper function of the NSP5 protein, was
completely conserved in a genotygeecific manner. Two residues differed between H1

and H2 genotypes, within the residues-1&7 [TorresVega et al. 2000]
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Figure 23: Neighbor Joining phylogenetic tree with 2000 bootstraps of the NSP5 genome segment. Square brackets
represent genotypes, while coloured lines represent sub-genotypic lineages. Measured in units of base substitutions per

nucleotide.



3.2.3Analysis of Heminested Multiplex PCR Assays:

Genotypes were distinguishbg heminested multiplex PCR assays, as described
earlier.Genotypes were confirmed Ipartial sequence analysis from tpEnotyping
incidencestudyand were often confirmed again by full genome sequencing. The whole
genome studgequences were separated into genotypes in Mega 5.0 to assess the primer
binding sites for those genotypes.

Only five G genotypsspecific primers ad two P genotype specificiprers were
assessed, as well te end primers VP4F, VP4R, VP7F, VP7R, Con2 and Con3
[Gertsch et al. 1992, Gouvea et al. 1990, Itur@amara et al. 2000, lturriz&@omara et
al. 2004, Simmonds et al. 2008 rimers analyzed from the heminested multiplex PCR
assay include those foundTiable11.

Upon assessment of the end primerdy a ew 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 priha& three common mismagsh
beginning with a transversiat the first nucleotidat t he 56 end of t he
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 wéxl. 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 sitewere rarely mismatched, with four or fewer strains containing the



mi smatch. The sixth site corresponded to
The mismatch was very common, occurring in 67% of G1 strains.

The primer for G2 strains, aGT2, wassessed 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 containg to four primer mismatch sites, three of
which were mismatches for all G2 Canadian isolates. In addition, there were only four
strictly G2 genotypespecific sites in the target region. There were somsg2ific sites
in the target region rarely shdrby strains with other genotypes.

The G3 primer targets a Mty conserved VP7 region amo@gnadian G3

strains. However, there is one site where the primer and Canadian strains are mismatched.

The mismatch is a transition mutation at the sixth adenitigei primer, which occurs
near the middle of the primer. There are threes@&ific 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 isdes 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 irhe G4 strain, there are three primer mismatches. The three
mi smatches occur in the first three resi
sequence.

The G9 primer targets a regitimat is highly conserved amo@anadian G9

isolates. While there are gnihree genotype specific residues, there is high variability
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amongothergenotypes in the target regidrhere are two bases in which there is
variability in the Canadian G9 primer target regions. The variability only occurs in one
strain, which could ban anomaly. There are no mismatches to theg&eific primer if

the two rarelyvariable 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 theHTR stepandboth were analyzed for
mismatches. First, Ced isa VP4 forward primer developédxhsed 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 -Bdarget sites 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 foun
primer should bind. In addition, the target sequeackd 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 higlaiyserved, with only three isolates containing
rare single mismatches to the primer.

The Con2 primer targets a fairly geneticalltablesequence. Alignment of the
Canadian isolates revealed five sites where prigrget mismatches occurred. Four of
thesites were rare, and diabt 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 genogrmaeet. The

targeted region contained only oneR  rarely oc

97



however, has five siteshere transition mutations occnom adenine to guanine in the
target sequence. Only one of the five potential mismatched sites is coimntbe VP4
R target region.
Two P-typing primers were analyzed for matching Canadian genotyping target
regions, 1TIDCDN and 271 for P[8] and P[4] strains, respectiveljhe P[8] target site
is variable in comparison to most genotgpecific target $es. The P[8] target site
contains seven variable sites, five of which exist in nioa@10% of Canadian P[8]
strains. While the P[8] primer does have 4 degenerate bases, there are common
mismatcheshat areunaccounted for. The area chosen for this prinasrecently
evolved tobecome 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 27T-1 target site is far more¢ablethan the P[8] targetta. There are seven
genotypespecific bases and the sisecompletely conserved amo@gnadian P[4]
strains. The primer is well mdted to the target site, addfers atonly a single base.
Both Gtyping and Ptyping assays contained primers in thdtiplex assaythat
were not @llly analyzed in target sites sinae Canadian strains contained genotypes
matched to those primers. Other primers not analyzed but in the multiplex include: aAT8

(G8), G10, G12, 31 (P[6]), 4F1 (P[9]), 5F1 (P[10]) and NDZP[11]).

3.3Real Time PCR Assay:
A novel realtime PCR assay was developed for detection of rotavirus in stool
sample extracts. Standard curves were created usifajdierial dilutions of RNA

transcripts. RNA transcripts were 586 bp in length, derik@ud strains RTO0O®7 (C1)
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and RT036e07 (C2). They were successfullynplifiedby the gimers and Tagman
probes designeidr the assay. The serial dilution used for both standard curves was from
5 x 10° copies to 5 x 1Bcopies per reaction. The C1 pratetected 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, RT0T18nd RT0687, were used
as positive controls for C1 and C2, respectively.

Thereattime assay succefidly detected rotavirus all rotaviruspositive
samples testeffotaviruspositives 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 GOP[8], 136 were detected by the C1 probe in the VP2
reattime assay. Of 19 G2P[4] or G9P[4] genotyped rotavireewere detected by éh
C2 probe in the redlme assay. Five samples with multiple genotypes were tested with
the realtime assay. Two samples that were genotyped by heminested PCR containing
G1, G2, P[8] and P[4], were detected only by the C1trewd probe. Two others witlhe
same multiple genotygavere 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 tHewealssay.

The assay was also validated using different reaction reagents. Ten successful
reaktime runs were completed in total. Four utilized Ambion AgPath enzyme kit
(Ambion, Calsbad, Ca), made for a fastal time method, while six runs were done

using two Qiagen On8tep RFPCR kits (Qiagen, Hilden, Germanyging the standard
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reattime method. Qiagen Orstep kits with different lot numbers were used to ensure
there was no Ieto-lot variability. All assays except one successfully created standard
curves with Rsquared values of more than 0.99 on Ct vs log [copy number] graphs and
replication efficiencies of greater than 90% and less than 1ER&bnples of successful

C1 and Catandard curves and amplification charts can be fouRtures 24 and 25
respectivelyOne assay using the Qiagen €Btep 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, RT01807 was run successfully 45 times and as many as 12 times in a single run.
Similarly the C2 positive control, RTO&887, was run 43 times and as many asrh@s

in a single run. Running several positive controls in a single run showed high consistency
in detection of positive controls. Standard deviation of Ct vatuagplicate standard
curveswas less than one in all runs. Average Ct values frortaon varied slightly, as

the threshold level of each run was set to optimize standard curves.
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Figure24: Amplification plot and Ct values for C1 standard curve samples. Above:
amplification curves are smooth and well rounded and evenly spaced. Belowxesd bo
indicate standard curve samples while green boxes depict positive control samples.
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