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Abstract

Duringthe Spring and Summer of 2011, tbaiversity ofMinnesota Veterinary

Diagnostic Laboratory (MVDL) received 14 submissions aftb 18weekold tom
turkeys that were recumbent wi tldteralwi ng t i
bilateral swelling of the hock (tibiotarsal) jointSastocnemius or digital flexor tendons
were occasionally ruptured. A total of five turkayhritisreoviruses (TARVYMNL1

through TARMVMNS) were isolated iQT-35 cells and irembryonated chicken eggs

from specificpathogerreechickens The identity of the isolates was confirmed by
electron microscopy, reverse transcriptfrlymerase chain reaction (FAICR) and gene
sequence analysiddditionally, dast analysis on the basis of 880bp nucleotide sequence
of S4 gene confirmed all isoks as reovirus.

Phylogenetic analysis divided the five isolates into two subgroups: subgroup |
containing TARVMN1, TARV-MN2, TARV-MN3 and TARVMN5 and subgroupl
containing TARVMNA4. Isolates in subgroup | had a similarity of 97% to 100% with
each othewhile subgroup Il (TARYMN4) had a similarity of only 89.2% with subgroup
| viruses. This isolate showed 90% to 93% similarity WitB. strains ofurkey enteric
reovirusegTERVs)while thefour isolates in subgroup | had 89% to 97.6% similarity
with TERVs. These results indicate divergence within TARVs as wdlleaseen
TARVs and TERVswhich needs to be confirmed by complete genome sequence
analysis Experimental studies to determine the rold ARV, TERV, andclassical
chicken reovirugCRVs)in turkey arthritishave recently been completdédhas been
found that TARVSs are able to produce tenosynovitis in turkey poults but not TERV or

CRV.



We isolated additional TARV strains from 2012 to 2104 and also received two
isolates from a laboratory in Delave. e characteried theS clasgyenesegments 012
TARVs and compared it with that of a TERRhylogenetic analysis of S2, S3 and S4
genome segments revealed grouping of all TARVs into two lineages while, on the basis
of S1 genome segment, only one &ge was found. All TARVs had 95% to 100%
nucleotide identity based on sigma C protein sequences (S1 segment) but varied from
90%-100%, 88.9%100% and 88.79400% on the basis of S2, S3, and S4 genome
segments, respectively. Point mutations as well as pessibssortments were observed
in TARVs throughout the S class.

We then did complete M class gene analysis of these 12 TARVs and included
three more strains isolated in 2013 and 2&ight TERVs were isolated from fecal
samples of turkeys and used fongparisonThe aims of this study were to characterize
turkey reovirus (TRVpased on complete M class genome segmentgtéosmine
genetic diversity whin TARVs in comparison to TERVs andR¥'s, andto find
molecular markerthat might be used tifferentiate TARVs from TERVSs.In this study,
nt cut off values of 84%, 83% and 85% for the M1, M2 and M3 gene segments was
proposed, generating 5, 7, and 3 genotypes, respectivglijpgenetic analysis revealed
point mutations and reassortments among TARV&V&and CRVSs.

On the basis of our resultsewproposed M class genotype constellations (GCs)
for avian reoviruses (including TARV, TERV, CRV, duck reovirus, and goose reovirus).
The TARVs and TERVs were divided into three GCs of which GC2 was unique for
TARVs and TERVs only. The maximum number of GCs (n=7) was formed by CRVs of

which GC1 and GC3 were shared with TARVs and TERVs indicating reassortment
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among TARVs, TERVs and CRVs. The newly proposed GC approach should help in the
identification of virus stins that can be used for developing universal vaccine(s) against
avian reoviruses (ARVS).

Strains of TARVs (n=7) and TERVs (n=3) were further studied.foiass
genome segmesequences. All three L class gene segments of TARVs and TERVs and
their encodd proteinss- A , , aanBl wexeCsimilar in size to those of CRV reference
strain S1133. Theonserved motifs such &2H2 zinebinding motif and conserved
polymerase regiowere present iBA andaB, respectively. Ire- (orotein, a conserved
motif for ATP/GTRbinding site and @&denosylL-methionine (SAM)binding pocket for
methyl transferase were observed in TARVs and TERNS only one substitution as
compared to CRV.

We proposed a new GC system for classificatioavidn reoviruses based on nt
identity cutoff values for each L class. Based on this new genotype classification, all
ARVs were divided into six, seven and eight genotypes in L1, L2 and L3 genes,
respectivelylnterestingly TARVs and TERVs grouped withékrCRVs (two arthritic
strains from Taiwan and one enteritic strain from Japan) in genotyparnd formed a
different genotypes (L-2, L3-1) from CRVs in L2 and L3 genes. The maximum
nucleotide divergence was observed in genotypes of L1 and L2 genesvétplower
divergence at the amino acid level indicated that changes were mostly of synonymous
type. Compared to L1 and L2 genes, the nonsynonymous changes were more in L3 gene.
Point mutations and possible reassortments among TARVs, TERVs and CRVdsaere a

observed.
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One of the aims of this study was to develop a rapid diagnostic test for turkey
reovirusegbothTARVs and TERVS). Welevelogda TagMan real time RPCR(rRT-
PCR)assay for tls purpose using primerprobe set designed from the conservegiome
of the S4 segment diie turkey reovirugenome. Th newly developed rRPCR was
specific forthe detection ofurkey reoviruss The detection limit of this assay was 10
genome copies per reaction. H#&RYV-MN4 strainof turkey arthritis reovirus, @b0%
tissue culture infectious dose (TGHpwasequivalent to 11.6 0.2genome copies. The
highestcoefficient of variation for intr@xperimental and intexxperimental variability
was0.08 and 0.0gespectively, indicating the reproducibility of tassay. Tts new test
shouldbe useful for theapid detectionof both TARVs and TERVSs.

Another objective of our study was to compare the survival of TARVS in the
environment (poultryitter and drinking watgrwith that of TERVs and CRV. Virus
survival wasstudied in both autoclaved and raatoclaved poultrjitter and drinking
waterat room temperature (~45). Three TARVisolates (TARVO6 Ne i | ;MNZ, ARV
TARV-MN4), oneTERV (TERV-MN1) and one CARYV isolate were used in this study.
The viruses were propagated and titrated or3QTells. Inautoclavedie-chlorinated tap
waterall five viruses were able to survive for 9 to 13 wedkson-autoclaved water, all
five viruses survivedor >10 days. In autoclaved litter, the viruses survived for 6 to 8
weeks. In norautoclaved litter, the survival was for 7 to 9 days only.

Another study was done to determine the efficacy of commonly used disinfectants
in the turkey industry. We testelget antiviral efficacy of five disinfectants (Virocid,

Keno X5, Synergize, One Stroke, and Tek Trol) against TARVs. For comparison, TERV

and CARV were also includedit their recommended concentrations, all five

viii



disinfectants inactivated more than 44©gCIDs, of all viruses within 10 min indicating

that commonly used disinfectants can be an effective tool in the control of these viruses.
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Chapter 1: Introduction, | iterature reviewand objectives



1. Introduction
Avian reoviruses (ARVshelong to the genus orthoreovirus in the farfBoviridae
Theyare ubiquitous in domestic poultry with 80% of them beingpatihogenic (Jones,
2008). However, ARVs have also been implicated in different disease conditions such as
enteritis, hepatitis, @urological disorder, myocarditis, respiratory distress and viral
arthritis/tenosynovitis ichickeng(Jones, 2008). Clinical disease associated with ARV is
mostly dependent on age of the affected host, host immune status, oty patand
route of expsure (oal, intratracheal, footpad, or subcutaneous). Economic losses are due
to poor weight gain, unevegrowth; poor feed conversion, increased morbidity and
mortality, andreduced marketabilitgf commercial chickens and turkef@nes, 2008).

In 1957 ARVs were isolated from naturally occurring cases of synovitis in
chickensViral arthritiscaused by chicken arthritis reovifGARV) has been well
defined and its pathogenesis well established (Al Afaleq and Jones, 1989; van der Heide
and Kalbac, 1975 Several different serotypes (at least 11 serotypes) and pathotypes of
CARYV have been described (Olson et al., 1957; Jones, 2008, Wood et al., 1980).
Recently, variants of CARV have been isolated from lameness and tenosynovitis cases in
2.5 to 8weekold commercial broiler chickens in Europe and North America
(Rosenberger et al., 2013; Sellers et al., 2013; Troxler et al., 2013). Commonly used
commercial vaccines are not effective against thesR\Cvariants (Sellers et al., 2013;
Troxler et al., 2013)A reovirus was isolated from the brain of a wild crow showing
neurological signs. This virus was named the Tvarminne avian virus (TVAN virus
appears to be a distinct reovirus species within the Orthoreovirus genus (Dandar et al.,

2014). Recently, wdescribed a reovirus in a chickad@®écile atricapillu$ affected



with enteritis. The sequencing of S4 gene segment revealed close relationship of this
virus to turkey reoviruses (Mor et al., 2014c).

For many yearsputkey enteric reoviruses (TERVsave been isolated from
apparently healthy poults as well as from turkeys with poult enteritis complex
(PEC)whichinclude poult enteritis syndrome (PES) and light turkey syndrome (LTS)
(PantirJackwood et al., 2008; Jindal et al., 2010; Mor et al., 20DRa)ng late 2009, an
unusual problem of lameness and swollen hock joints in commercial turkeys was reported
in the upper Midwesbf the U.S.A, which continues to this day. The disease caused
substantial economic losses to turkey producers. We isolateidu® from tendons and
joint fluids of lame turkeys submitted to the Minnesota Veterinary Diagnostic Laboratory
(MVDL) and tentatively named it as TARV (turkey arthritis reovirus), to differentiate it
from TERV and CARVK o c h 6 s pwnersfalfiled bytexpsrimental inoculation of
these newly isolate@dARVs in turkey poults (Sharafeldin et al., 2014a; 2014b). The
problem ofreovirusassociatethmeness in turkeys appears to bemgergence of a
condition that was reported over 20 yeag® (Levisohn edl., 1980; Page et al., 1982)
although TERVs have been detected in entegifiscted ancgpparently healthy turkey
poults for a long time. We hypothesize that these newly isolated TARVs are genetically
different from commonly detected TERVIhe main objetives of this studywereto
characterizéhese newly isolated TARYdevelopa moleculardiagnostic testor rapid
diagnosisand determinsurvival of TARVs in the environment

This literature review focuses on reovirus infections in chickens, ducks, geese and
turkeys withthemain emphasiplacedon turkey reovirusefoth TARVs and TERVS)

including the characteristics of the viassmodes of transmission and routes of expgsure



traditional methods of prevention and control, and laboratory methods for detecting

infection.

2. Review of literature
2.1. Family Reoviridae
The familyReoviridaes a large and diverse family of nemveloped, icosahedral
viruses whose protein capsgarranged in one, two or three concentric capsid layers,
with an overall diameterof 8@ 0 nm. THRe&® n ama effespiratody f r om
entericarphan virus since initial isolates were known to infect the respiratory and
gastrointestinal tracts of huans without causing disea@€ng et al., 2012Sabin, 195%
The familyReoviridaecontains 15 genera divided into twobfamilies(Attoui et al.,
2011; Schiff et al., 2007).

The subfamilySpinareovirinaecontains viruses that have relatively largekspi
or turrets situated at the 12 icosahedral vertices of either the virus or core particle. The
subfamilySedoreovirinaéncludes viruses that do not haweret, giving them an almost
spherical or A 3he tramdcriptionally mgiive aaregpiale of the spiked
viruses (subfamilyspinareovirinag appears to contain only a single complete capsid
layer (which has been interpreted as having T = 1 or T = 2 symmetry) to which the
projecting spikes or turrets are attached. In most cases, thie theecomplete virion is
surounded by an incomplete protein layer (with T = 13 symmetry) that forms the outer
capsid, which is penetrated by the projections on the core surface (Fig 1.1). These virus

particles are, therefore, usually regarded as destmdied (King et al., 2012).



In contrast, virions of the nespiked viruses (subfamilgedoreovirinaghave an
inner protein layer, which may be relatively fragile, having structural similarities to the
innermost shell of the spiked viruses (interpretedhaving T = 2 symmetry). However,
in transcriptionally active core patrticles, the subcore is surrounded and reinforced by a
complete coresurface layer, which has T = 13 symatry. These doubliyered cores
have no surface spikes and (in intact viricer® surrounded by another outer capsid
shell, giving rise to threayered virus particles that are equivalent to the layered
particles of subfamilpinareovirinaeWi t hi n t he O06turreteddbd

Orthoreovirusincludesavian andnammalian @oviruses

2.2. GenusOrthoreovirus

The Orthoreovirus genus can be divided into two groups: fusogenic arffdsogenic.
Fusogenic viruses have the ability to cause fusion of infected cells resulting in the
formation of multinucleated, giant cells (syneyt(Benavente, and Martingzostas,

2007). Fusogenic reoviruses infect mammals, birds and reptiles and form a genetically
distinct clade from nofiusogenic mammalian reovirus@dRVs; Day et al., 2009;

Duncan and Sullivan, 1998Most MRVs are noifusogenic in nature but some are
fusogenic e.g., Nelson Bay reovirus (NBV; most recently renamBteaspine
orthoreoviruseor PRV)andbat, and baboon reoviruses. Tdréhareoviruses are divided

into five groups (V) (King et al., 2012); group | includes potypical MRV strains
including Ndelle virus; group Il contains avian reoviruses (ARVS); group Il includes bat
orthoreoviruses formerly known #se Nelson Bay virus (NBV); groups IV and V

include baboon (BRV) and reptilian orthoreoviruses (RRV), respagtiv



2.3. Mammalian versus avian orthoreovirus

Although ARVs have similar structural and molecular composition as their mammalian
counterparts, they do differ from MRVs in many aspezts., ARVs lack

hemagglutination property (Glass et al., 1973) andusm@genic in nature (Duncan and
Sullivan, 1998; Kawamura et al., 1965). In addition, ARVs only infect avian species and
are associated with distinct pathological conditions, such as runting and stunting
syndrome and tenosynovitis in chickens (Robertsahvaitcox, 1986). MRVs are
propagated on established murine and human cell lines while most ARV strains grow
only on primary culture of avian cells (Jones, 2008), althosgimestrains have been
adapted tgrow onmammalian cklines (Robertson antlVilcox, 1986; Dandar et al.,

2014).

2.4. History of avian reoviruses

2.4.1 Chicken reovirus

Chicken reovirus (CRV) was first isolated from chickeuith chronic respiratory disease
andwasnamed ashe FaheyCorawley (FC) agent (Fahey and Crawley, 1954jer, the

FC agent was characterizadd placed ithe genusOrthoreovirus(Petek et al., 1967).
Other diseases caused by CRVs in chickens inalirdkarthritis/tenosynovitis

respiratory disease, immunosuppressiocusion tody hepatitis, hydropericdium and
hepatitis in young chicks, and the runting/malabsorption synd(dames, 2008). Olson

and Solomon (1968) reported the first clinical case of viral tenosynovitis/arthritis in U.S.
chickensthese birds were shown to begative foiMycoplasmasynoviaenfection,

which is alsaa common cause of arthrid tenosynovitis in poultryrhe affected birds



had swelling and edema of hoekdwing joints and digital flexor tendon€€RVscan
also be isolated frorapparently healthy chickens.

After arttritis, an enteric disease called runtisiginting syndrome (RSS)Iso
knownas"malabsorption syndrome" (MAS the second most common reovius
associatedlnessin broilers RSSwas first reported in the 1940s, became well
recognized ircommerciabrailer productionin the 1970sand has since been reported
around the world (Rebel et al. 200®)riginally, RSS waghought to be caused lay
reovirusbutattempts to reproduce the syndrome with reoviagenot alwaysbeen
succeasful Later, however certain strains of reovirus (1733, 2408, §@ereshown to
experimentally reproduce R2Bd werausedto developvaccines. While vaccination of
broilers for RSSs effective about 50% of the time, a consistent vaccination program for
breeders often providdong term benefits (van der Heide, 2008fauseémmunity from
breeder hens is passed to chwekieh helps tqrotect them from the disease. Recently,
Dandar et al. (2011) reported a novel variant strain of reo(#uS-B) associated with

RSS.

2.4.2 Turkey reovirus

Enteritis in turkey poults is well recognized as a major cause of morbidity and mortality.
Onthebasis of clinical presentation these conditions have been named as poult enteritis
and mortality syndrome (PEMS), poult enteritis complex (RpGult enteritis syndrome
(PES), light turkey syndrome (LTS) and simply poult enteritis (PE) (Barnes et al., 2000;
Jindal et al., 2002010; Mor et al., 2011, 2013&antirJackwood et al., 2002008;

Woolcock et al., 2008). These are multifactorigkedse syndronsend reovirus is



known to be associated withetim However, turkey reovirus can also be detected in
apparently healthy turkey poults. a study of 33 turkey flogk PantinJackwood et al.
(2008 found reoviruses in 46% of the flocks. Jihdgal. (2010a) tested intestinal
contents of 43 PE&ffected flocks during 2002008 and reported the presence of
reovirus in 40% flocks. fe TERVs have beeoharacterizedenetically based aifeir
S1, S3 and S4 genome segmemd have been shown tarfioa distinct group in the
Reoviridaefamily (Day et al., 2007, Jindal et al, 2010, Pasdaxckwood et al., 2008n
addition reovirus haslsobeen reported to be associated with pericarditis and
perihepatitis in turkeys (Shivaprasad et al., 2009).

Reovirus was alsadentified and isolatettom cases ofenosynovitis/ arthritign
turkeys (Levisohn et al., 1980). Page et al. (398produced tenosynovitis/arthritis when
they inoculated reovirus isolated from tenosynovitis turkeys in the footpadayfdld
turkeys. Afaleq et al. (198@)sofound that three turkey reoviruses that were isolated
from tenosynovitis turkeys could produce tenosynovitis/arthritis when inoculated in the
footpad of tday-old chickens. After these reports in the 1980d early1l990s nocases
of turkeyviral arthritiswere reported in the published literature untilis@ated TARV
from arthritis cases in 12 to 4@eekold tom turkeys The newly isolated viruses were

partially characterized on the basis of S4 genome segmenief\b, 2018).

2.4.3 Duck and goose reovirus
Duck reoviruses (DRVs) have besolatedfrom different species of ducks, including
mallards, healthy Pekin ducks, and diseased ornamental duckxR¥ 8 share a

common group antigen with CRVReovirusstrains from Pekin duckareable to cause



microscopic lesions of tenosynovitis in specfliathogerree chicks.HeffelsRedmann
et al.(1992)reportedthat the two duck strains they examined were antigenically distinct
from standard chicken strains. €¢e&cal Muscovy duck reovirus (MDRYV) is the cause of
thediseasewhichwas first described in South Africathe 1950s (Kaschula, 1950) and
then in France (Gaudry et al., 197R}ypically affects young ducklings-2 weeks of
age, causing diarrhea aniffidulty in movement, high morbidityand mortality of 10%
or higherin the ducklingsMalkinsonet al.(1981) isolated a reovirus from affected ducks
in which they found necrotic foci in the liver, spleen and kidney2002, a new
infectious disease ezrged in Muscovy duckand geese China, which wasamed as
hemorrhagic necrotic hepatitis. The novel gpereoviruses isolateflom these cases
werenamed ashenovel duck reovirus (NDRV) (Chen et al., 2012; Liu et al., 2011y Yu
etal., 2014

Goaose reovirugGRYV) is a causative agent of arthritis in geese. The disease was
characterized by splenitis with miliary necrotic foci during the acute phade
epicarditis, arthritis and tenosyitis during the subacute/chronic phase (Palyal.,
2003).Recently thecomplete genomsequencesf DRVs and GRVs have been reported

(Dandaret al., 2014; Wang et al., 2018un et al., 2014; Zhang et al., 2007)

2.4.4 Reovirus in wild birds

The ARVs have also been isolated from cases of enteritis in wild species including
pigeons, grey parrots and quails (McFerran et al. 1976; Meulemans et al. 1983; Ritter et
al. 1986 Goughet al, 1988. Jones and Guneratne (1984) isolated a reovirus from the

feces of a zoo wedgriled eaglgAquila andax) This virus caused microscopic lesions



of tenosynovitis in SPF chicks. A virus associated with mortalities in American
woodcock(Scolopax minoryvas identified as a reovirus by Doheetyal.(1994). An
outbreak of disease in pheasants in Turkey attribotegavirus infection was described
by Mutlu et al.(1998) Curtis et al. (1992) reported cases of reovassociated
tenosynovitis in 6/-weekold pheasants.

Antibodies toARVs have been detected in ostricl{€sruthio camelusin
Zimbabwe, rockhoppergmguins Eudyptes chrysocomeis Argentina and in bean geese
(Anser fabaliy and whitefrontedgeese Anser albifrong in Germany. All these
reoviruses share a common group antigen with CRVs, but their importance as pathogens
in the host specidsas notbeendetermined (Jones, 2008). In 2002, a reovirus was
isolated in Finland from a wild crow showing central nervous system signs. It was later
fully characterized based on complete genome sequencing as a new virushemed

Tvarminne avian virus (TVAV) (Dater et al. 2014; Huhtamo et al. 2007).

2.5. Orthoreovirus genome
The viral genome is segmented and ten segments are divided into three classes namely
large (L), medium (M), and small (S), depending on their migration pattern on
polyacrylamide gel electphoresisBe nav ent e -&osis, 2071 Marela and
Benavente, 1994The L and M genes are further subdivided into three segments each
(L1, L2, L3 and M1, M2, M3) while the S gene has four segments (S1, S2, S3, S4;
Benavente, and Marting2ostas, 207) (Fig 1.1).

The reovirus genome has 12 open reading frames (ORFs), which encode for eight

structural and four nestructural proteins. The structural proteins are an important part of
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progeny virions while nosstructural proteins are not a part of thnature virion but are
only expressed in infected cells (Martir€pstas et al., 1997). The proteins encoded by
L, M and S genes are lambds,(mu (1) and sigmad), respectively. Three structural
proteinsss A, &B and o ( gane segnemsLd, dZ ahd UBgpectively.

M1 and M2 segments encode two structural proteins (LA and uB) while M3 segment

Co

encodes a nostructural proteinNS).The t hree 0 proteins 0C,
the S1, S2, S3 segments, respectively, whi#eS4 segment encodes for fsiructural

proteinll N B/arela and Benavente, 1994; Varela et al., 199%)e S1 segment encodes

for two additional nosstructural proteins; p10 and pIltheS1 is tricistronic containing
three ORFs f or tpids@Bodelgn®tal., 20018hmdieviz et plr;, 2002

while S2, S3 and S4 have single ORFs thatencodefor (UBN&ndrespecti vel

(Benavente, and Marting2ostas, 2007).

2.6. Viral proteins

2.6.1. Protein & A

The largest gene segment (3958bp) of ARV is L1 which encodes pagteinl1293

amino acids wittamolecular weight of 142.3kDa (Tablell This protein forrsthe

inner core shell that encloses thealgenome segments and the viral RNA
polymerasandis used as a scaffold for subsequent core assembly (Fig 1.1). R#dtein
which associates very rapidly with avian reovirus factories in infected cells, is diffusely
distributed in the cytoplasm of transfected cells when expressed alone but becomes

associateavith globular inclusions when eexpressed with UNS, suggesting that uNS
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mediates the recruitment aA into viral factories (Benavente, and Martir€nstas,

2007, TourisOtero et al., 2004).

2.6.2. Protein & B

The L2 gene segment is 3829 bp long and encodes pefeumich contains 1259

amino acids with 139.8kDa molecular weight (Tahlk Fig 1.1). This segment encade
the viral RNAdependent RNA polymerase (RdRp), an essential enzyme for RNA virus

replicaton (Xu et al., 2008).

2.6.3. Proteina- C

ThelL3 gene(3907bp encodewC protein of 1285 amino acids widmolecular weight

of ~141.9kDgTable 11). This protein extends from the inner core to the outer capsid of
the virion(MartinezCostas et al., 199 Zhang et al., 2005) (Fig 1.Bentamers of

proteinaC form turrets projecting from the fiviold axes of core§Zhang et al., 2005

Affinity radiolabeling of the structural polypeptides contained in avian reovirus particles
has revealed that prote# is the viral capping enzyme. Th: is the only structural

protein that binds GMP through a phosphoamide linkage when viral particles are
incubated with GTP, and the GMP moiety of the complex can be transferred to GDP and

GTP acceptors, yieldingpe cap structureMartinezCostas et al., 1995).

2.6.4. Protein pA
The M1gene segme(2283bp encodes protein pA (732 aa) which is a minor component

of the inner capsi@MartinezCostas et al., 199{Table 11, Fig 1.1). The deduced
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amino acid sequence tifis protein has been recently reported, but no studies on the
properties and function of this protein have yet been describédRNscounterpart p2
has been shown to interact with microtubules and with the nonstructural protein uNS
These interactionare thought to be responsible for anchoring viral factories to
microtubules andherefore mostMRYV strains form factories with a filamentous

arrangemenParker et al., 2002).

2.6.5. Protein uB

The M2(2158bp Table 11) segment encodes UB protein o66dmino acids with 82kDa
molecular weightVarela and Benavente, 1997his is one of the major outer capsid
proteirs andplaysanimportant role in virus penetration (Fig 1.1). This protein contains a
myristoylation consensus sequence at its amino temsrilime uB protein confirmed to be

is N-myristoylated by metabolic radiolabeling ARV -infected cells with tritiated
myristicacid (Varela et al., 1996). large proportion of the uB molecules synthesized in
infected cells undergo cleavage near the arf@noinus to produce a myristoylated
amincterminal peptidétermed uBN) and a large carboxterminal proteintermed

puBC).

Both uB and its cleavage produetsestructural components of the reovirion
outer capsiqMartinezCostas et al., 1997Amino-terminal sequencing of uBC located
the uB cleavage site between residues-A2rand Pret3. Being a major structural
reovirion component, uBC appears to play an important role in the internalization of
ARV into the host cell. Thus, intralysosorfdRV uncoatings accompanied by two

sequential uBC cleavagesnearits@r mi nus t hat gdypeptidest e t

13
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Indirect evidence suggests that these cleavages are necessary to promote interactions with
lysosomal membranes and conformational changes, wheaheaessary to facilitate the

release of transcriptionally active core particles to the cytop(Bsmcan, 1996).

2.6.6. Protein UNS

The M3 gene segme(lt996bp expresses a 70 kDa nonstructural protein termed pNS
(Varela and Benavente, 1994; Tou@$eroet al., 2004bjTable 11). This 635-amino
acidprotein contaiatwo predicted coiled coil segments locatetidaen positions 451

472 and 54699 The segmentare separated by an intervening sequence, suggesting that
this protein may form homar heterecoligomers(TourisOtero et al., 2004bBenavente

et al. (2007) reported that a proportion of the uNS molecule present in infected cells
cleaved near thefterminus to yield a 15 kDaminoterminal fragmen{designated

MNSN) and a 55 kDacarboxyterminal proteindesignated uNSCIt is believed that

MNS protein plays important roles in the early stages of virus morphogehesiss(

Otero et al., 2009b Examination of transfected cells-egpressing UNS and several

other viral proteins has reved that uNS mediates the selective recruitment to inclusions
of GNS and GA, but n oloburieOteloetral.,, 200)a’hé pr ot ei n
expression of individual viral proteins in transfected cells has shown that avian reovirus
MNS is the only vial protein capable of forming inclusions when expressed individually,

suggesting that uNS is the minimal viral factor required.
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2.6.7. Protein p10

The first gene segment of S class ig(®hgth 1643bp whichencodes three ORFEhe

first ORF encodea 10.3 kDa nonstructural protein named as p10 (Tab)eThisis a

type-1 transmembrane protein with a central transmembrane domain that separates ecto
and endodomains of approximately equal s&engulevitz and Duncan, 2000 he p10

protein is a membeof the fusiorassociated small transmembrane (FAST) protein family
and itsexpression in transfected cells induces extensivece#lfusion, suggesting that

p10 plays a key role in the fusogepioperty of ARVS[Bodelon et al., 2001; Shmulevitz
and Duncan, 2000 In addition,p10 protein contains a-g@iysteine motif between the
transmembrane and the endodom#irs motif is palmitoylated and this acylation is

required for the fusion activity of p1&Kmulevitz et al., 2003

2.6.8. Protein p17

Thesecond ORF of the S1 gene encodes a protein named pl17 which has 146 amino acids
and 16.9kDa molecular weight (Tablel)l This protein has no sequence homology with

any other viral or cellular proteins. A study revealed that p17 accumulates in the nucleus
of both infected and transfected cells, and mutational analysis identified a functional
nuclear localization signal near itst€minus Costas et al., 2005This study further

showed that p17 is a nucleocytoplasmic shuttling protein and that the nucjfgasgic

distribution of p17 is coupled to the transcriptional activity of the cell.
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2.6.9. Protein G C

The¥pr oxi mal cistron of the S1 gene encodes
34.9kDa molecular weight (Tablel). This protein forms the minor outer capsithut

plays animportant role in viral cell attachment (Fiy1).TheG C i's t he only vi
present in soluble extracts of infected cells that is able to attach to avian cell monolayers

and elicits reoviruspecific neutralizing a@rmbodies (MartinezZCostas et al., 1997;

Shapouri et al., 1996). It has been recent
expressed in transfected cells (Shih et al., 20@dyvevert he contri buti on of
ARV-induced apoptosis is not clear since viral gene expression is not requifdeMor

to induce apoptosis in cultured cells (Lab
its native state andsitell attachment activity is exclusively associated utgh

oligomeric form (Grande et al., 2002). AtCer mi nal fragment of prot
151-326) contais the receptebinding globular domain (Guardado Calvo et al., 2005)

andhas the same topology as the head domain dfif¥ cell attachment proteinys

two repeats of a triple betpiral (residues 15794).

2610.Protein GA

The S2 gene segment i s 13@hamnohoadswhichdsnd enc
a component of the inner core sh®lartinezCostas et al., 1997) (TablellFig 1.1)

arnd possesses sequerneependent dsRNAindingactivity (MartinezCostas et al.,

2000; Yin et al., 2000)This protein binds dsRNA in vitro with very high affinityhe

nucleic acid i s wsRNA comder wpsnendubdtion with hightsat 0 A

concentrations (Touri®tero et al.,, 2005Pr ot e i n dsanonspedifis rusleotidyl
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phosphatase activity that is able to hydrolyze all four types of nuclegogidesphates to

their corresponding nucleoside dnd monophosphates and fF®sphat€Yin et al.,

2002).f t has been r ep o r-interfdrontadtivty by gréventngthep | ay s a
activation of the dsRNAlependent protein kinase PKR, and that this activity is probably

linked to its capacity to bind and sequesteRNA (MartinezCosta et al., 2000;

GonzalezZlopez etal.,2003f hus, it appears that O0A plays

of ARV to the antiviralactionof interferon.

2611.Protein 0B

The 1202bp long S3 gene segment encodes306 7 a mi no a,whidhispr ot ei n
major component of the reovirion outapsid (MartinezxCostas et al., 1995; Varela et

al., 1996) (Table 1, Fig 1.1). Thel B pr ot ei n associates sponta
with 0B and G0BC in the cyt os ololigonferici nf ect ed
complex that contains stoichiometrically equal amounts of the three viral proteins, and

the three proteins incorporateo core particles as a pfermedcomplex (TourisOtero

et al., 2004a, 2004bn contrast withit¢MRVcount er part @3, 0B does
in solution suggesting that it does not possessitetiferonactivity (TourisOtero et al.,

2005).

2612Protein OGNS
The smallest segment of S class is S4 gene sedibp lony, whichencodes for
nonstrut u r al protei n (KS8hnitzdr, 198%; Vareta arid Bemaventei d s

1994) (Table 11). Thisprotein has been shown to bind ssRNA in vitro in a sequence

17



independent mannérourisOtero et al., 2005; Yin and Lee, 1998)is present in large
ribonucleoprotein complexes in the cytoplasm of infected cells, indicating that it exists in
intimate association with ssSRNAswivo (TourisOtero et al., 2005Mutagenic analysis
hasrevealed that the five conserved basic residues that are important fopiReNAg

are dispersed throughout the entire UNS se
through conformationalomains (Touritero et al., 2005As a nonstructural RNA

binding protein that accumulates in viral factorief\BV-i nf e c t eNGprabablyl s,
plays akey role in RNA packaging and replicatiddgnavente and MartineZostas,

2007).
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Table 1.1. Proteins encoded by various genome segments of reoviruses

Segment Nucleotide ORF Amino  Protein Distribution Function
(bp) acids

L1 3958 21-3899 1293 A Inner core Core shell scaffold

L2 3829 14-3790 1259 & B Inner core Putative transcriptase
(RNA dependent
RNA polymerase)

L3 3907 13-3867 1285 aC Turret Capping enzyme

M1 2283 132208 732 MA Inner core Putative transcriptase
co-factor

M2 2158 302050 676 uB Outer capsid  Penetration

M3 1996 251929 635 UNS Nonstructural Formation of viral
factories
Protein recruitment

S1 1643 25318 98 pl0 Nonstructural Fusogenic/
permeabilising

293730 146 pl7 Nonstructural  Unknown
6301607 326 ac Outer capsid  Cell attachment

S2 1324 161263 416 GA Inner core dsRNA binding,
antrinterferon
activity

S3 1202 31-1131 367 tB Outer capsid  Unknown

S4 1192 241124 367 GNS Nonstructural  ssRNA binding

19



Figure 1.1 Protein profileof avian reovirus
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Figure 1.1

Inner core/ AA ) UA \Iranscriptase
1 complex

]Outer shell
Cell attachment

(Adapted from Benavente and Martin€ostas, Virus Research, 123:1089)
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2.7. Reassortments

Reassortment is common among segmented dsRNA viruses such as influenza virus,
rotavirus and reoviru®uring mixed infectionsthe segmented nature of reovirus
genome allows genomes from different strains to undergo assortment, resulting in
generation of ppgeny virions (reassortants) that contain a mixed set of gene segments
from thetwo parental strains (Ramig and Ward, 19%is possible to identify parental
origin of each gene segment in any reassortant when viewed in polyacrylamide gels.
Suppose twatrains that infect the same cell undergo a completely random assortment,
the resulting progeny would have ®@here n is the number of gene segments) possible
gene combinations of genome segments from the two parénis,with 10 gene
segments of reorises, there will be'2(1024)possiblegene combinations, of which

two are parental and the rest are reassortempsacticality,only 3-25% progeny
reassortants are produced fromicfection (Fields, 1971).

Precise understanding of these nonrandegregation phenomena is lacking.
However, two possible explanatioare: (i) the failure of efficient reassortments results
from homologous RNA segments that need to be exchamigiéglreplicating in separate
areas within an infected cell (Joklik and Rori©95)and(ii) viral RNAs and/or proteins
from different parents may not interact effectively, so that potential reassavtauits
not survive (Roner et al., 1990). In addition, some genome segments or protein products
from twodifferentstrains needa@ommodating mutations so that they can be
productively paired (Nibert et al., 199@hat mixed infection/coinfection of different
ARVs strains may lead to emergence of new strains has been proven in an experimental

study by Ni and Kemp (1992). They-atfected chicken embryo fibroblasts with ARV
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strain 883 and one of thlkreeCRV straing176, S1133, or 85). They reported that the

selection of genome segments in coinfection was virus strain specific.

2.8. Diagnosis of reovirus

Virus isolation in embrgnated chicken eggs, continuous cell lines or primary cells is
most commonly used fahe diagnosis of ARVs (Levisohn et al., 19&0;Afaleq et al.,
1989. More sensitive molecular diagnostic technigues e.g., reverse transeription
polymerase chain reactidRT-PCR), nested PCR, and multiplex PCR (Jindal et al.,
2012; PantinJackwood et al., 2008, Zhang et al., 2006) have also been developed and
used for the detection of ARVs. Real time-RTR using the TagMan® technology has
recently been developed for theecific and sensitive detection of CRVs (Guo et al.,
2011).

Serological methods such as virus neutralization,-ggbprecipitin assay, and
enzymelinked immunosorbent assay (ELISA) are often used for the detection -of anti
ARV antibodies $laght et a].1978; Adair et al., 19§7Unfortunately, most of the
commercially available ELISAs cannot distinguish between antibodies from vaccinated
and infected birdand they cannot differentiate antibodies produced by CRVs and.TRVs
An ELISA has recently beeredeloped to distinguish vaccine and wild tygéARV
antibodies. Xie et al. (2010) used mstnuctural proteins as antigens to detect specific
antibodies for ARV in serum samples from infected birds. Although these researchers
were able to differentiate tveeen infected and vaccinated sera, the sensitivity and

specificity of the method were limited (61.1 to 88.9% of serum samples from infected
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chickens tested positive, and 0 to 6.7% of serum samples from the vaccinated chickens
tested positive).

Sigma Cinduceseutralizing antibodies andthe most variablgroteinamong
strains and isolates of ARVs. By using sigma C, Goldenberg et al. (2011) developed a
differentiating ELISA whichenabled distinguishing between vaccine and field strains of
the virus, dentifying the infection source, and exclusively determining the level of
protective antibodies. Whereas the whole virus detected antibodies against all strains,
differentiating ELISA enabled differentiating between infected and vaccinated animals

(DIVA) and in most cases, identifying the sigma C genotype.

2.9.Reovirus survival

Studies on the survival of pathogens in the environment are important in formulating
preventive and control measures. Several reports indicate that CRVs are stable between
pH 3.0 and pH 9.0 but are inactivated at 56°C in less than one hour (Jones,3008).
strains of CRV were found to be sensitive to trypsinAfaleq and Jones, 1991). A few
reports indicate that CRVs are relatively resistant to certain disinfectants. For example,
they can survive in the presence of 2% formaldehyde at 4°C but thestivitly is

affected by 2% phenol and partially by 100% ethyl alcohol (Meulemanns and Halen,
1982).The CARVscan survive irwater for at least ten weeks with little reduction in

virus titer (Savage and Jones, 200Bitter and drinking water may playamportant

role in the transmission oéoviruses, but studies on survivaltbiese viruses poultry

litter and drinking water are lacking.
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2.10.Prevention and control

ARVs are ubiquitous in natusndhence maintaining an ARY¥fee flock is difficult.

Strict biosecurity, good management practices, and vaccination are key methods to
control ARV infection Biosecurity and good management practices include minimizing
entry into the barn, practicing afi-all-out management, effective cleaning and
disinfeding of the barn, and good record keeping. Wise use of effective disimfec

also importantSeveral vaccines based arthritic (1133) and entier (1733, 2408CRVs
are available worldwideAutogenous killed vaccines are also being used in flocksavhe
commercial vaccines are not effective.

Because of th importance ofhis newdisease conditiofturkey lameness) have
plamedmy thesis work omomparativenolecular characterizatiaof TARV, TERV, and
CARV. This will behelpful in differentiation 8TARVsfrom TERVs and CARVs and
may shed some light on tipessilility of reassortmentamong these viruse$his work
shouldbe helpfulin finding possible soursof TARV infection.In addition, | plan to
developan RT-PCR that can differentiate TARVein TERVs and male useful to
guantitatevirusload infield sampla. | also plan tacompae thesurvival of these viruses
in litter and water and ttestthe efficacy of commonly used disinfectants agathsim
This informationshould benhelpful in designingppropriategreventive and control

measures.
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Chapter 2: Isolation and characterization of a turkey arthritis reovirus

This work has been published as:
Mor, S.K., SharafeldinT.A., Porter,R.E., Ziegler,A., PatnayakD.P., Goyal, SM., 2013

Isolation and characterization afurkey arthritis reovirusAvian Dis. 57,97-103.
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1. Introduction

Reoviruses belong to genus Orthoreovirus in the faRégviridaeand contain a double
stranded RNA genome wittD segments. The virus is n@mvelopedvith icosahedral
symmetry and a particle size of-80nm Spandidos and Graham, 197Based on
migration pattern on polyacrylamide gel electrophoresis the 10 segméimé/iotis are
grouped intolarge (L1, L2, L3), medium (M1M2, M3), and small (S1$2,S3,S4)
(Benavente and Marting2ostas, 2007; Varela and Benavente, J9%e segmented
genome encodes feightstructural andour non-structuralproteins The eight structural
proteinsareencoded as follow8a pr ot eins (& A, & B and a C
proteins (1 A and 1 By M segmentsandt hr eeel asp ( aE bythe 8, 0
segmentgVarela and Benavente, 1994; Varela et al., 1996nong nonstructural
proteins M3 an®4 segments encode two majorfoh r uct ur al proteins C
respectivelywhile p10 and p17 are two additional Rstnuctural proteins encoded the
S1 segmenBodelon et al., 2001; Shmulevitz et al., 2002)
Avian reoviruses differ fronthose ofmammas;the former lack hemagglutination
activity butcaninduce ceHcell fusion resulting in the production of sytia in cell
cultures Glass et al., 1933Both pathogenic and ngrathogenic strains of avian
reovirus exist in nature with 880% of them being notpathogenic Jones, 2000 In
addition to chicken and turkeygaviruses have been isolated from other avian species
e.g., ducks and pigeons with diarrh&agchula, 1950; Mcferran et al., 1976rey

parrots and quail with enteritiMeulemans et al., 1983; Ritter et al., 198&nd

American crows exhibiting nervous sighustamo et al., 2007
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In chickensavianreoviruses have been associated with various disease
conditions such ass tnuanltai bnsgoor pstyinedterispfier, u nutlicnegr
inclusion body hepatitis, cloacal pastiagd respiratory infection8agust and
Westbury, 1975; Bains et al., 1974; Dutta and Pomeroy, 1969; Goodwin et a).,1h993
addition,they alsocause lameness, arthritis and brittle bone disease/¢imead
necrosign chickengvan der Heide and Kalbac, 1975; Vertommen et al., 1980 the
purposes of clarity, we will consider turkey reovirus different than avian (chicken)
reovirus.

Turkey entericeovirueshave been isolated from cases of entatiseases
turkeyssuch as the light turkey syndrome (LTS), poult enteritis complex (PEC), poult
enteritis syndrome (PES), poult enteritis mortality syndrome (PEM&)4] et al.,
2010a, 2010b, Pantilackwood et al., 2008myocarditis Shivaprasad «il., 2009, and
lameness (arthritis/ tenosynovitlvisohn et al., 1980; Page et al., 1p8&ecently, the
Minnesota Veterinary Diagnostic Laboratory (MVDL) at the University of Minnesota
sawan increase in the number of submissions etd38weekold tom turkeys that
wererecumbenflame)wi t h  wi ng ti p br ui s-eosbilatefawi ng wal k
swelling of hock (tibiotarsal) jointdHere wedescribe the isolation and partial molecular
characterization (on the basis of the S4 gene) of turkeytartt@oviruses from cases of
lameness and tenosynovitithe S4gene is conserveahd detects most diverse lineages
of avian reoviruse@PantinJackwood et al., 2008) as well as it codes for antigenic and

pathogenic protein of the virus (Guo et al., 2011)
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2. Materials and Methods

2.1.Source ofsamples

During theSpring andSummerof 2011, theMVDL at the University of Minnesota
receivedl4 casegone case refers to one floak) 15 to 18weekold tom turkeygrom
Minnesotawith flock histories ofameness and arthriti¥he lameness started as early as

10 weeks of age and affected at lea5&3 of the flock.

2.2.Gross lesions and histopathology

Dead or humanely euthanized lame tom turkeys were submitted to MVDL. In some
cases, only the legs tife affected turkeys were submitted either fresh or frozen. The
gastrocnemius and digital flexor tendons were removed and immersed in formalin. The
formalized samples were placed in cassettes, embedded in paraffin, sectioned at 5
microns and stained witlematoxylin and eosin for histopathologgndons and/or joint

fluids fromthesecasesvere examined for the presence of bacteria and viruses

2.3.Bacterial isolation

The synovial swabs were tested for aerobic bacteria as well as for mycoplasma. For
aepbic bacteriatheswabs werénoculatedon sheep blood agandMacConkey agar
followed byincubaton at 37C for 48 hoursFor mycoplasma culturené swabs were
inoculatedin Fr e \brdth and incubated at %7 for 2 weeks. Theroth culture was

tested iy real time PCR for mycoplasma.
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2.4.Virus Isolation

Tendon pools were homogenized as a 10% susytg
Following centrifugation at 1,200 xg for 30 min, the supernatants were collected and
inoculated imo 11-day-old spedic-pathogerree embryonated chicken eggs via the
allantoic route (200 pL per egg) and ikdéy-old specificpathogerree eggs vidheyolk

sac route. After four days of incubation af@7the allantoic fluids and embryo
homogenatewere processed fohe next passage. A total of3blind passageseve
performedfor each sampldn addition the supernatants were inoculated onte33T

cells to determine if the virus can be grown in cell cultures. Up to five passages were
given in these cellheidentity of the isolated virus was confirmed by negative contrast
electron microscopy@oyal et al., 198j7and reverse transcriph-polymerase chain

reaction (RTPCR) (indal et al., 2010b

2.5.Molecular characterization

RNA was extracted from homogeed tendon poolsnfectedallantoic fluids,embryo
homogeites, and infected cell culture fluidg usingaviral RNA mini kit (Qiagen,
Valencia, CA).In brief, 140 pL ofthe sample was mixed wiB60uL of AVL bufferand
5.6 uL of carrier RNA, allowedo react forlO min, followed bytheaddtion of 500uL of
100%ethanol. This mixture was transferred to RNA spin columns followed by two
washing with RWland RW2 buffer. The final elution was done in 50puL elution buffer.
As apositive control, RNA was exdcted from turkentericreovirus (SEP 108, kindly
provided by Dr. J. M. Day, Southeast Poultry Research Laboratory, Athens, GA).

Published primers of turkey FrPERMantnmus S4 ge
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Jackwood et al., 2008The amplified produstwere run on 1.5% agarose gel and the

appearance of a specific band at 1100bp confirmed the presence of the virus.

2.6. Sequencing

The amplified PCR products were purified using Qiagen PCR purification kit and then
submitted for sequencing to tBeomedical Genomic CenteBMGC), University of

Minnesota. The sequencing was done in both directions using the same primers as used in

RT-PCR reactions. Forward and reverse sequences were aligned together using

Sequencher software/fvw.msi.umn.edyfollowed by BLAST analysis

(www.ncbi.nlm.nih.goy. The nucleotide sequences thus obtained were alignédgtby t

Clustal W method using MEGA.0 softwargTamura et al., 2013 heevolutionary
distances were computed using the Maximum Composite Likelihood Model. A
phylogenetic tree of aligned sequences was constructed by the ngmjhbray method

using 1000 bootstrap replicate values.

2.7.GenBank Accession Numbers

Partial nucleotide sequences of S4 gene of reovirus were submitted to GenBank with the
following accession number3954690JQ954694 for TARWIN1 to TARV-MN5 and
JQ954695 for ChARMMNL (a local isolate of chicken reovirus). The sequences from

GenBank used for compadn are shown in Tabe1.
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3. Results

There was unilateral or bilateral swelling of hock {sim all affected turkeys. In many
instances, the birds had periarticular and subcutaneous hemorrhage of the hock joint
resulting from partial to completedring of the gastrocnemius or digital flexor tendon(s)
(Fig. 2.1and2.2). There was increased serosanguinous fluid in the sheath of the origin of
gastrocnemius tendon at the hock joint (Rig and2.2). In some cases, there was
subcutaneous hemorrhageder the skin of the hock joint. In mild cases, the joints and
tendon sheaths contained increased amount of clear;sttaved or brown
serosanguinous fluidHistopathology of gastrocnemius and digital flexor tendons
revealed lymphoplasmacytic infi¢ttes in the synovial sheathig. 2.3). In some

instances, likely chronic stages of lameness, the tendon sheaths exhibited synovial
villonodular hyperplasia with mild lymplptasmacytic inflammation (Fig.4).

All samples were found negative fimycoplama and foaerobicand anaerobic
bacteria.No virus was isolated by the CAM route of embryonated chicken egg (ECE)
inoculation. However, five of the 14 sample pools yielded reovirus in ECE when
inoculated by the yolk sac route. Allantoic fluids and embryo homogenates were positive
for reovirus whenested by RTIPCR. Negative contrast electron microscopy revealed the
presence of neenveloped spherical virions of ~BD nm size (Fig2.5). All five
samples also yielded reovirus when inoculated irR33Tells. In both ECE and Q35
cells, no virus wassolated at first passage; some were isolated at second passage and the
others at passage 4 orThe isolated viruses were namedwagey arthritis reovirus

(TARV-MNL1 through TARVAMND5) to differentiate them from turkey enteric reoviruses.

32



Four of thasolates(TARV-MN1 to TARV-MN3 and TAR\VMN 5) were fromone
hatchery source while TARWIN4 was from aifferent hatchery.

Phylogenetic analysis was done on the basis of nucleotide sequehe&éf
gene. Blast analysis of sequences confirmed all virusesoairus. Phylogenetic analysis
onthebasis of 880bp nucleotidedassifiedthe five turkey isolates into two subgroups:
the first subgroup conta#d TARV-MN1, -MN2, -MN3 and-MN5 whilethe second
subgroup contained TARWIN4. A local isolate of chickereovirus (ChARVMNL1)
isolated from chickens showing lameness was used for comparison. The chicken isolate
grouped differentlyrom thefive TARVs showingonly 78% similarity withthe TARV's
(Fig. 2.6)

The TARV-MN1, MN2, MN3 and MN5 hd 97% to 1006 similarity with each
other These four viruses showed similarity of B8 to 998% with enteric reoviruses
detected in Minnesota turkey flocks with enteritis. Similarity with enteric reoviruses from
healthy Minnesota flocks was 96.6% to 99.4%. Similarity witteec reoviruses from
other U.S. states w&@9% to ¥.6%. Isolate TAR\A\MN4 was different fronthesefour
TARVSs with a similarity ofonly 89.2% This isolate wa80% similar toenteric
reovirusesrom healthy flocks in Minnesota and 89.5%0®4% similarto those from
enteritisaffected flocks irMinnesota. The similarity with U.S. isolates of enteric
reoviruses was 90% to 93%. A local isolate of chicken reovirus (CRRMRN) from
cases of lameness in chickens shared a similarity of only 78%dARYs while it was
90.3% to 92.7%imilar tochicken reoviruses associated with enteritis and runting

stunting syndrome (RSS) in chiclgn
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4. Discussion
An outbreak of lameness/arthribscurredn 15 to 18weekold tom turkeys in
Minnesota during the Spring and Summer of 2@¢dck histories suggested that
lameness occued as early as ten weeks of age and affected at &dstd@ the flock
with >1% mortality or culling per week. In severeljegted flocks, up to 25% of birds
were affected (Dr. David Mills, personal communicatiohirkeyarthritis reovirus
(TARV) was isolatedrom tendons and/or joint fluidsf birds from five of 14 flocks No
other pathogen was isolated.

This appears tbe the first study on isolation of TARVs in Minnesdtafact,
there have been only three reports of reovirus isolation from the joints of turkeys from
more than 20 years ago. In one instance, reovirus was isolated from the hock joints of
lame turkeysbut virus did not localize in hock joint or cause lesions when inoculated
into turkey poultsdl Afaleq and Jones, 1989; 1991nthesecond report, a reovirdike
agent was isolated from the hock joint of lame turkeys, but the infection was complicated
by the presence dflycoplasma synoviagevisohn et al., 1990another common cause
of tenosynovitis. Finally, a virus serologically similar to reovirus of chickens was
isolated fromb- to 8-weekold turkeys with swollen hock joint®age et al., 1992 The
clinical and gross lesions observed in this study are very similar to those reported in the
previous three studies.

Avian reoviruses have long been recognized as a cause of lameness (arthritis and
tenosynovitis) in mealype chickens, but turkeyse consideredenerallyresistant to
chickerrorigin reovirugs(al Afaleq and Jones, 1989; 1990; 1R90ransmissiorof

reovirusesn chickens has been shown to occur via feces, contaminated egg shells, and
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by vertical transmission from infected hens togeny yan der Heide and Kalbac, 1975
Lamenessesults fromswelling of the tendon sheath of the shanks and gastrocnemius
tendon immediately proximal to the hock. The affected birds are recumbent and are
unable to extend the hock®eovirusassociate@rthritis has also been reported in
Hungarian geese (Palya et al., 2003). On hisopathologic analysis, infiltration of different
mononuclear inflammatory cells in synovial layers of the tendon sheaths was observed.
The mld lymphoplasmacytic synovitiand nultifocal villonodular synovial hyperplasia

of synovial membranebserved in our study are consistent with reovassociated

arthritis in chicken and geese.

To the best of our knowledgéadre are no previous reports on phylogenetic
analysis of turkearthritis reoviruses although enteric reoviruses from turkeys have been
well characterizedPhylogenetic analysis of reovirus isolates in this study was done on
the basis of the S4 gerfeantinJackwoocet al.(2008 reported that, as a group, turkey
enteic reoviruses had 90% to 100% homology and did not demonstrate any geographical
predilection. Similarly, Jindadt al.(20103 reported that reoviruses associated with poult
enteritis syndrome Minnesota shared 91.6% to 99.3% homology with previously
published entericeoviruses. Both of these studies reported that turkey reoviruses
clustered into one group and assortment occurred at the species level (chicken or turkey).
In our study also #assortment occurred primarily by the species of origin (chicken and
turkey) and all turkey isolates clustered into one graige. ChAR\VMN1 shared 78%
homology with turkey isolates of this study, which iagreementith previous studies
reporting 73.66 to 83.1% similarity between enteric reoviruses of chickens and turkeys

(Jindal et al., 2010b, Pantilackwood et al., 2008Because there is no sequence of
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turkey arthritis reovirus as well as less number of enteric reovirus S4 gene sequences in
GenBank this study did not reveals a specific pattern of assortment between enteric and
arthritis reoviruses as well as assortment based on geographical locations. A better
picture will come when more arthritis reoviruse sequences from different geographical
locations will be available in GenBnak.

Based on phylogenetic divergence, the TARYV isolates formed two subgroups.
Subgroup | contaiTARYV isolates (TARVMNL1, 2, 3 and 5with 88.7% to 99.8%
homology with viruses associated wehteritis in Minnesota turkejocks. Subgroup I
contains a single isolate, tiARV-MN4, which hadl0.8%divergence of from
subgroup I. The hatchery that yielded subgroup Il viruses was different than that from
which subgroup I viruses were isolated.

Clarket al.(1990 who divided chickenreoviruses into threpathotype®n the
basis ofcorrelation betweenanotypes and specific diseapathotypel caused transient
digestive system disorder (TDSD), pathotypeaused viral arthritis syndrome (VAS)
while pathotypdll caused bthh TDSD and VASIt is not yet known if a similar situation
occurs in turkey enteric and turkey arthritis reoviruses.

The source of the TARWIN viruses is not clear at this timkis possible that
infected pults have undiagnosed lameness at a youagwich later recrudesces when
the birds are much heavier and older. Dhikbmal.(1986 isolated reovirus frorases
of arthritis/tenosynovitis in commercial layers farms in Western Washington. The source
of infection was traced to a breeder flock thapplied progeny chicks to all of the
affected farmsEnteric reoviruses have been detected in cases of poult enteritis syndrome

in Minnesota turkeys for up to 9 weeks of age but not after that.
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Phylogenetically, TARV 1, 2, 3 and 5 are closely relateenteric reoviruses
which indicates the possibility that enteric reovirus may localize in hock joiotgen
age. We plan to do complete genome sequence analysis to figure out differences between
arthritisassociated and enteri@ssociated reovirusen turkeys with the ultimate goal of
finding specific molecular markers for both. Experimental studies are planned to
determine if turkey reovirus is the primary cause of arthritis and lamdhtssse turkey
reoviruses demonstrate behavior simitathat of chicken reovirus, there is a strong
possibility that the infection goes well beyond matkge turkeys and that infected
breeder flocks might be propagating this virus and spreading it vertically to young birds,
thus complicating efforts to detemd control reovirus infection in turkeys summary,
thisappears to bérst report of isolation of reovirus from outbreak of lamenesslong
time. Experimental stui@s are in progress to learn aboutsbarce of infectionmode of

transmission, ahmethods of control for this pathogen.
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Figure 2.1 Sixteerweekold, reoviruspositive tom turkey with periarticular swelling

and bruising of hock joint.
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Figure 2.1
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Figure 2.2 Sixteenweekold, reoviruspositivetom turkey with rupturef

gastre@nemius tendon at level of hack
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Figure 2.2
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Figure 2.3.H&E staining histopath picture showing mild lymphoplasmacytic infiltrates.
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Figure 2.3
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Figure 2.4.Tendon sheaths exhibiting synovial villonodular hyperplasia with mild

lymphoplasmacytic inflammation.
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Figure 2.4
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Figure 2.5.Electron Microphotograph, negative contrast of a-aoweloped spherical

~ 70- 80 nm dsRNA virion
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Figure 2.5
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Figure 2.6.Phylogenetic analysis on the basis of 880bp nucleotides of S4 gene of
reovirus byusing MEGA 60. Neighbot#joining tree was constructed ogithe Kimura 2

parameter modetith 1,000 bootstrap replicates and a 70%atftit
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Figure 2.6

99| TARV/MNS

85 TARV/MN2
9

©

1 FJ693701/TK/MN/B4016
GQ353322/TK/MN/D-058212/07
GQ353330/TK/MN/D-055431

|| GQ353330/TK/MN/D-055431/08

10¢ TARVIMNL

o

8€|! TARV/MN3

- EU400282/turkey/MO/SEP-828/05
t GQ353324/TK/MN/D-000818/08
9g|| FJ693699/TK/MN/B1040

92| FJ693692/TK/MN/B2013/08
FJ693697/TK/IMN/B2024/08

og | GQ353326/TK/MN/D-022565/08
GQ353321/TK/MN/D-056826
FJ693704/TK/MN/B3033

N

<]

©

5 FJ693689/TK/IMN/B1014/08

| F3969425/TKICAISEP

loc 1 GQ353328/TK/MN/D-047428/08

| GQ353323/TK/MN/D-058648/07

9397 |— TARV/MN4

bc| [ EU400293/turkey/\WI/SEP-847/05
99 | GQ353319/TK/MN/D-052725/07

w

EU400284/turkey/NC/SEP-833/05
92—|_[ EU400279/TK/IMO/SEP-816

99 | EU400281/TKIMOISEP-827
i FJ858377/HC/China
L AJ133122/89026 J
8| U95952/Taiwan

100 | AF059724/176
EF122838/S1133
6¢! EF122835/ChickVac
JF309129/USP358-10
o0 \_r NC 015135/AVS-B
EU400298/chicken/GA/SEP-855/06
i ChARV/MN1
EU400296/chicken/AR/SEP-853/06

68 — EU400275/chicken/MO/SEP-798/05

r Mammalian orthoreovirus 3/NC 004276

0.1

100 L Mammalian orthoreovirus 1/M13139

49

Turkey reovirus

Duck reovirus

Chicken reovirus

J Mammalian reovirus



Chapter 3: Characterization of S class gene segments of a newly isolated turkey
arthritis reovirus

This work has been accepted for publication as:
Mor, S.K., Verma, H.Sharafeldin]T.A., Porter,R.E., Jindal, N. Ziegler,A., Goyal, SM.,
2014. Characterization of S class gene segments of a newly isolated turkey arthritis

reovirus. Virology,in press
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1. Introduction

Avian reoviruges (ARVs)belong to the familyReoviridaeundergenusOrthoreovirus

The ARVs arenonenvelopeddoublestranded RNA virusswith icosahedral symmetry
and a particle size of 780 nm (Varela and Benavente, 1994As opposed to mammalian
reoviruses, the ARVs are fusogenic with the ability to causerfugionfected cells
resulting in multinucleated syncytia formatiddepavente antartinezCostas, 2007).
The viral genomeonsists of 1@egmentshatare divided intdhree classesamelylarge
(L), medium (M), and small (SYlepending on themigrationpattern on polyacrylamide
gel electrophoresiBBgenavente and MartezCostas 2007 Varela and Benavente, 1994
The L and M genes are further subdivided into three segments each (L1, L2, L3 and M1,
M2, M3, respectivelywhile the S gene has four segme(@%, S2, S3, S4; Spandidos and
Graham 1979.

The ARV genome has 12 open reading frarf@RFs) which encode for eight
structural and four nestructural proteins. Th&tructural proteins are an important part of
progeny virions while nosstructural praginsareexpresseanly in infected cells
(MartinezCostas et al., 1997)heproteins encoded by L, M and S genes are laméjda (
mu () and sigmad), respectively. Three structural protemsA , a & B are-éhcoded
by L gene segments L1, L2, and lt8spectively. M1 and M2 segmermscode two
structural proteins (LA and puByhile M3 segment encodes a rsitnuctural protein
(UNS). The three 0 pBodreée nsnad€ded Ahy the S1, S:
respectivelywhile the S4 segment encodés nonstructural proteii N $/arela and
Benavente, 1994; Varela et d996) TheS1 segment encodés two additional non

structural proteingy10 and p17Bodelm et al., 2001Shmulevitz et al., 2002Thed C
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protein encoded by S1 gene possesses botlatyped br oad speci fic epit
protein, which is a major outer capsid protein encoded by S3 gene, haspgeuiffc
neutralizing epitope (Wickramasinghe et al
doublestranded RNA (dsRNA) binding and resrsta to interferon. The nestructural
protein OGNS (encoded by -Srdndeg&NA(3SRNA r espon
binding (MartinezCostas et al2000; Yin and Lee, 1998

ARVsare ubiquitous in domestic poultwith 85-90% of them being nen
pathogeit (Jones, 2000 Of the diseases caused by ARVisal arthritis/tenosynovitis in
chickens is the most commaont respiratory disease, immunosuppression and enteric
disease can also occur (Rosenberger, RdBkey reoviruses (also called turkey enteric
reoviruses or TERVS) have been detected in the gastrointestinal tracts of both healthy and
enteritic turkeys. The TERVs form a distinct group within Remviridaefamily based on
the genetic analysis of S1, S3 and/or S4 genome segments (Day et alJirx@d@l &t al,
2010a; Pantirdackwood et al., 2008).

Recently, we isolated reoviruses from cases of arthritis and lameness in tom
turkeys and partially characterized them on the basis of their S4 genome segment (Mor et
al., 2013). To differentiate theseuses from TERVs, we have named them as turkey
arthritis reoviruses (TARVS). In the early 1980s, reoviruses were detected in arthritic
turkeys (Levisohn et al., 1980; Page et al., 1982) without any further reports on the
occurrence of these viruses. Betly, we conducted an experimental study in turkey
poults using TARVs and TERYV isolates; only TARVs were able to produce tenosynovitis
in turkey poults when inoculated orally at two weeks of age (Sharafeldin et al., 2014). In

the field, TERVs have beentdeted in both enteriti@ffected and apparently healthy
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turkey poults for several years (Jindal et al., 2010a; 2010b; Riautkwood et al., 2008)

but the problem of lameness in turkeys was not observed until recently in late 2009.
Based on this informin, we hypothesized that TARVs are genetically different from
TERVSs. In addition, aw variants of chicken reovirus (CRV) causing lameness and
arthritis in commercial broilers at the age of 2.5 to 8 weeks have been reported in Europe
and North America soe 2011 (Rosenberger et al., 2813ellers et al., 2013; Troxler et

al., 2013). Hence we undertook tsisidyto characterie TARV isolates based on th&r

classgenomesegmentsndto compareghemwith CRVs andTERVs.

2. Materials and Methods

2.1.Virus isolates

A total of 12 isolates of TARVS were used in this study; ten were isolated in our
laboratory from lame turkeys at the age df&weeks and two isolateEARV-O6 Ne i |
and TAR\ Crestview were obtained frordr. Jack Rosenbergef AviServe, wo also
isolated them from cases of turkey lameness. Of the 10 isolates from our laboragory, f
(TARV-MN1, TARV-MN2, TARV-MN3, TARV-MN4, and TARVAMNS5) have been
partially characterized based on their S4 g@her et al., 2013)Five newer isolates
included in this study arélARV-MNG6, TARV-MN7, TARV-MN8, TARV-MN9, and
TARV-MN10. One TERYV isolate from our lab (TERMN1) wasalso usedAll 13

viruses were isolated and propagated in33Tcelk as described previously (Mer al.,

2013).
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2.2 RNA extraction and RT-PCR

Cell culture supernatants fromfectedQT-35 cells were used for RNA extraction using
aQlAampviral RNA mini kit (Qiagen, Valencia, CARrimers were designed mainly
from 56 and 30 Uwhhavakable sequencedf@RVa and TERVsN g
(Table S3.1)All RT-PCR reactions werearried outusing QiagerOne step RTIPCR kit
(Qiagen, Valencia, CA). The reactions (50ul volume) were run in an Eppendorf
thermocycler for 30 min at 8¢ and 15 min at 9& (RT step) followed by 35ER

cycles with denaturation at 92 for 1 min, annealing at respective temgeres for each
primerfor 1 min, and elongation at % for 1 min. Final elongation was done at’C2for

10 min. PCR products were visualized on 1.2% agarose gel hadatateEDTA buffer

by electrophoresis and the appearance of a specific band of expected size confirmed the

amplification.

2.3. Sequencing

The amplified PCR products were purified using Qiagen PCR purification kit and then
sequenced at the University dinnesotaGenomic Center (UMGC) he sequencing was
done in both directions using the same primers as used-PRI reactions. Forward

and reverse sequences were aligned together using Sequersbgware

(www.genecodes.coyollowed by BLASTanalysis www.ncbi.nlm.nih.goy. The

nucleotide sequences thus obtained were aligneldeb@lustal W methodsing MEGA
6.05software (Tamura et akR013. The TARV and TERV sequences of this study were
compared with ARV sequencetdifferent segments available in GenBahke

evolutionary distances were computed usingptidéstance methodndphylogenetic
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trees of aligned sequenceagereconstructed usiniylaximum Likelihoodmethodwith

2000 bootstrap replicate valudhe bestMaximum Likelihood model for analysis of

DNA and protein sequences of each segment was setettled basis of the lowest BIC
score (Bayesian Infmation Criterion) in MEGA 6.0 (Tamura et al., 2018j)e used

GTR (General Time Reversible) +G (Gamma dusttion with 5 rate categories) +l
(Evolutionary Invariable sites) and Hasegaiiahino-Yano (HKY) +G models for

analysis of S1 and S4, respectively, and KimuRaPameter (K2) +G model for analysis
of S2 and S3 sequences. The amino acid histogram wasumted using Geneious Pro
(Drummondet al.,2011). Chicken arthritis reovirus strain S1133 was used as a reference
strain throughout this study. The term Lineage is used for differentiation of genetic
linkages of S class genes and is defined as a chisgenetically related viruses with

less than 10% nucleotide divergence. However, direct epidemiological linkage was
considered if there was less than 2% nucleotide divergence between strains (Liu et al.,
2003). In this study, TARVs and TERVs within a lage were further divided into

groups based on more than P¥divergence for better understanding of relationship

within TARVs and between TARVs and TERVS.

2.4.GenBank accession numbers

All 12 TARV sequences were submitted to GenBank with accession nsitkib87231
KF87242 for S1 gene sequences while S2, S3 and S4 ggmasnces ldeaccession
numbers KF8724KF87254, KF87255KF87266, KF8726KF87278 respectively.
TERV-MNL1 sequences were also submitted with accession numbers KJ700478,

KJ700479, KJ700480na KJ700481 for S1, S2, S3 and S4 gene, respectively.
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3. Results
The sequences of different S claemomesegment®f 12 TARVs and one TERWere
analyzed and compared witose of TERVs and with reovirusesatficken, duckand

goose(CRV, DRV, and GRV respectively).

3.1. Analysis of S1 gene segment
Based on p10 (100aa, 300nt; ORF1) sequences of S1 geh&Ralk from this study
grouped together in lineage | with 97% to 100% nucledtidleand 9%6-100% amino
acid (aa)identity with each othgfTable 3.1) The TERVS, however, formed three distinct
lineages. Within lineage I, some TERVs (TERAN1, NC/98, NC/SEFR108 and
NC/SERRG61) had 93.0%07.0% and 92.0987.0%nt and aadentity, respectivelywith
TARVS. Lineage IITERVs (TX 98, TX99 and PEN3/89 whichhad87.5% t090.5% nt
and 87.0% to 90.5% aa identiyth TARVs while lineage IIITERVs (NC/SEPR044)
had only 61.8% to 64% and 54.06 to 56.4% ntand a identitywith TARVs. The CRV,
DRV, and GRV had only 70.0% to 72.5% (746% aa), 48.8%0t50.0% (32.633.7%
aa) and 34.0% to 35.0% (3238.7% aa) nt identity with TARVS, respectively (Table
3.1).

The aa 122 at NH- terminal region of p10 had four amino acid substitutions
(L2S, M4P, P5S, P6S) in TARVs and TERVs as compared to referencect@RV.
Insertions and substitutions of amino acids were also observed in TARVSs and TERVs
when compared to CRV reference strain. phadicted transmembrane matifTARVS
and TERVs was 4¥L(A/V)(A/V)GGGVLLLLIVVVAVIY -63 as compared to 44

YLAAGGGFLLIVIIF ALLY -62in CRV. Five TARVS (TARVAMN2, TARV-MN4,
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TARV-MN5, TARV-MNG6 and TAR\AMN7) had V instead of At the third position
(46) of this motifand the remaining seven TARVsS had A at this position. In addition
TARV-MNG6 had V ataaposition47 instead of Ain theremaining 1ITARVS. There was
an insertion ol ataaposition51 of this motif in all TARVs, TERWN1, and two of
seven previously published TERVs (NC/98 and NC/&8R). The five remaining
TERVs had insertion of | instead of V.

Sequence analysis of ORF pl17 (151aa, 453nt; ORF2) also gave almost the same
tree topology and per cent identities as p10 (Table 3.1). Howevew¢hear localization
signal (NLS)motif in p17 of TARVs had different amino acid composition (119
VTAKRSRG(I/V)D-128) as compared to CR¥ferencestrain (19 IAAKRGRQLD-

128).

Based onC;, @& and 981at) of S1 gene, the TARVs and TERW 1
grouped in lineage I. Previously published TERVs were adjaided into three lineages
butwith moresequencelivergences within and between lineage§gble 3.). Lineage |
contained all TAR/s with 93.3% to 100% nt and 93¥%0% aa identity. TARVs and
TERVs in lineage | were further divided into five groups based on criteria of more than
2% nt divergence: group 1 incled nine TARVs, group 2 had TERMNL1, group 3 had
TARV-MN4, group 4 had TARMNS5 and TARVAMNG, and group 5 included three
previouslypublished TERVs (NC/SER61, NC/98, NC/SEP/R108) (Fig.6A). TERV-
MNZ1 (group 2) had aninimumof 2% aa divergence from alARVs with three aa
substitutions (N69D, Q122R, N236S). One aa substitution (D41G) was found only in

TARV-MN4.

57



We observed some aa substitutions only in certain isolates from a particular state
such as TARWING isolate from North Carolina had seven amatd substitutions
(K66E, S71T, G94S, K132Q, S141N, D215E and A245T) while South Dakota isolate
(TARV-MN7) had four aa substitutions (C27G, V38A, G52S, A245V). The lowa isolate
(TARV-MN10) had nine aa substitutions (S26N, L40l, D41K, T43N, L46W, L47V,
S50Y, A60D, L65I), which were found only in the startingl0 aa r @ dheon of
previously publishedERVs in lineage | (NC/98, NC/SER108 and NC/SEIR61) had
92.09%95.5% nt identity (93.0995.7% aa) with TARVsThree previously published
TERVs (TX 98, TX® and PEMS/85Fig. 3. of lineage Il had 82.0987.0% nt and
83.09%87.0% aa identity with TARVS. Lineage Il included one previously reported
TERV (NC/SEPR44), which had 40.2% to 44.6% nt and 32.3% to 33.2%leatity
with lineage | and Il sequences.g @RV, DRV, and GRV sequences had 55.6% to
56.4%, 42.8% to 43.6% and 42.0% to 42.5% nt identity, respectively (Fable

T h &C prioteincontainedireeconserved motif, 22:AHCHGRRTDYMMS-
233, 273ASFPVDVSF281 and 319 TVRTGIDT-327in all TARVS, all TERVsS
(exceptNC/SERRA44), andCRVs.Most of the variations occurrécbm position 40 to
130 aa (Fig. 3.2)At position 16to 155 ofthereferenceCRV strain, we found
heptapeptide repeat patterralh TARV s with apolar amino acisl atpositions a and d of

theheptad.

3.2. Analysis of S2 gene segment
Based on 1180 nt of S2 gene segment, TARVs were divided into two lineages 3Fig.

Fig. 3.6B). Lineagel included all TARVSexcept TARVMN9 and TAR\\MN10) and
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TERV-MN21with 98.4% to 100%t and 99.2% to 10 aaidentity. Lineage 1l had
TARV-MN9, TARV-MN10 anda previously published TERV isolakéuntrilj 06

(FJ606766) and h&@D.1%-91.3%nt and 96.0% to 97.0%aidentity with lineagd
sequenceshe CRV, DRV, and GRWad 86.8% to 91.%, 72.6% to 75.% and 72.8%

to 740% ntidentity, respectivelywith all TARVs (Table 3.1) Four aa substitutions

(145L, V52A, A106T, 1225V) were observed in TARMN9 and TAR\VMN10, which
makegthese isolates divergent frdmeage ITARVs. The sequence @dpitope IImotif

i n 0 t&in was differentQWVVAGLVSAT/A) in all TARVs as compared to that in

the reference strain of CRV (34DWVMAGLVSAA -350). All TARVs had Vatthe

fourth position(343)instead oM while four TARVsS(TARV-Crestview, TARMO O Ne i | ,

TARV-MN1 and TARVAMN3) had T instead of Aatthelast position(350) of this motif

3.3. Analysis of S3 gene segment

The S3 gene sequence analysis on the basis of 1000 nt divided all TARVS;MERV
and previously published HVs into two lineageéFig. 3.4, Fig. 3.6C)Lineage |
included 11TARVs (except TARVMN4) along withpreviously published ERVs from
healthy and enteritiaffected poultsrom Minnesota and other states in the W8thin
lineage ) all 11 TARVs, TERVYMNL1 and previously published TERVs h@d.(% to
100% ntidentity with each otheWithin lineage I, TARVs and TERVs were further
clustered into six different groups (Groups 1 to 6). Group 1 included seven TARVS,
TERV-MNL1, 12 previously published TERVs from apparently healthy turkey poults
(TK/MN/B-AB16/2008, TK/MN/B-AB18/2008, TK/MN/B-AB19/2008, TK/MN/B

AB20/2008, TK/MN/B-AB21/2008, TK/MN/B-AB22/2008, TK/MN/B-AB23/2008,
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TK/MN/B-AB24/2008, TK/MN/B-AB25/2008, TK/MN/BAB26/2008, TK/MN/B
AB27/2008, TK/MN/B-AB29/2008), and three TERVs from enteréiected poults
(TK/MN/D-AB14/2011, TK/MN/D-AB15/2011, TK/MN/D-AB06/2008) in Minnesota.
Group 2 included TARMMNS, TARV-MNG6 and one previously published TERV
(NC/SERR44). Groups 3, 5 and 6 included previously published TERVs while group 4
included two TARVSs of this study (TARWIN9 and TARVMN10; Fig. 3.6C)Lineage
Il included TARV-MN4 and previously published TERV strains (TK/MNAB01/2007,
TK/MN/D-AB04/2008, TK/IMN/D-AB08/2008, TK/MN/D-AB10/2009, TK/MN/D-
AB11/2010, TK/MN/D-AB12/2010, and TK/MN/BAB13/2010) from enteritimffected
turkey poults in Minnesota. Lineage Il sequences8&#&b to 90.0% ntand 950% to
95.3% aadentity with lineage | sequenceshe CRV, DRV, and GRV had 6846 to
72.2%, 59.8% to 60% and 59.7% to 60.3% nt identity, respectively, with TARVs
(Table3.1).

On comparing UGB prot eiandHresiquegomaze s we f o
position 38076 Random ami no acid substitutions we
protein in all TARVs and TERVSs but three amino acid substitutions (1100V, R138S, and
Q146R) werebserved only in lineage Il sequencasonserved CHCQinc binding
motif was also presefitom amino acid positions 515 similar to that in CRVs except
three substitutions (T61A, L62P, and A64S) in all TARVs and TERVSs. At position 69,
we found substitiion of Y to H in threeTARVs (TARV-Crestview, TARVMO O Ne i |
TARV-MN1) and Y to C in two TARVs (TARWINS5, TARV-MNBG), respectivelyAt

Cterminuso f 0 B, motiftKK\SSHYR (feom 287293 agposition in reference
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strain) was observedh all TARVs and TER/s. Within this motif, d TARVs and TERVs

had V at position 289 while all CRVs used for comparison had A at this position

3.4. Analysis of S4 gene segment

Phylogenetic analysis based on 950 rnbéfenedivided TARVs, TERV-MN1 and
previously publishedERVsinto three lineages (Fi@.5, Fig 3.6D). Lineagel included
all TARVs (except TARVMN4),14 TERVs (TK/MN/B1016/08, TK/MN/B1038/08,
TK/MN/B1040/08, TK/MN/B2013/08, TK/MN/B2014/08, TK/MN/B2015/08,
TK/MN/B2016/08, TK/MN/B2021/08, TK/MN/B2022/08, TK/MN§2024/08,
TK/MN/B2028/08, TK/MN/B3030/08, TK/MN/B3033/08, TK/MN/B4016/0&pm
healthypoults and five TERVs (TK/MN/BD49007/07, TK/MN/B000818/08,
TK/MN/D-022565/08, TK/MN/DB048814/08, TK/MN/DB055431/08) fronenteritc
turkeys with96.8% to 100% nt and 97% to 100% a&entity with each othetn lineage
[, all sequences were divided into six groups: group 1 included 10 TARVs (except
TARV-MN4, TARV-MN5) and two TERVs (TK/MN/B048814/08, TK/IMN/D
055431/08) from enteritiaffected poults in Minnesota whillARV-MN5 clustered with
a TERV (TK/MN/B4016/08) in group 3. TERWIN1 clustered into group 2 along with
10 previously published TERVs from apparently healthy poults in Minnesota. Groups 4,
5 and 6 included TERVs from Minnesota and other states in the gS3(BD). Lineage
Il had TARWV-MN4 andtwo previously reported TERMWsom Wisconsin (WI/SEP
847/05)and MinnesotdTK/MN/D-052725/07) Lineage Il sequences had 88.7% to
90.2% 1t and 97.3%0 97.5% aadentity withthose oflineage | and Il Lineage I

containedTERVs from apparently healthy poults from North Caraland Missouri; they
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had 89% to 92.5% ndentity with lineagd and Il sequences. The CRV, DRV, and GRV
had 77.4% to 78%, 750% to 76.686 and 75.7% to 76.3% mdentity with TARVS,
respectivey (Table 3.1) A conserved motif MLDMVDGRPg&L80-188 of CRV S1133)
which is considered asp i t o p NS, vigas mrasentlin alfARVs and TERVSTERVs

of lineage Il had one substitution (M ljcat position 183.

3.5. Possible reassortment

Randompoint mutationsvere observedcross the S class gene segmémiTARVS

Phylogenetic trees of all four S class gene segments were analyzed to test the possibility

of reassortmenfARVss epar ated into |ineages | and 11
phyo geny and grouped together in |ineage | i
TARVs and TERVs were further divided into

and six each in S3 and S4 gene segments (Fig. 3.6, Table 3.2). Interestingly, TERV

Co

isolate (NC/SEFR44) , which formed | ineage 111 1in
TARV-MN5 and TARVAMNG in group 2 of lineage | in S3 gene segment. TARV
Crestview, TARVO O Ne i | ;MNTweR Vh the same group and lineage in all four

gene segments. Three TARVSARV-MN5 and TAR\AMNG) clustered in the same

group in S1, S2 and S3 phylogeny but were divided into two different groups in S4 gene
segment phylogeny. TARMN4 gr ouped with | ineage | TARYV
phylogeny but formed lineage 1l with TERVs in S3 andgBaAe segments. TERVS in

lineages | and Il in S3 gene formed different groups in lineages I, Il and Ill in sigma C

(Fig. 3.6, Table 3.2)
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3.6. Comparison of TARVs based on hatchery source

All TARVs and TERV were isolated from commercial turkeys and ravhfbreeder

flock. However, when we traced back hatchery source of these TiAlebted birds, it

was found that the source only two hatcheries (Hatchery A and B). The maximum
number of isolates (n=10) were from hatchery A but had been isolated over yetlrree
period (20112013) Six of 10 TARVs were isolated in 2011, one in 2012 and three in
2013. All 10 isolates related to hatchery A were isolated from four different states with
maximum number from Minnesota. Two isolates were from hatchery B and dsefdrir
these two isolates belonged to two different states and two different age groups. The
maximum aa substitutions among TARVs from the same hatchery as well as TARVs
from different hatcheries was odMbllewayed i n
relaed to hatchery B and was isolated from fargekold turkey poults suffering from
enteritis. Both TARVs and one TERYV of hatchery B had some unique aa substitutions
indicating importance of point mutation between different pathotypes of the same

hatchery surce.

3.7. Genotype versus pathotype

Geographical antemporalanalysis ofTARVs with TERVs was performed; aa

substitutions were observed among isolates from different statésranof isolation

We also found aa substitutions among TARVs isolaten tidferent age grqus of

affected birdsThere was no distinction of genetic lineages based on pathotypes (enteritis
or arthritis) since different pathotypes of TERVs and TARVs grouped together in

different lineages of S class gene segments.
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4. Discussion

The problem of lameness and arthritis caused by TARVs appears temergng in

U.S. turkeys (Mor et al., 2013); the disease has been seen in the upper Midwest since late
2009 after its initial reports in the 1980s and 19@0#\f{aleq et al., 19891 991;

Levisohn et al., 1980At about the same time, new variants of CRV causing lameness in
commercial broilers were reported in Europe and North America. Some of these variants
are genetically different from previously reported CRVs making the commoedyy us
commercial reovirus vaccines ineffectifiRosenberger et al., 208 3ellers et al., 2013;

Troxler et al., 2013)This study was undertaken to characterize the S class gene segments
of TARVs and to compare them with those of CRVs and TERVS.

Based onmino acid and nucleotide sequence alignmemh®fS1, S2, S3 and S4
gene segments, all TARVs grouped differently from CRVs, DRVs and GRVs although
TARVs were related to CRVs followed by DRVs and GRVs based on S2 gene
phylogeny. The criteria developed thetinternational Committee on Taxonomy of
Viruses (ICTV) for species demarcation include nucleotide identity >75% within species
versus <60% between species (King et al., 2012). The amino acid identity for species
demarcation for conserved core proteindudes >85% identity within species and <65%
between species. For divergent outer capsid proteins it should be >55% identity within a
species and <35% between species. Based on these criteria, all TARVs and TERVs
grouped together undgenusOrthoreovirusin the familyOrthoreoviridaebut formed a
different group from other avian reoviruses (CRV, DRV, and GRYV).

The maximum nt divergence in S3 and S4 gene segments of TARVSs followed by

S1 gene (U0C) and maxi mum aa divE&4fggnence in
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segments (Table 3.1) indicated highen-synonymous changéisan synonymous

changes (Table 3.1n chickers, Liu et al (2003) reported maximummadivergence of

5 3 % @ pmoteiinof CRVs Sellers et al. (2013) reported two groups (groups 1 anél 2)
new variants olprot€ilRwitls <50¥aam sirdilarity betwieen the two
groups. Troxler et al. (2013) characterized new variants of CRV causing lameness and
tenosynovitis in free range and commercial broilers in France and reported three group
of new var i ant sCpmfeinTh&possible raasonsifavierdiveligence

in TARVs could be (i) eight of thel2 TARVs (six were from Minnesota, one from

North Carolinaand one from Wisconsinyere isolated during the onset of disease
problam in 2011 (ii) All TARVs originated from two different hatcheries; 10 of these
were isolated from different commercial turkey flocks from 2011 to 2013 in which the
poults originated from a single hatchery (hatchery A) makipgssible that we isolated
similar types of strairs at that time pointHowever, the 2012 and 2013 isolates were from
different breeder flocks of hatchery A and (iii) Wieus isanewly emerghg pathogen

and ha not gone through selective pressikée found maximum aa substitutionsn 0 C
f ol | o wBpdoteih lyetwéen TARVs from same dfferent hatcheriesThis

indicated that isolates from the same hatchery source were closely related but some
divergence occurred over time, age and location of affected flocks.

We found random asubstitutions throughout the S class but did not find any
specific sequence motif that could differentiate TARVs from TERVs. Jindal et al. (2014)
found a tot al o f B pBofein af which 22larsd fourtwere dbsemesl ini n
TERVs from enteritisaffected and apparently healthy poults in Minnesota, respectively,

and the remaining were observed in both types of flocks. Further studies are necessary to
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determine if these aa substitutions have any role in tissue tropism and pathogenicity of
thevirusWe di d find conser v E€protemoFigi3f2)snall Sgessci f i ¢
segments across different avian reovirus species indicating the possibility of developing a
universal vaccine.

Reassortment and point mutations are common among segrdsRigd viruses.

All TARVs and TERVs were mainly divided into lineages and groups within lineages in
different Sgene segments (Fig. 3.6, Table 3riicaing thepossibility of reassortment
amongTARVs as wd as between TARVs and TERVsiu et al. (2003Yeported
reassortment among CRVs atahcludedhat each lineage of S class genome segment
consisted of a mixture of different pathotypes of CRVs (enteritis vs arthfitisy

further surmisedhat ceevolution of different pathotyped CRVs may haveccurred.
Banyai et al. (20113uggested thahultiple reassortmetand stronglivergencevere

likely reasons for genetiteterogeneityn AVS-B strainof CRV.

Clustering patterof turkey reoviruses in this studyggests thato-evolution of
differentpatiotypes of turkey reoviruses may have occurred. The occurrence of TERVS
in apparently healthy turkey flocks is well known (Jindal et al., 2010b; Raatikwood
et al., 2008). If such flocks are infected with a TARV at some point, it may lead to
exchang of genetic material thereby increasing the chances of reassortment. This is
particularly true in breeder or layer flocks where birds are kept for a longer period of time
and the viruses have enough time to undergo mutation and reassormerfiécGon
with different viral strains is one method by which new strains emerge. In an

experimental study, Ni and Kemp (1992}iogected chicken embryo fibroblasts with
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ARV strain 883 and one of the three ARV strains (176133, and 856) and found that
the seletton of genome segments in-gdection was virus strain specific.

In a comparative pathogenicity study, we found that TARI Nei | was t he
pathogenic followed by TARMMN2Z2 and TAR\WVMN4 (Sharafeldin et al., 2031
However, we were not able to diffetexte these different pathotypes on the basis of their
genetic lineage®ur findngs are consistent with those of Kant et al. (2003) who also did
not find anycorrelation between genotypes, serotypes and pathatypiferent ARV
strains. However, theivkergence and clusterirgatternof different Sclass segments
revealed tht there may bavolvement of multiple genes in pathology and serology as
has beempined by Guo et al. (2012).

Compared to 11 serotypes of CRVs, TARVs have only a single sesuyjpe
(Rosenberger et al., 2013b). Based on S class genome segments we also found fewer
genetic variations in TARVs as compared to those in CRVs further reinforcing the notion
that TARVs are probably newly emerging orenmerging reoviruses.udveillancestudes
on types of rearuses circulating in breeder and commercial paaldifferent
geographical areas are indicated to determine the source of these remigrgeng
pathogens

To thebestof ourknowledge this ishefirst report on characteration of TARVs
and TERVbased on complete S class genome segmEmesiesultsndicatethe presence
of point mutations at nucleotide and amino acid leaelwell as possible reassortngent
but not as high as iIBRVs We found more divergence within TARVs in the S1 and S3
genome segments and hence these two segments deserve more scrutiny for

characterization of new reovirus isolates. Future studies should be conducted on survival
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of infection and viral persistence aslhas correlation of mutations with pathogenicity.
Viral pathogenesis studies using different passages of the same viral isolates should be
conducted to determine association of mutations in viral proteins with virulence. Recent
reports on new variants @RVs are alarming and indicatesi@ong need for cdimuing

surveillance epidemiological, and genetstudes on these viruses.
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Table 3.1. Per cent identity of TAR's with other reoviruselsased on complete S class

gene sequences

Viruses Per cent identity of TARVsS
S1 S2 S3 S4
p10 p17 a C
TARVs nt* 97.0100 95.0100 93.3100 90.1-100 88.9100 88.7100

(n=12) (n=12) (n=12) (n=12) (n=12) (n=12)
aa** 97.0100 96.0100 93.0100 96.0100 95.0100 97.3100

TERVs nt 61.897.0 47.097.0 40.295.5 40.6100 88.0100 88.7100
(n=8) (n=7) (n=7) (n=2) (n=33) (n=31)
aa 54.097.0 31.399.0 32.397.3 35.097.0 95.0100 97.0100
CRVs nt 70.072.5 62.864.4 55.656.4 86.891.4 68.272.2 77.479.8
(n=31) (n=8) (n=8) (n=9) (n=20) (n=31)
aa 74.076.0 60.062.6 50.052.0 95.297.6 76.079.8 91.092.0
DRVs nt 48.850.0 36.537.4 42.843.6 72.675.0 59.860.5 75.076.6
(n=5) (n=2) (n=1) (n=1) (n=3) (n=2)
aa 32.633.7 41.642.7 28.2 90.891.7 59.560.5 90.591.2
GRV nt 34.035.0 38.340.5 42.0425 72.874.0 59.7-60.3 75.776.3
(n=2) (n=1) (n=1) (n=1) (n=1) (n=2)
aa 32.633.7 41.642.7 28.2 90.291.7 58.459.7 91.292.0

*nt= nucleotide; **aa= amino acid

TARV= Turkey arthritis reovirus; TERV= Turkegnteric reovirus; CRV= Chicken
reovirus; DRV= Duck reovirus; GRV= Goose reovirus

n= number of sequences used for calculating per cent identity
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Table 3.2.Lineages of TARVs and TERVs indicating possiblassortmerst

Isolate/strain name  Isolation State/ Year of Lineages in S class genome
source Country isolation
segments
S1* S2 S3* S4*
TARV-Crestview Tendon Minnesota 2011 (1) I (1) 1(1)
TARV-O6 Ne i | Tendon Minnesota 2011 (1) I (1) 1(1)
TARV-MN1 Tendon Minnesota 2011 (1) I (1) 1(1)
TARV-MN2 Tendon Minnesota 2011 (1) I (1) 1(1)
TARV-MN3 Tendon Minnesota 2011 (1) I (1) I(1)
TARV-MN4 Tendon Minnesota 2011 1(3) I Il I
TARV-MN5 Tendon Wisconsin 2011 1(4) I 1(2) 1(3)
TARV-MN6 Tendon North 2011 1(4) | 1(2) I(1)
Carolina
TARV-MN7 Tendon South 2012 I(1) | I(1) I(1)
Dakota
TARV-MN8 Tendon Minnesota 2013 1(1) I 1(1) 1(1)
TARV-MN9 Tendon Minnesota 2013 1(1) I 1(4) 1(1)
TARV-MN10 Tendon lowa 2013 (1) Il 1(4) I(1)
TERVs
TERV-MN1 Feces Minnesota 2011 1(2) I (1) 1(2)
CA-SERN605 Feces California 2008 - - - I
MN-B-AB14 Feces Minnesota 2008 - - (1) -
MN-B-AB15 Feces Minnesota 2008 - - (1) -
MN-B-AB16 Feces Minnesota 2008 - - (1) -
MN-B-AB18 Feces Minnesota 2008 - - (1) -
MN-B-AB19 Feces Minnesota 2008 - - (1) -
MN-B-AB20 Feces Minnesota 2008 - - (1) -
MN-B-AB21 Feces Minnesota 2008 - - (1) -
MN-B-AB22 Feces Minnesota 2008 - - (1) -
MN-B-AB23 Feces Minnesota 2008 - - (1) -
MN-B-AB24 Feces Minnesota 2008 - - (1) -
MN-B-AB25 Feces Minnesota 2008 - - (1) -
MN-B-AB26 Feces Minnesota 2008 - - (1) -
MN-B-AB27 Feces Minnesota 2008 - - (1) -
MN-B-AB28 Feces Minnesota 2008 - - 1(3) -
MN-B-AB29 Feces Minnesota 2008 - - (1) -
MN-D-ABO1 Feces Minnesota 2007 - - Il -
MN-D-AB02 Feces Minnesota 2007 - - 1(3) -
MN-D-AB03 Feces Minnesota 2007 - - 1(3) -
MN-D-AB0O4 Feces Minnesota 2008 - - Il -
MN-D-ABO05 Feces Minnesota 2008 - - 1(3) -
MN-D-ABO6 Feces Minnesota 2008 - - (1) -
MN-D-ABO8 Feces Minnesota 2008 - - Il -
MN-D-AB10 Feces Minnesota 2009 - - I -
MN-D-AB11 Feces Minnesota 2010 - - Il -
MN-D-AB12 Feces Minnesota 2010 - - Il -
MN-D-AB13 Feces Minnesota 2010 - - Il -
MN-D-AB15 Feces Minnesota 2011 - - (1) -
MN-B4016 Feces Minnesota 2008 - - - 1(3)
MN-B1016 Feces Minnesota 2008 - - - 1(5)
MN-B2024 Feces Minnesota 2008 - - - 1(2)
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MN-B2028
MN-B2013
MN-B2022
MN-B2014
MN-D052725
MN-D022565
MN-D000818
MN-D049007
MN-D055431
MO-SER816
MO-SER819
MO-SER828
NC-SERR61-03

NC-98

NC-SERR10803

NC-PEMS85

NC-SERR44-03

NC-SER832

NC-SER833

NC-SER835

TX-98

TX-99
WI-SER847

ATCC-TEV-VR-818

BF

Muntrilj06

Feces
Feces
Feces
Feces
Feces
Feces
Feces
Feces
Feces
Feces
Feces
Feces
Feces

Feces
Feces
Feces
Feces
Feces
Feces
Feces
Feces
Feces

Feces
Feces

bursa of
Fabricius

Feces

Minnesota
Minnesota
Minnesota
Minnesota
Minnesota
Minnesota
Minnesota
Minnesota
Minnesota
Missouri
Missouri
Missouri
North
Carolina
North
Carolina
North
Carolina
North
Carolina
North
Carolina
North
Carolina
North
Carolina
North
Carolina
Texas
Texas
Wisconsin
North

Carolina

Brazil

Croatia

2008
2008
2008
2008
2007
2008
2000
2007
2008
2005
2005
2005
2003

1998
2003
1985
2003
2005
2005
2005
1998
1999

2005
1972

2007

I(5)
1(6)

1(6)

1(5)
1(2)
1(2)
1(2)
I
I(5)
1(4)
1(4)
I(1)
1T
I

I(5)

(-) indicates thasequence of the particular segment is not available for comparison.

*Possible groups of lineage | TARVs and TERVs are shown in bracket.
TARV= Turkey arthritis reovirus; TERV= Turkey enteric reovirus
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Figure 3.1.Phylogenetic analysis on thads of nucleotide sequences (98 1tipp1

genome segment (U0C protein). Tree was cons
with General Time Reversible model. A discrete Gamma distribution was used to model
evolutionary rate differences among sites (fegaries, +G parameter=2.4686). The rate

variation model allowed for sites to be invariable (+1). The strain names (with accession
numbers) in bold are of this study while the strain name (with accession number) unbold

are previously published orthoreowses used for comparison.
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Figure3.21 mage of amino aci d sequence compari S:¢
virus with previously published orthoreoviruses of chicken and turkey oEgich color

represents a specific ansiacid while amino acids in gray match the consensus amino

acid.In the consensus histogram, the dark green regions (peaks) represent conserved

residues while the red regions (valleys) represent divergent amino acids.
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Figure 3.3.Phylogenetic analysis on thagis of nucleotide sequences (1180bp) of S2
genome segment. Phylogenetic tree was constructed using Maximum Likelihood method
based on Kimura-parameter model. A discrete Gamma distribution was used to model
evolutionary rate differences among sites (®garies, +G parameter=0.5720). The

strain names (with accession numbers) in bold are of this study while the strain name
(with accession number) unbold gmesviously published orthoreoviruses used for

comparison.
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Figure 3.4 Phylogeneti@analysis on thedsis of nucleotide sequences (1000bp) of S3
genome segment. Phylogenetic tree was constructed using Maximum Likelihood method
based on Kimura-parameter model. A discrete Gamma distribution was used to model
evolutionary rate differencesnong sites (5 categories, +G parameter=0.9665). The

strain names (with accession numbers) in bold are of this study while the strain name
(with accession number) unbold are previously published orthoreoviruses used for

comparison.
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Figure 3.4
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Figure 3.5 Phylogenetic analysis on thadis of nucleotide sequences (950bp) of S4
genome segment. Phylogenetic tree was constructed by using Maximum Likelihood
method based on HasegaWeshino-Yano (HKY) model. A discrete Gamma distribution
was used tonodel evolutionary rate differences among sites (5 categories, +G
parameter=0.2606). The strain names (with accession numbers) in bold are of this study
while the strain name (with accession number) unbold are previously published

orthoreoviruses used feaomparison.
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Figure 3.5
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Figure 3.6.Possible reassortment within TARVs and in between TARVs and TERVs
represented with phylogenetic trees based on nucleotide sequences of the S class gene
segments [S1(04C; A), S2 (B),s(WthaceSsion and S4
numbers) in bold are of this study while the strain name (with accession number) unbold

are previously published orthoreoviruses used for comparison.
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1. Introduction

Avian reoviruses (ARY) arenon-envelopedriruseswith icosahedral symmetiand

belong to genus Orthoreovirus in the fanigoviridag(Varela and Benavente, 1994
Thetengenome segmentd double stranded RNAre divided into three classes namely
large (L), medium (M), and small (3)asedon their migration patterim polyacrylamide

gel electrophoresiBgnavente and Marting2ostas2007; Varela and Benavente, 1994

The L and M genes are further subdivided into three segments each (L1, L2, L3 and M1,
M2, M3, respectivelywhile the S gene has four segments (S1, S2, S3, S4; Spandidos and
Graham, 1976). The reovirus genome has 12 ogaling frame$ORFs) which encode

for eight structural and four nestructural proteins. The structural proteins are an
important part othe progeny virions while nostructural proteinareexpresseanly in
infected cells (Martineostas et al., 19.

The L, M and S gensegmentsncode lambdaej, mu (1) and sigmad) proteins
respectively TheM1 and M2 segments encode two structural proteins (LA and uB
respectively while M3 genesegment encodes a netiuctural proteini{NS), which has
animportant role in the early stages of virus morphogenesis (Benavente and Martinez
Costas, 2007; Tour®tero et al., 2004). The pA protein is a minor componethef
inner capsidand is believed teerve as putative transcriptase dactor. TheuB proten
is presenin theouter capsid ani$ important invirus penetrationinto host cellafter it is
cleavel into uBN (small myristolylated aminterminal peptide) and uBC (large
carboxyterminal fragmentBenavente and Martine2ostas, 2007

The genu®rthoreovirusincludes two types of reoviruses e.g., fusogenic and

nonfusogenic; the former induces etelcell fusion resulting in the formation of syncytia
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in infected cells. Most mammalian reoviruses (MRV) are-fusogenic in nature except
the Nelson Bayeovirus (NBV; recently rmamed a®teropineorthoreovirusor PRV)
and bat and baboon reoviruséke fusogenic reovirusese dividednto five groups

V) (King et al., 202); group | includes prototypicRV strainsincluding Ndelle virus;
group llcontains ARVs; group llincludesPRV; groups IV and V includebaboonsand
reptilian orthoreoviruses, respectively.

The ARVsare ubiquitous in domestic poultry with 80% of them being-non
pathogeni@and are frequently found in clinically normal bidenes, 2008) However,
ARVs have alsobeen isolated from different disease conditimngoultry including
enteritis, hepatitis, neurological disorder, myocarditis, respiratory distress and viral
arthritis/tenosynovitigJones, 2008)t is believed that ARVassociated clinical disease is
mostly dependent on the age and immune status of the host and on virus pathotype.
Economic losseassociated with ARVs in commercial poultry are dupdor weight
gain, uneven growttpoor feed conversion, increasmorbidity and mortalityand
reduced marketabilitfdones, 2008)

The ARV in chickens is commonly referred to as chicken reovirus (CRV) and its
pathogenesibas been wellefined (Al Afaleq and Jones, 1989; van der Heide and
Kalbac, 1975)Severalifferent serotypegat least 11 serotypeahd pathotypesf CRV
exist(Olson et al., 1957Jones, 2008, Wood et al., 198@hich have been implicated
mainly in tenosynovitis and runtirgfutnting syndrome (RSSRRecently, variantef
CRYV have beersolated fom cases dfhmeness and tenosynovitisdrb to 8 week old

commercial broiler chickens in Europe and North America (Rosenberger et al., 2013;
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Sellers et al., 2013; Troxler et al., 2013). Mokthecommecially availablevaccines are
not effective agairighese variantSellers et al., 2013; Troxler et al., 2013

The ARVs isolated from turkeys are known as turkey reoviruses (TRVs) and they
have been isolated not only fraapparently healthy poultsut also from cases of poult
enteritis compleXPEC) poult enteritis syndrome (PEnd light turkey syndrome
(LTS) (PantirJackwood et al., 2008indal et al., 202;Mor et al., 2A3a).In 1980s and
early 1990s, TRV were isolated fraarthritic jointsof turkeys (A Afaleqet al., 1991,
Levisohn et al., 180; Page et al., 1982fter which there were no reports of arthitis
associated reovirus in turkeys. Recently, we isolated reovirusesdmaions ofL2- to
18weekold market age torturkeys from thaipper Midwest areaf the U.S. and
experimentally regpduced tenosynovitis by oral inoculation of turkey po(Msr et al.,
2013Db; Mor et al., 2014; Sharafeldin et al., 2014a; 20Mk)have tentatively named
these viruses as TARV (turkey arthritis reovirus) as opposed to TERV (turkey enteric
reovirus) ischted from healthy and enteritic poults.

The reoviruses isolated from ducks and geese are called duck reovirus (DRV) and
goose reovirus (GRV), respectively. In addition, ARVs have been isolated from wild
birds. For example, Tvarminne avian virus (TVAN3sisolated fronthebrain of a wild
crow with neurologicakigns (Dander et al., 2014)/e isolated an ARV from a
chickadeeaffectedwith enteritis Sequencing 054 genesegment of this virus
(Chickadee/2011/USA/MN/KJ47512dvealedclose relabnshipto TRVs (Mor et al.,
2014c).

TheM class gene segmerds CRV, DRV, and GRV have been described but this

information is not available fagither TERV or TARV(Banyai et al., 2011; Noad et al.,
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2006; Su et al., 2006; Wang et al., 20ZBang et al., 20Q&xcept thatve have

characterized th8 class genome segmentsTARVs (Mor et al., 2014)In the present

study, we further characterize the TRVs on the badi#é diissgenome segments and
compare them with those available ARV strains from GenBank. Basedraasults, we
propose a new M class genotyping classification system, which allows investigation of M

class reassortment events.

2. Materials and Methods

2.1. Sample source

Dead or humanely euthanized lame turk&yso{19-weeks of age) or fresh aokzen

turkey legs from lame turkeys were submitted to the University of Minnesota Veterinary
Diagnostic Laboratory (UMVDL). &ndons and/or joint fluids frommesecasesvere

subjected taeovirus isolation in QI35 cells as previously described (Mor et 2013b).

For histopathology, gastrocnemius and digital flexor tendons were removed and
immersed in 10% buffered formalin. Fecal samples from cases of PES and LTS were also
processed for virus isolation as previously described (Jindal et al., 2010a; &llor et

2013a).

2.2.Virus isolates

A totalof 15 TARYV isolates weréncluded in this study. Thirteen TARV strains were
isolated at MVDL (TARV-MNL1 to TARV-MN13) while 2TARV strains(TARV-

OO0 Nei | aG@restvidwwery obtainedrom Dr. Jack RosenbergekyiServe

Newark, Delawareln addition,eight TERVstrains(TERV-MNL1 to TERV-MNS) of

89



turkey enteritis were isolateahd used for comparison. All viruses were isolated and
propagated in QB5 cell line as described previously (Mor et al., 2§)18or et al

2014).

2.3.RNA extraction and RT-PCR

The RNA was extracted fronelt culture supernatants using a QlAamp viral RNA mini
kit (Qiagen, Valencia, CA). Three primer sets were designed for each M class genome
segment starting f r obyaligning all avidlabte AR\GGuendeS§ R r e g
in GenBank(Table S1) All RT-PCR reactionsitilized Qiagen one step RPCR kit

(Qiagen, Valencia, CAWith 50l reaction volume. The reactiom&rerun in an

Eppendorf thermocyclewith the following thermal cyclingonditions:30 min at 56C

and 15 min at & (RT step) followed by 35 PCR cycles with denaturation 3t Jér 1

min, annealing at respective temperature for each primer for 1 min, and elongation at
72°C for 1 minwith a final elongatiorof 72°C for 10 min. PCR products were visualized

in 1.2% agarose gel in TrexetateEDTA buffer by electrophoresis and the appearance

of a specific band of expected product size confirmed amplification.

2.4. Sequencing

The amplified PCR products were purified using Qiagen PCR purificati@céatrding

t o manuf act uanethed subngtted tatleelUniversity of Minnesota Genomic
Center (UMGCYor sequencing. The sequencing wasformeadusing theproduct

primersas used in RIPCR reactions. Forward and revetisee fileswere aligned
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together using Sequencher 5.1 softwareny.genecodes.cojrfollowed by BLAST

analysis www.ncbi.nlm.nih.goy.

2.5. lllumina sequencing

The M2 gene ofevenTARVs (TARV-MN2, TARV-MN4, TARV-MN9, TARV-
MN10, TARV-MN11, TARV-MN12 and TARVV MN13) andfour TERVs (TERWVMNL1,
TERV-MN2, TERV-MN5 and TERVMNG) couldnotbeamplified witheitherself-
designedr publishedARYV primers Hence, these isolates were sequenced Uikumgina
MiSeq Next Generation Sequencing. Large amount of dugttity total RNA was
extractedusingTrizol LS reagen{Invitrogen, NY, USA)followed by RNA purification
usingQlAamp viral RNA mini kit (Qagen, Valencia, CA). Extracted RNA was
submitted to UMGC folibrary preparation and 250 cyclpaired end readsn lllumina

MiSeq.

2.6.Sequence analysis and phylogeny

The nucleotide sequencgenerated in this study (n=23) and those available in GenBank
(n=33) werealignedusingClustalW methodn MEGA 6.06 software (Tamura et al.

2013). The best substitution model for analysis of DNA and protein sequences of each
segment was selected on theibaf the lowest BIC score (Bayesian Information
Criterion) in MEGA 6.05Thenucleotide substitution mod&€TR (General Time
Reversible) +GGamma distribution with 5 rate categoriess used to generate the M2
and M3 phylogenetic trees while the Haseg#ishino-Yano (HKY)+ G models )+l

(Evolutionary Invariable sites) was used to generate the M1 gene squwkgenetic
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tree The Maximum Likelihood phylogenetic trees were statistically validated by using
1000 bootstrap replicat¢Felsenstein J1985).Pairwise identitycharts of nucleotides
and amino acislwere constructedith the percentage on the x axis and the frequency of

each identity on the y ax(8all, 2005).

2.7.GenBank accession numbers
TheTARV (n=15) and TERV (n=8jucleotide sequens&vere submitted to GenBank
with accession numbeksl874304- KJ874326KJ874281- KI874303KJ874258

KJ874280for M1, M2 and M3 genes, respectively.

3. Results

3.1.Gross lesons and histopathology

A total of 15 TARYV strainswere isolatedrom turkeys showing signs ¢dmeness,

swollen hock jointsand gross pathological lesions such as periarticular fibrosis and
increasedellow synovial fluid in gastrocnemius tendon sheath. In some cases, there was
rupture ofgastrocnemius tendand/or digithflexor tendon Fig. 4.1). From such cases
TARV-O6 Ne i | a-MNIiL2 Were BMated. Histopathology of tendons revealed
marked fibrosis of subsynovium along with minimal infiltration of lymphocykeg. (

4.2). When inoculated orally in-lveekold turkey pailts, TARVs produced tenosynovitis

but TERV and CRYV did naiSharafeldin et al., 2014a).

92



3.2.M class gene sequence comparison, phylogenetic analysis, and classification of
M class genes and encoded proteins
3.2.1.M1 gene and pA protein
The M1 gene segents of TRVs (both TARV and TERV) consisted of 2283 nucleotides
(nt) and included 506 and 36 untransl ated r
There were no insertions or deletions and the single ORF, ranging from nt 13 to 2211,
encoded for proteipA of 732 amino acid (aa). However, seven unique aa substitutions
were observed (G106V, A131T, Q296R, A395V, N602S, K675R, G730N) in TRVSs that
could differentiate them from CRVs. A basic aa motif-RBRLKVFQK/RRR111 with
one aa substitution (G106V) irRVs further differentiated them from CRVs
(RS/PRLKGFQKRP). The TRV protein pA had a sequence motif of LALDPPF at
position 458464 similar to N6 adeninespecific DNA methylase (Timinskas et al., 1995;
Su et al., 2006). No aa motif substitutions were olegkthat could differentiate the two
TRV types (TARVs and TERVS).

Using the 15 TARV and eight TERV sequences generated in this study and the
ARV M1 gene segment sequences available in GenBank, a pairwise identity chart and
phylogenetic tree were constradton nt and aa levels. The ARV sequences (both TRVs
and CRVs) were different from those of mammalian reovirus (MRV) and TVAV with nt
identity varying from 34.4% to 57.0% and 53.4% to 55.8%, respectively. Based on the nt
phylogenetic tree and pairwise cthan 84% cut off value was used, which resulted in
the generation of five genotypes (N1o M1-V) of ARV (Fig. 4.3).

Genotype M1l included all 23 TRV sequences in addition to 18 CRV sequences

reported from Asia and North America. Genotype-M¥zas conposed of a single CRV

93



sequence (Chicken/Hungary/2012/T1781/KC865789) while genotypil Mtluded

three DRV sequences. Genotype IV had a single GRV sequence (D20) while genotype V
contained one GRV3oose/China/2003/03&nd seven DRV sequencésd. 4.4). The

MI-Ill genotype was the most conserved with an nt identi§f0806-99.7%6. The MH

genotype contained the lowest nt identity of 8408% although its aa identity was

relatively high (95.1100%) (Tabled.1). The TRV sequences were more closelgtesl

to CRV sequences than those of DRV and GRYV as indicated by the phylogenetic tree

(Fig. 4.4).

3.2.2. M2 gene and uB protein

The TRV M2 gene segment was 2158 bp | ong
respectively. The M2 gene segment encodes a sirfgke(30 to 2060 nt), which

translates the puB protein (676 aa in size). The TRV and CRV aa sequences shared
residues (NP) at position 42 and 43, which is predicted cleavage site of the uB protein
into smaller uBN and larger uBC protein. The large carb@minal protein uBC was

more variable among ARV sequences as compared {BiReThe residue R at position

582 was also conserved in all ARV sequences.

Using the 23 TRV sequences generated in this study and the ARV M2 gene
segments from GenBank, pairwise identity chart and phylogenetic tree were constructed.
An 83% cut off value generated seven M2 genotypesl(MaM2-VII) of ARVS; the
TRVs and CRVs werdivided into three and four genotypes, respectively, with less than
75% nt identity between the genotypes. Genotyped M2luded nine TARVS, five

TERVs and 12 CRV§Fig. 4.5). Genotype Mdl had five TARVs and two TERVs and
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no CRV. Genotype M2Il included one TARV, one TERV and four CRVs from Asia
and USA. Genotype IV and V contained one and two CRYV strains, respeckigly (
4.6). Genotype M2V/I included six DRVs and one GRV while M2l had three DRVs
and one GRV.

Broad range of nt identities (86.5%00%, 83.2%09.7%, 83.1%100%) were
observed in genotypes M2M2-11l and M2-V but aa identities (94.79500%, 93.6%
99.6%, 94.2%100%, respectively) were higher (Tall&). Four, nine and ten unique aa
substitutions were observed in genotypesIM22-11 and M21ll of TRVs, which was
not seen in CRV, DRV or GRV sequences. No sequence motif was observed that could
differentiate TARVs from TERVs. However, random aa substitutions were observed in
TRV (both TARV and TERV) sequences. Based on M2 genomé&RMesequences
were different from MRV and TVAV sequences with nt identity varying from 46.7% to

64.9% and 64.1% to 67.6%, respectively.

3.2.3. M3 gene and NS protein

The M3 gene segment of TRV was the small es
were 24 and 64 nt long and the predicted ORF from nt position 25 to 1932. The single

ORF encodes for635aanent r uct ur al p r o-hebcalircoildNeSil. The t we
structures are at position 48¥2 and 546599. On the basis of pairwise identity chart

ard phylogenetic tree, a cutoff value of 85% was used, which generated four ARV

genotypes (Md to M3-1V) (Fig. 4.7) The TRV (TARV and TERV) sequences clustered

together with the CRV sequences in{i@enotype. However, 11 aa substitutions were

unique to ARV and TERV sequences which were different from those of CRV, DRV,
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and GRV. No substitutions or aa motifs were observed that could differentiate TERV and
TARYV strains.

Based on M3 gene and UNS protein sequence analysis, ARV sequences were
different from MRV and TVAV sequences with only 32.1%8.7% and 48.9%1.1% nt
identity, respectivelyFig. 4.8) Genotype M3 contained all TARVs (n=15), all TERVs
(n=8) and a large number of CRVs (n=14) from Asia and North America with 86.3%
100% nt and 92.19%00% aadentities with each other (Tabdel). Genotype M3l
included one Hungarian (T1781) and four Taiwanese (R2, 916SlI, 9181)81rains of
CRYV with 89.29%699.2% nt and 95.6989.2% aa identities. Genotype NiBincluded all
DRVs and one GRV (03G) with 8R46-99.6% nt and 94.0989.6% aa identities (Table

4.1). Genotype M3V included one GRV (D20) from Hunga(¥ig. 4.8)

3.2.4.M class genotype constellation and reassortment
Using the proposed genotypes for the three M gene segments, M class genotype
corstellations (GC) were constructed, which yielded 12 different GCs (fidbie3).
The TRV strains consisted of 3 GCs (GGLC3) while the CRV strains consisted of 8
GCs (GC1 and GG to GC9). The DRV and GRYV strains consisted of 3 GCs (GC9
GC11) and 2 GCE&C11 and GC12), respectively.

Only GC2 was unique to TRV strains while GC1 and GC3 were shared between
TRV and CRYV strains (Tabk.2). The GC1 consisted of 9 TARVs, 5 TERVs, and 11
CRVs. The TRVs were isolated from the US in 2@013 while the 11 CR¢trains
were reported from US, Canada, China, and Taiwan during2Q06. The GC3 was

formed by TARV (n=1) and TERV (n=1) isolated from the US in 2011and three CRVs
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reported from the US and Taiwan from 198806. The Japanese chicken enteric strain
(0S162 and Hungarian chicken neurotropic strain (T1781) formed the unique GC3 and
GC8, respectively. The Taiwanese chicken origin enteric strains 916SI and 918 formed
unique GC6 and GC7, respectively. When GCs of arthritic strains of ARVs were
compared, TARVsdrmed three GCs (GC1, GC2, GC3) and arthritic strains of CRV also

formed three GCs (GC1, GC3, GC5).

4. Discussion
Reovirusassociated turkey arthritis-eemerged in lat2009and theproblemstill
continues today as evidenced by regular receif@méness and arthritis cases by the
UMVDL. It is important to understand the ecology of these viruses to try to mitigate their
devastating effects on the poultry industry in general and the turkey industry in particular.
In a previous study, we reported tve molecular characterization of these isolates based
on complete S gene segments (Mor et al., 2Qh4his study, we have characterized the
M gene of TARVs and TERVs for the first time.

The presence of conserved residues and motifs suckbasdBninespecific DNA
methylase and singlretch of basic aa in YA protein, cleavage aa residue (NP) in uB
pr ot ei n -halicatl coitedi ooil diructures in UNS protein are consistent with
homologous pAuB, and UNS proteins of CRVs, respectively (Noad gt2006; Su et
al., 2006). The residue R at position 582 was also conserved in all ARV sequbites
is predicted aatrypsin cleavage site for dissociation of uBC to generate intermediate
subviral particle (ISVR)Jas soci at e d ppderipgcel enarysandiuncaating

(Noad et al., 2006)
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However, genetic variations were observed that may help differentiate TRVs from
CRVs. A total of 7 variations in pA, 4 to 10 in uB and 11 in uNS of TRVs were observed
that differentiate them from CRVs, DRVs and &R Currently, the TARWCrestview
strain is used as an inactivated, autogenous vaccine in the field (Dave Mills, personal
communication). When this vaccine strain was compared with other TARVs and TERVs
we found two and one unique aa residues that coulsdx@ as a marker to differentiate it
from wild strains of TARVs (Mor, unpublished observations).

Phylogenetic analysis of M1 and M3 genes placed TARVs and TERVS into a
single genotype while M2 gene divided them into three genotypes, which indicates
possble reassortment among TARVs and TERVs and with CRVs. All TARVs and
TERVs formed three GCs (GEAC3) indicating possible reassortment between the two
types of turkey reoviruses (TARV and TERV). Based on our proposed GCs, the ARVs
were divided into three Gs of which GC2 was unique to TRVs only.

The maximum number of GCs (n=7) was formed by CRVs of which GC1 and
GC3 were shared with TARVs and TERVs indicating potential reassortments between
TRVs and CRVSs. An interesting finding was that the maximum nuibBARVs (n=9),
TERVs (n=5) and all North American CRYV strains (n=5) (except strain-By#®rmed
GCl1 indicating that GC1 is more prevalent in chicken and turkey populations in North
America. The DRVs and GRVs did not share any GC with TARVs, TERVs andsCRV
indicating no reassortment between these viruses. The nt percent identity was higher than
aa percent identity within the TRV sequences indicating that synonymous substitutions

were higher than nonsynonymous changes. These findings are in agreement with
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previous studies on M class gene analysis of CRVs, DRVs and GRVs (Noad et al., 2006,
Su et al., 2006, Wang et al., 2013; Zhang et al., 2007).

In this study, nt cut off values of 84%, 83% and 85% were proposed for the M1,
M2 and M3 gene segments, which geated 5, 7, and 3 genotypes, respectively. While
previous CRV and DRV studies defined a cluster of genetically similar sequences with
less than or equal to 10% divergence, our method uses nt percent identities and the
phylogenetic tree to construct a-aft value for each gene segment. This classification
method has been used extensively for other viruses including astroviruses, Sapporo like
viruses, noroviruses, hantaviruses, papillomaviruses, and rotaides¥gliers et al.,

2004; Maes et al., 200Marthaler et al., 2012; Schuffenecker et al., 2001; Zheng et al.,
2006)

Banyai et al. (2014) described complete genome of a reptilian reovirus (RRV)
isolate (47/02) from Bush viper and found broader range of similarities with available
sequences of plyonorigin RRV strains, suggesting that RRVs from bush viper and
python could be antigenically different based on sequence differences of sigma C protein.
These authors further stressed on the importance ofdpéees classification due to
genetic divesity among RRVs.

The TARVs and TERVs shared GC1 and GC3 with some CRVs, which further
indicates reassortment between chicken and turkey reoviruses. This has been
experimentally proven that TARVs and TERVSs are able to replicate in chickens and
CRVs are hle to replicate in turkeys (Rosenberger 2013a; Sharafeldin et al., 2014a,;
2014b). Interestingly, the MRI genotype contained TARWIN4, TERV-MN5, an

enteric CRV strain (AVS) isolated in 2006, and an arthritis strain (916S1) isolated in
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1992 from Taiwarfurther indicating reassortment between different pathotypes of
chicken and turkey reoviruses.

When we compared these genotype-M3equences based on GCs, the strain
916S1 formed a unique GC6 different from other-M2equences, which formed GC3.
The TARV-MN4 was isolated from lame turkey poults at five weeks of age but TERV
MNS5 was isolated from turkey poults suffering from enteritis at four weeks of age from
different commercial flocks. However, these flocks belonged to the same hatchery,
suggestig vertical transmission of these two types of strains. While the TARVsS, TERVS,
and DRVs did not group together in any of the M class gene segments, some of the same
aa substitutions were observed that were not observed in CRVs.

In phylogenetic tree, DRVl GRYV strains seemed to be have evolved together
with CRVs, TARVs and TERVs compared to MRV strains, which suggests the
possibility of ceevolution of CRVs, TARVs and TERVs together with DRVs and GRVs.
Co-infection of different ARV strains may lead to empence of new ARV strains, which
has been proven in an experimental study by Ni and Kemp (1992). Chicken embryo
fibroblasts were cinfected with ARV strain 883 and with 1 of 3 CRV strains (176,
S1133, or 815), which indicated gene segment selection wass\strain specific. In
future studies, it will be interesting to see outcome ehéection of CRVs, TARVs and
TERVs in different combinations to understand the reassortment among them.

It is interesting to note that TERVs have been isolated from epihahealthy
and enteritisaffected turkeys for yeardiqdal et al., 2010a, b; Pantiackwood et al.,

2008 but, until recently, there have been no reports on recasssciated lameness and

arthritis in turkeys after it was first reported in the 19@0%\faleqet al., 19891 evisohn
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et al., 198). After a hiatus of >20 years, the problem of turkey arthritismerged in the
upper Midwest area initially and then was reported from several US states in both
commercial and breeder flocks.

Recently, ne variants of CRVs associated with viral arthritis in broiler chickens
have also been reported from Europe and North AmdRoagnberger et al., 204,3
Sellers et al., 2013; Troxler et al., 201Based on virus neutralization test, it has been
proved thanew variants of CRVs and TARVs are antigenically different and do not
cross neutralize (Rosenberger et al., 2013b). In addition, commercially available CRV
vaccines have been found to be ineffective against these new variants. The occurrence of
these tweevents simultaneously in two different host species (chickens and turkeys)
raises the question on the source of these artastieciated reoviruses. Unfortunately,
sequences from the CRV new variants are not yet available for comparison in GenBank
but there could be three possibilities for the sudden appearance of these viruses: Firstly,
sequencing data indicate that CRV strains are closely related to TARV and TERV strains
and share one genomic constellation (GC1), which suggests possible commonfsource o
TARV and new CRFV variants. However, turkey and chicken hatcheries are two
different sorts of units and do not share a common connection. However, possible virus
transmission between these two types of units can occur via aerosols, wild birds, or by
medianical means (e.g., through fomites, personnel, or farm equipment).

Secondly, TARVs could be variants of TERVs present in apparently healthy
breeder flocks. In a comparative study of CRVs, the enteric straim@®reported to
cause tenosynovitis inday-old specifiepathogerree (SPF) chicks by the footpad

inoculation but not by oral or subcutaneous inoculation (Tang et al., 1987). Similarly, the
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neurotropic CRV strain T1781 isolated from the brain etiagold broiler chickens
produced tenosynovatiafter inoculation by the footpad route haldy-old SPF chicks

(Dandar et al., 2013). Some of the new variants of CRVs are able to cause both enteritis
and tenosynovitis in chickens (Rosenberger et al., 2013a). So, there could be possibility
that TERVs ould be source of TARVS.

Thirdly, breeder companies would have changed their breeding characteristics,
which inadvertently made new breeder flocks more susceptible to arthritic reoviruses.
Jones and Kibenge (1984) studied effect of chicken breeds otionfeasth an
arthrotropic CRV strain R2 by oral and footpad inoculation. T-daytold chicks of
three different breeds: i) SPF lighybrid, ii) commercial white leghorn edayer and iii)
commercial Ros4 broiler were inoculated and observed for 12 gegkage. All three
breed developed swelling of hock joint a#t 3veeks of age, but tenosynovitis lesions
were only observed in commercial Rdsbroilers. RecentlyTroxler et al. (2013)
analyzedsigma C protein sequences2ifCRVsfrom 17 broiler farm&nd five
hatcheries in France. They sucoegith predictng acommon origin othevirus as well
as itshorizontal and vertical transmission the basis adistribution to the involved
hatcheries and broiler breeder flocks. In future, screening of breedeommercial
turkey flocks for TRV strains and broilers for CRVs and their complete genome
sequencing may help to differentiate these viruses and may help to predict the source of
infection. In addition, wild birds commonly found around hatcheries dhmeilscreened
for ARVs.

The three TARYV isolates used in the pathogenicity study were TARVN e i | ,

TARV-MN2 and TAR\VMNA4. These isolate®rmed GC1, GC2andGC3 respectively,
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and produced tenosynovitis. HoweVEERV-MN1 was also grouped in GC2 although it
did na producetenosynovitis. An interesting finding was that TARV, TERV and CRV
sequences of genotypes Nand M3 | formed different GCs. The presence of different
GCs indicated that reassortments can occur withinbatween TERV, TARV, and CRV.

In conclusion, this appears to be thist report onrmolecularcharacterizatiomnd
reassortment events TARV and TERYV strains based on completeldlss genome
segmentsWe have proposed a nt eofif values to define ARV genotypes for the three M
class gene segments, which should be useful in identifying new ARV genotypes in the
future. In addition, CGs were identified for each avian host species. Future ARV studies
shouldbe conducted on complete genome sequencing to understand the reassortment
events between eafection of TRV and CRYV strains as well as with DRV and GRV
strains to understand the molecular evolution of ARV. Recent reports on new variants of
CRV and TARYV ¢rains are alarming and indicatstaong need for cdimued

surveillance epidemiological and genetitudes to develop adequate vaccine.
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Table 4.1. Nucleotide and amino acid identities of different avian reovirus genotypes
Upper partrepresents per cent nucleotide identity and lower highlighted part represents

amino acids identities.

M1 genome segment

Genotypes M1-| M1-II M1-llI M1-IV M1-V
M1-| 84.8100 79.481.3 727739 72.8739 73.1:745
95.1-100
M1-I| 91.894.5 NA 73.473.6 735 73.474.1
NA
M1-111 84.486.3 84.7-85.0 99.399.7 82.3825 80.881.8
99.299.7
M1-IV 84.685.8 84.3 91.591.8 NA 79.7-80.5
NA
M1-V 85.387.4 84.785.7 93.494.8 90.691.5 95.399.4
96.999.5
M2 genome segment
Genotypes M2-I M2-II M2-I11 M2-IV M2-V M2-VI M2-VII
M2-| 86.5100 74.0754 74.0759 735753 73.0745 75.277.8 68.269.4
94.7-100
M2-II 88.889.8 94.9999 733751 743746 748763 74.876.1 67.668.2
98.8100
M2-III 86.889.8 88.289.8 83.299.7 74.776.8 727746 754773 66.267.4
93.699.6
M2-IV 86.1:87.4 87.087.3 88.990.8 NA 727729 749759 66.567.3
NA
M2-V 84.886.1 88.890.1 86.988.2 85.486.0 83.1-:100 74.2755 67.369.1
94.2-100
M2-VI 88.690.5 90.291.6 88.391.4 87.1:88.0 88.1:89.3 87.1:99.2 67.267.9
95.499.6
M2-VII 74.976.8 772784 75.077.1 747754 76.577.0 75.376.9 921995
96.899.6
M3 genome segment
M3-I M3-II M3-Ill M3-IV
M3-I 86.3100 78.7/81.2 66.6725 70.972.8
92.1-:100
M3-II 88.092.9 89.299.2 66.972.1 71.271.9
95.699.2
M3-III 715816 725819 87.399.6 79.280.3
94.099.6
M3-IV 79.880.9 80.081.3 90.992.0 NA
NA
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Table 4.2. Genotypes of ARVs indicating reassortment

Virus strain Origin Source  Pathotype Yearof Genotype
*) isolation Constellations
(GC)
Genotype k-l
Turkey
TARVs
TARV-Crestview USA/MN Tendon VA 2011 1
TARV-O6 Ne i | USA/MN Tendon VA 2011 1
TARV-MN1 USA/MN Tendon VA 2011 1
TARV-MN3 USA/MN Tendon VA 2011 1
TARV-MN5 USA/WI Tendon VA 2011 1
TARV-MNG6 USA/NC Tendon VA 2011 1
TARV-MN7 USA/SD Tendon VA 2012 1
TARV-MN8 USA/MN Tendon VA 2013 1
TARV-MN12 USA/MI Tendon VA 2013 1
TERVs
TERV-MN3 USA/MN Feces PES 2011 1
TERV-MN4 USA/MN Feces PES 2011 1
TERV-MNG6 USA/MN Feces LTS 2011 1
TERV-MN7 USA/MN Feces Normal 2012 1
TERV-MNS8 USA/MN Feces Normal 2012 1
Chicken-CRV
S1133 USA Tendon VA 1971 1
1733 USA Feces MAL 1983 1
2408 USA Feces MAL 1983 1
601SI Taiwan Tendon VA 1992 1
T6 Taiwan Lung RES 1970 1
919 Taiwan Normal 1992 1
R2 Taiwan Tendon VA 1992 1
C98 China Tendon VA 2006 1
T98 China Tendon VA 2006 1
GuangxiR1 China 2000 1
ARV138 Canada Tendon VA 1
ARV176 USA Tendon VA 1
Genotype HI -
Turkey
TARVs
TARV-MN2 USA/MN Tendon VA 2011 2
TARV-MN9 USA/MN Tendon VA 2013 2
TARV-MN10 USA/IA Tendon VA 2013 2
TARV-MN11 USA/MN Tendon VA 2013 2
TARV-MN13 USA/MN Tendon VA 2014 2
TERVs 2
TERV-MN1 USA/MN Feces PES 2011 2
TERV-MN2 USA/MN Feces PES 2010 2
Genotype HlI -I
Turkey
TARV
TARV-MN4 USA/MN Tendon VA 2011 3
TERV
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TERV-MN5 USA/MN Feces PES 2011 3
Chicken-CRVs

750505 Taiwan Tendon VA 1986 3
601G Taiwan Tendon VA 1992 3
AVS-B USA intestine RSS 2006 3
Genotype HV-|

Chicken- CRV

0S161 Japan Feces MAL 1970 4
Genotype H-II

Chicken-CRV

R2 Taiwan Tendon VA 1992 5
10171 Taiwan Feces MAL 1992 5
Genotype HII -1l

Chicken-CRV

916SI Taiwan Feces MAL 1992 6
Genotype

I-V-II

Chicken-CRV

918 Taiwan Feces MAL 1992 7
Genotype

I-V-II

Chicken-CRV

T1781 Hungary Brain CNS 2012 8
Genotype [II-VI-lII

Duck-DRV

MW9710 China Liver MDA 9
Genotypelll -VII -

1]

Duck-DRV

ZJ2000M China Liver 2011 10
S14 China Liver MDA 1998 10
Genotype VI

Duck-DRV

Y4 China Liver 11
NPO3 China Liver HNH 2003 11
Ji8 China Liver HNH 2008 11
091 China Liver LNS 2009 11
TH11 China Liver LNS 2011 11
ZJOOM China Liver 2000 11
89330 France Liver MDA 1989 11
Goose GRV

03G China Liver HNH 2003 11
Genotype IV-VII -VI

GooseGRV

D20 Hungary Liver GOA 1999 12

*VA= viral arthritis; MAS= malabsorption syndrome, RS&mtingstunting syndrome,
PES= poult enteritis syndrome, LTS= light turkey syndrome, RES= respiratory disease,
CNS-= central nervous system disease, HNH= hemorrmegiotic hepatitis, LNS= large
necrotic foci in spleen, MDA= AR\Md-associated lesions,dluding necrotic foci in

liver and spleen, GOA= ARN5o-associated lesions, including necrotic foci in liver and
spleen
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Table 4.3. Genotype constellation of ARV in different avian species

Speciesaand number of  Genotype Genotype constellatior Genotype constellatior
GC counts
Turkey (TRVs)(n=3) [-1-1 1 14
[-11-1 2 7
[-111-1 3 2
Chicken (CRVs)n=7) [-1-1 1 11
[-111-1 3 3
[-IV-I 4 1
[-1-11 5 2
[-111-11 6 1
[-V-II 7 1
[-v- 8 1
Duck (DRVs)(n=3) [-vi-n 9 1
HE-VIE-111 10 2
V-VI-llI 11 8
Goose (GRVsjn=2) V-VI-llI 11 1
IV-VII-VI 12 1
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Figure 4.1. Gross findings showing?) swollen tibiotarsal joints(B) rupture of

gastrocnemius an@) digital flexor tendons.
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Figure 4.1
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Figure 4.2. Micrograph of affected tendon showing fibrosis.
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Figure 4.2
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Figure 4.3. Pairwise identity frequency graph using complete ORF nucleotide sequences
of M1 gene of 193 ARVSs, eight TERVs and available ARV sequences in GenBank. The

suitable nucleotide ctdff value (84%) is depicted by vertical solid line.
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Figure 4.4. Phylogenetic tree constructed based on complete ORF nucleotide sequences
of M1 gene of ARV sequences. Tree was constructed in MEGA 6.06 using HKY+G+|

model with Maximum Likelihood method and 100 bootstrap replicates.
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Figure 4.4
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Figure 4.5. Pairwise identity frequency graph using complete ORF nucleotide sequences
of M2 gene of 15 TARVS, eight TERVs and available ARV sequences in GenBank. The

suitable nucleotide ctdff value (83%) is depicted byertical solid line.

116



Figure 4.5
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Figure 4.6. Phylogenetic tree constructed based on complete ORF nucleotide sequences
of M2 gene of ARV sequences. Tree was constructed in MEGAUBIO§ GTR+G

model with Maximum Likelihood method and 100 bootstrap replicates.
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Figure 4.6
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Figure 4.7. Pairwise identity frequency graph using complete ORF nucleotide sequences
of M3 gene of 15 TARVS, eight TERVs and available ABjuences in GenBank. The

suitable nucleotide ctdff value (85%) is depicted by vertical solid line.
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Figure 4.7
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Figure 4.8. Phylogenetic tree constructed based on complete ORF nuclsetjdences
of M3 gene of ARV sequences. Tree was constructed in MEGA 6.06 using GTR+G

model with Maximum Likelihood method and 100 bootstrap replicates.
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Chapter 5: Molecular Characterization of L class genome segments of a newly

isolatedturkey arthritis reovirus

This work has been submitted for publication as:
Mor, S.K.,SharafeldinT.A., Porter,R.E., Goyal, SM., 2014
Infection, Genetic and Evolution
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1. Introduction

Reoviridaes a large and diverse family of n@mveloped, icosahedral viruses whose
protein capsid is arranged in one, two or three concentric capsid layers with an overall
diameter of 60 nm. Thevirus family contains 15 genardivided into two groups,
turreted or nonturreted, based on the pres
icosahedral verticed ¢the virus (Attoui et al., 201 5chiff et al., 2007)The genus
Orthoreovirus can be divided into two groups: fusagand norfusogenic.The former
have the ability to cause fusion of infected cells resulting in the formation of
multinucleated, @int cells (syncytia) (Benavenad MartinezCostas, 2007). Fusogenic
reoviruses infect mammals, birds and reptiles ana figenetically distinct clade from
nontfusogenic mammalian reovirus@3ay et al., 2009Duncan, 1999 The recent
taxonomic classification divides fusogengoviruses into five groups-{) (Attoui et al.,
2011): group | includes mammaliarthoreoviruse$MRVs) includingthe Ndelle virus;
group Il has avian orthoreovires (ARVS); group llincludes Nelson Bay virudNBV)
and related orthoreoviruse$bats; andyroups IV and V include baboo(BRV) and
reptilian orthoreoviruseRRV), respetively.

The viral genomef ARVsis segmented and the ten segments are divided into
three classes namely large (L), medium (M), and small (S), depending on their migration
pattern on polyacrylamide gel electrophoreBie(h avent e -&osths, M@ r t énez
Varela and Benavente, 1994 he L and M genes are further subdivided into three
segments each (L1, L2, L3 and M1, M2, M3) while the S gene has four segments (S1, S2,

S3, S4; Benavente and Martin€pstas, 2007). The proteins encoded by L, M and S
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genes are lambdaa), mu () and sigmad), respectively. Three structural prote®s ,
B and aC algenesagroentd leld 2, langd LBspectively.

Thepredicted function and genetic variation of these L class gene segments and
theirencoded protes hae been reportetbr chicken reovirus (CR) duckreovirus
(DRV) and goose reovirus (GRVIpandar et al., 2014a; Shen et al., 2007; Wang et al,
2013; Xu et al., 2008; 2009; Yun et al., 20I#)e L1genee n ¢ o0 d prdteinasA
thought to form the innezore shell that encloses both the virus genome segments and the
viral RNA polymerasewhichis used as a scaffold foulssequent core assembly. The
L2-encoded- Borotein is presumed to encode for the viral R8&pendat RNA
polymerase (RdRppan essentiadnzyme for RNA virus replication (Xu et al., 2008).

This protein extends from the inner core to the outer capsid of the avian reovirion
(MartinezCostas et al., 1997; Zhang et al., 208®ntamers of proteidC form the

turrets projecting from the fiveold axes ofviral cores(Zhang et al., 2005 Affinity
radiolabeling of the structural polypeptides has revealed that pegiegithe viral

capping enzyme. Thusg is the only structural protein that binds GMfPougha
phosphoamide linkage when virparticles are incubated with GTP, and the GMP moiety
of the complex can be transferred to GDP and GTP acceptors, yit#idiogp structure
(MartinezCostas et al1995).

Unfortunately, information on the majoore proteins of L class lackingfor
reovirusef turkeys In turkeystwo types of reoviruses have been reported which are
tentatively named asirkey enteric reoviruses (TERV&ndturkey arthritisreoviruses
(TARVS). The TERVs are the most commorddmave been dettstdin apparently

healthy poultsas well as ircases ofurkey viral enteritis including poult enteritis
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complex (PEC)poult enteritis syndrome (PES) and light turkey syndrome (LTS) (Jindal

et al., 201@; 2010bMor et al., 2013aPantinJackwood et al., 2008)ntil the early

1990s; there werenly three published reports on viral arthritis in turkeyswever,

more than 20 yeatater the problem of reoviruassociated lameness/arthritis has been
reportedn 12-18-weekold market age torturkeys intheupper Midwest areaf theU.S.

(Mor et al., 2013p2014a; 2014h Sharafeldin et al., 2013alr'he aim of this study was to
characterize the major core proteins of L class genome segments of these newly isolated

TARVs and to compare them withose of TERV, CRV, DRV and GRV.

2. Materials and Methods
2.1. Virus isolates

Sevenstrains of TARVdsolated from cases of swollen hock joint®- to-18-week
old tom turkeydrom 2011 2014were used in this stud¥heseisolatesvere named as
TARV-MN2, TARV-MN4, TARV-MN9, TARV-MN10, TARV-MN11, TARV-MN12
and TARVAMN13. Three TERVs named as TERWN1, TERV-MN2 and TERVMN6
were isolated from cases of turkey viral enteritis (PES and LTS) for comparison. The
TARVs were isolated fromagtrocnemius and digital flexor tendons of lameness affected
commercial turkeys and TERVs were isolated from fecal samples of enteritis affected
commercial turkeysAll viruses were isolated and propagated in-8blcell line as

described previouslyMor etal., 2013a2013; Mor et al., 2014b
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2.2. lllumina sequencing, sequence analysis and phylogeny
RNA was extracteftom the viral isolates usingrizol LS reagen{Invitrogen,
NY, USA) andextracted RNA was submitted tdniversity of Minnesot&enomics
Center UMGC) for library preparation and 250 cyclpaired end readsn the llumina
MiSeqnext generation sequencinighe obtained sequence reads were analyzed by CLC

Genomics Workbench 6.0v{vw.clcbio.con). After trimming and sequence quality

testing, contigs were prepared dy novoassembly. Extracted contigs were analyzed by
BLAST (tBLASTXx) analysis on NCBI

The nucleotide sequences wegenerated from this study (n=10) and the sequences
generated availdd from GenBank (n=31) weidignedusingClustal W methodn
MEGA 6.06 software (Tamura et &#013). The best substitution mddier analysis of
DNA sequences of each segment was selected on the basis of the lowest BIC score
(Bayesian Information Criterion) MEGA 6.06. Weused GTR (General Time
Reversible) +GGamma distribution with 5 rate categories)dtirthree (L1, L2 and L3)
gene segment3he phylogenetic treewere constructed with selected moddVilBGA
6.06 softwareand wrther statistical analysis was done by using 1000 boots&pdipate
values Thepercent identities and amino acid histogsamere constructed using
Geneious Pro (Drumnmal et al., 2011). Chicken arthritis reovirus S1133 was used as a

reference strain throughout this study.
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2.3. GenBank accession numbers
The nucleotide sequences tifseven TARV and three TERV isolates were
submitted to GenBank with accession numix&lt865902KJ865912, KJ865893

KJ865902, KJ865888J865892 for L1, L2 and L3 genes, respectively.

3. Results

3.1. Sequence comparison of L class gene and proteins

3.1.1.L1geneand A pr ot ein

The L1 gene segment of TARVs and TERVs was of the same s&@l3Pas that of the

CRYV reference strain S1133 (AY641735). This gene segment encodes an ORF of 3882bp
from nucleotide (nt) position 22903, which in turn encodes fer Aprotein 0f1293
aminoacid(@aa)fhe 56 and 30 untransl ated regions (
total of 16 conserved C residues were observedAprotein. A variable region was

present in the first 120 aa of hydrophilic area of TARVs and TER\¢ %.1). The

predicted C2H2 nic-binding motif was present i Aprotein of all TARVs and TERVs

from position 177 to 207 and had four amino acid substitutions (N178S, N179S/G,
T196T/A, and N207N/D) when compared to CRV. The unique motifEB38KGRILQ-

706 was observed in Taiwanese strab0505 (DQ238093) different from reference

strain (698QNIDRRQCR706). There were a total of five substitutions (T15A, D/N22T,

V4001, A1070S, and 11261V) that differentiated TARVs and TERVs from CRVSs.
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3.1.2.L2geneand®B pr ot ei n

The L2 gene segméenf TARVs and TERVs was also of the same size (3830bp) as
that of CRV (DQ534201). This gene segment encodes an ORF of 3780bp H a4
position, which then encodes faB protein of 1259aainsize The 506 and 306 UT
of 14bp and 36bp in size. Eigaa substitutions (D246N, S345A, S351A, T362I1, A391S,
K764R, N953S, A1150T) were observed in TARVs and TERVs that differentiated them
from CRV. Similar to CRV reference strain, TARVs and TERVSs also had conserved
polymerase region from position 588 RNQVQRRPRTIMP-529, 583IDIK AC-588;
bold and underlined functional residues are predicted to be responsible for proper
positioning of incoming NTP triphosphate and of template nucleosides. In addition,
residues 551 SGSAVIEKVVP-568 were also observed; the uroied residues are
responsible for maintaining NTP priming. The functional residues responsible for
specific ribonucleotide activities (underlined) were observed at positioRECBRA\ C-
588 and 678TFPSGS-683. The residues responsible for RNA polymeeageity

(underlined) were at position 728VCQGDDG-735.

3.1.3.L3geneandC pr ot ein

The L3 gene and its encoded protein matched in size (3907bp) with those of CRV
reference strain (DQ300175) and encoded an ORF of 3858bp in si284Q 2t
position) which encoded a 1285 aa protein The 56 and 36 UTR wer e
size. Conserved functional motifs and residues were also observed in TARVs and TERVs
that were similar to the two conserved K residme€RYV at 169 and 188 positians

These residueare considered responsible for guanylytransferase activay pfotein

130



(Breun et al., 2001; Shen et al., 2007). A conserved ATP/AGiAdNg site motif A

(Hsiao et al., 2002; Shen et al., 2007) was also observed at position 379 to 386 in TARVs
and TERVsawith some aa dustitutions as compared to CRVhe residues G and K at
positions 384 and 385, respectively, were also conserved in TARVs and TERVs where
aC protein is predicted to leaved into 42kDa and 100kDBheaC protein also had-S
adenosylL-methonine (SAM)binding pocket for methyltransferase at position-822
LDLGAGPEA-830 in all TARVs and TERVs with one substitution (T826A) when

compared to CRV (82RDLGTGPEA-830).

3.2. Sequence identities and phylogenetic analysis of L genes and proteins
321.Sequence analysis of LI gene and &A prot
Using the seven TARV and three TERV sequences generated from this study and the
reovirus L1 gene segment sequences from GenBank, a pairwise identity chart and
phylogenetic tree was constructed on the nt arlevah (Fig. 5.2, 5.3). Based the nt
phylogenetic tree and pairwise chart, an 88% cut off value was sulbsojeence
comparison and phylogenetic analysis of L1 gene divided all ARVs in to six genotypes
(Fig. 5.3). Genotype L1 included all TARVs and TERVs and three CRVs
(Taiwan/601G, Taiwan/750505, Japan/OS161). Genotypk ibtluded 15 CRVs and
Genotype LIl included one CRV from Hungary (Hungary/T1781). The DRVs and
GRVs were divided into two separate ggipes: genotype -1V and genotype L.
Reovirus isolated from a wild crow (Tvarminne avian virus or TVAV) was included in
genotype L1VI. The nt identity within genotypes Elland L1Il was89-100% and 88%

100%, respectivelyGenotype L1l sequences ha@B%-88% and 83%B4% nt identity
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with CRVs of genotypes L1l and L1-11l, respectively. The divergence at nt level was
higher in all genotypes but they were closely related to each other at the aa level (Table
5.1). All ARVs (except the TVAV) grouped diffently from MRVs with only 49%69%

nt and 42%78% aa identity. The genotype-Ml TVAV strain had 69% nt and 81% aa

identity with Steler sea lion strain of reovirus

322Sequence analysis of L2 gene and &B prot
Using the seven TARV and three TER¥quences generated from this study and the

reovirus L2 gene segment sequences from GenBank, a pairwise identity chart and

phylogenetic tree was constructed on the nt and aa leigeb4, 5.5). Based the nt

phylogenetic tree and pairwise chart, an Sfi#off value was suitabl&ased on

phylogenetic analysis of L2 gene and its encoded protein all ARVs were divided into

seven genotypes (Fi§.5). Genotype L4 included all TARVs, and TERVs and

genotype L2 included two CRYV strains: one arthritic gtrdrom Canada (ARV/138)

and one enteritic strain from USA (AVE). Genotypes LIl and L2-1V included one

Hungary strain (T1781) and five CRVs strains, respectively. ). All DRVs and

GRVs were divided into genotypes-M2and L2VI while the reovius from crow

(TVAV) constituted genotype L-¥II. The nt identity wa®9©1% 100%within genotype

L2-I as well as genotype LR sequences and 99%0% in genotype L2V sequences.

Similar to L1 gene, the divergence at nt level was higher within genotypédd |l taurt

they were closely related to each other at the aa level (bdl)leThe MRVs were

grouped differently from ARVs (except TVAV) with 5386% nt and 42%78% aa
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identity. The genotype Ill TVAV strain was related to Steller sea lion strathsid%o ri

and 82% aa identity

3.2.3. Sequence analysis of L3 gene and a&C
A pairwise identity chart and phylogenetic tree was constructed on the nt and aa level,
using the seven TARV and three TERV sequences generated from this study and the
reovirus L3 gne segment sequences from GenBdfik, 66,5.7). Based the nt
phylogenetic tree and pairwise chart, an 87% cut off value was sulbsojeence

analysis of L3 gene divided all ARVs in to eight genotypeg.6.7). All TARVs and
TERVs were grouped togethergenotype L3l with 89%-100% nt an®5% 100%aa
identity with each other. Genotypeli3had four CRVs (ARV138, AVSB, R2 and

10171) with 89%-94% nt and 969®8% aa identitiessenotype L3l included 13

CRVs reprted from Asia and North America wig5%-100% nt and 98%100% aa

identity with each other. &otype L3IV had two CRVs: one from Hungary (T1781) and
one from Taiwan (916SI) with 90%00% nt and 979400% aa identity with each other.
The DRVs and GRVs wedvided into three genotypes: 13 L3-VI and L3-VII with

high nt and aa identities between sequences of each genotypesTaflke wild bird
TVAV strain formed genotype L-¥I1ll ( Fig. 5.7). The nt and aa identities were higher
between sequences offdrent genotypes as compared to L1 and L2 gene segments
(Table5.1). Asin L1 and L2 genes, the L3 sequences of all ARVs (except TVAV)
grouped differently from MRVs with only 369%9% nt and 11%41% aa identity. The
genotype VIl wild crow TVAV strain waselated to Steller sea lion straintiv47% nt

and 53% aa identity
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3.3.Reassortments
Phylogenetic trees were constructed to discover possible reassortments. All ARVs
(except TVAV) formed a group different from MRVSs, indicating that there was no
possibilty of reassortment betweréARVs and MRVsThe TVAV, DRVs and GRVs
formed separate genotypes according to all three gene segment sequences indicating that
they also do not reassort with CRVs, TARVs and TERNG.6.3,55,5.7). The TARVS
and TERVs groupttogether in genotype Eflwith two arthritic CRV strains from
Taiwan and on enteritic CRV strain from Japan but formed a separate genotylpssd.2
L3-1in L2 and L3 genes, respectively (Tabl&). All CRVs were divided into three
different genotypesiiL1, L2 and L3 genes in different combinations which indicate
reassortment between different strains of CRVs (Talle When compared both M and
L class genotypes we found that three types of genotype constellations (GC) of TARVs
and TERVs in M class foned one type of GC in L class and seven GCs of CRVsin M
class formed three different GCs in L class indicating reassortments of M and L class
segments between TARVs, TERVs and CRVs.

We observed some aa substitutions in TARVs and TERVSs that were sorl&Vs
and GRVs but were different from CRVs. On the other hand, some aa substitutions
matched with CRVs but were different from DRVs and GRVs. The CRV sequences also
had some aa substitutions specifically that matched with DRVs but were different from
TARVs and TERVsWhen we observed aa substitutions in relation to host species we
found three different aa at one position representing host species specific substitutions in

all three L class genes.
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4. Discussion
In late 2009, th@roblemof turkeyarthritis/lameness surfac@dmarket age tom turkeys
in upper Midwest areaf U.S, which continues until today:lock histories of theuch
cases suggested tlehinical lameness might occur as early asW@eks of age and
affected at least-3% of the fock with >1% mortality or culling per week due to poor
performance starting at 15 weeks of age. However, in severely affected flocks up to 25%
of birds were affectedltiteset al.,2012. This indicates the importance of
understanding the ecology of tmewly isolated virus so steps can be taken to mitigate
its devastating effectén a previous study, we reported on molecular characterization of
these isolates based on complete S and M class gene sequences (Mor et al., 2014a;
201%). In this study, TAR\$ were further characterized based on their major core
proteins A, aC) and the polymerase protesB(). Since there were no sequences
available for TERVs in GenBank, we sequenced three isolates of TERV and used it for
comparison with those of TARVSs.

ThelL class genes and proteins of all TARVs and TERVs had the same size as the
CRV reference strain S1133. Sequence alignments confirmed the presence of conserved
residues and motifs throughout the L class as in CRVs with some substitutions. The
presence ofanserved motifs such &2H2 zinebinding motif in@A and conserved
polymerase region iaB were consistent with findings in CRVs, DRVs and GRVs
(Dandar et al., 2014a; Shen et al., 2007; Wang et al., 2013; Xu et al., 2008; 2009; Yun et
al., 2014). The comsved K residue characteristic of guanylytransferase activity,
ATP/GTRbinding site motif, predicted cleavage residues G and K at positions 384 and

385 and methyltransferase residues were all consistent with findings in other ARVs but
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with some aa substiions (Breun et al., 2001; Hsiao et al., 2002; Shen et al., 2007; Xu et
al., 2008; 2009). This indicates that reovirus has beauty to maintain functional residues
conserved inspite of divergence in different host species.

The criteriaestablishedby the International Committee on Taxonomy of Viruses
(ICTV) for species demarcation include nucleotide idett@wveen homologous genome
segments 0b75% within species versus <60% between spdcorasiost of the segments
The amino acid identity for species dewwion for conserved core proteiss85%
identity within specieaind65% between species and for more divergent outer capsid
proteins, >55% within species and <35% between species (Attoui et al), B0k ver
ARVs have been divided into different lirggs with a criterion of less than or equal to
10% divergence within a lineage (Liu et al., 2003; Shen et al., 2007; Wang et al., 2013).
This criterion of lineage separation does not seem appropriate because each gene and its
encoded proteins are differeantd hence separate cut off values for each segment should
be defined. We here propose cut off values of nt identity for dividing ARVs into different
genotypes.In addition, this classification method has been used to classify other viruses
including sampuoviruses, noroviruses, hantaviruses, papillomaviruses, and rotaviruses (de
Villiers et al., 2004; Maes et al., 2009; Marthaler et al., 2012; Schuffenecker et al., 2001;
Zheng et al., 2006)

Based on our criteria, all ARVs were divided into six, seven gid genotypes
in L1, L2 and L3 genes, respectively. In L1 and L2 genes the divergence was higher at
the nt level but not at the aa level due to synonymous substitutions but nonsynonymous
substitutions predominate in L3 gene resulting into more divergaribe aa level also.

These findings of more divergence at nt level in L1 and L2 genes and at both nt and aa
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levels in L3 gene correlate with previous studies on CRVs, DRVs and GRVs (Shen et al.,
2007; Wang et al, 201Xu et al., 2008; 2009 Interestingy TARV and TERVSs grouped

with two arthritic strains from Taiwan and one enteritic strain from Japan in genotype L1

| of L1 gene. TARVs and TERVs formed separate genotypdsan? L31 in L2 and L3

genes, respectively and point mutation were observednitiei TARVS and TERVs

indicating the possibility of finding additional genotypes of TARVs and TERVS in the
future. When compared L class genotypes and M class genotypes we found that three and
seven GCs of TARVs, TERVs and CRVs in M class formed one aed GCs in L

class, respectively indicating reassortment of M and L class gene segments between
TARVs, TERVSs, and CRVSs. In consistence with our previous studies (Mor et al., 2014a;
2014b) on M and S classes, we did not find any motif that could diffeteieRVs

from TERVsand only random point mutations were observed. There was no
differentiation observed based on pathotypes, geographical area and time of isolation
which correlates with previous studies (Mor et al., 2014a; 2014b; Shen et al., 2007; Wang
et al., 2013)

In experimental studies, we have shown trdy TARYV is able to reproduce
lameness and tenosynovitis in turkeys but not TERV or CRV (Sharafeldin et al., 2014a;
2014b). When TARV and CRV were inoculated into broiler chickens, only CRV was
ale to reproduce the disease but not TARV (Sharafeldin et al., 2HdWwgver, TARV
and CRV did multiply in chickens and turkey poults, respectively, indicating the
possibility of exchange of genetic material between TARVs and CRVs after infecting a
commonsource. Phylogenetic analysis also indicates the possibility of reassortment

among TARVs, TERVs and CRVs based on L class (this study), M class (Mor et al.,
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2014b), and S class sequences (Mor et al., 2002@d infection/coinfection is one
method by with new strains emerge as demonstrated in an experimental study by Ni and
Kemp (1992) in which they coinfected chicken embryo fibroblast cells with CRV strain
883 and one of the other three CRYV strains (176133, or 815) and found that the
selection ofgenome segments in coinfection was virus strain specific. In future it will be
interesting to see how reassortments occur between TARVsS, TERVsS and CRVs.

The TERVs have been isolated from apparently healthy and enteritis affected
turkeys(Jindal et al.2010a;201(; PantinJackwood et al., 2008or years but the
problem ofturkeylamenessurfacedecentlyin late 200%fter a hiatus of >2(al Afaleq
and Jones, 198®age et al., 1982New variants of CR¥causing lameness and arthritis
in commerciabroilers at the age of 2.5 to 8 weeks halgmbeen reported in Eupe and
North America(Rosenberger et al., 204 3ellers et al., 2013; Troxler et al., 201Bhis
begs the question whether turkey lameness or arthritis iemeeging disease and o s
then what is the source of this reovirus. Did TARVs and new variants of CRVs emerge
simultaneously from the same source or from different sources? We are not able to
answer this question at this time because complete genome sequences of new variants of
CRVs are not available at this time in GenBank. Based on virus neutralization test, it has
been reported that new variants of CRVs and TARVs are antigenically different and do
not cross neutralize (Rosenberger et al., 2013b). But in this study we dideopsiry
mutations and reassortments between TARVs and TERVs as well as among TARVS,
TERVs and CRVs. At this point TERVs seem to be source of these newly isolated
TARVs due to point mutations and reassortments. During reassortment between

strains thatnfect the same cedind undergo foa completely random assortmethign

138



resulting progeny would have @vhere n is the number of gene segments) posgérie
combinations of genome segments from two pardifsoretically, vith 10 gene
segments ofeovirusesthere will be2'® (1024)different gene combinations, of which
two are parental and the rest asassortantdHowever,in real practical conditiongnly
a totalof 3-25% progeny reassortants are produced frofmfextion (Fields1971).The
complete genome sequences of TARVs and TERVSs reported back in 1980s are not
available which unable us to come with any conclusive reason for sudden appearance of
TARVs after over more than 20 years. Breeder companies keep continuing improvement
in thar breeder flocks and it might be possible that change in breed characters makes
them more susceptible to TARVs. Jones and Kibenge (1984) studied effect of breed of
chicken on infection with an arthrotropic CRV strain R2 by oral and footpad inoculation.
The 1-day-old chicks of three different breeds: i) SPF liglybrid, ii) commercial white
leghorn eggayer and iii) commercial Rosk broiler were inoculated and observed for 12
weeks of age. Birds of all three breed developed swelling of hock joirt ete&ks of
age but lesions of tenosynovitis observed in broiler which become progressively more
severe. Hence, it seems that point mutations, reassortment and change in breed characters
together may lead to sudden appearance of TARVS.

Recently, Troxler etal. (2013) analyzed 2CRVsbased on sigma C protéiom
17 broiler farms and five hatcheries in France. They sueckegredictng acommon
origin ofthevirus as wellas itshorizontal and vertical transmission the basis of
genetic mutations and psible recombination eventsuture studies on screening of
breeder and commercial turkey flocks for TARVs and TERVs and their complete genome

sequencing may help predict the source of these viruses. In a recent study, we detected
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reovirus associated wiimteritis in chickadedpecileatricapillug; this virus had 89.4%
-98.3% nt identity with TARVs and TERVs based on the S4 gene (Mor et al., 2014c). In
contrast, the TVAV virus from wild crow was very divergent from ARVs, which is not
surprising becausedhauthors of that report did suspect that the crow was probably an
accidental host for this virus (Dander et al., 2014b). Studies are indicated on complete
genome analysis of reoviruses associated with enteritis and other diseases in wild birds
which shoudl be helpful in better understanding the ecology of ARVSs.

To thebestof ourknowledgethis isthefirst report on characterization ®#ARVs
and TERV based on completeclass genome segmerni$ie resultsndicatethe presence
of point mutations at nuakéide and amino acid levehs well as possible reassortneent
We have suggested criteria to define genotypes of ARVs. Future studies should be
conducted on cinfection and reassortment between TARVS, TERVs and CRVs to
better understand the possibilitygdgnetic exchange among these viruses. Recent reports
on new variants of CRVs, newly isolated TARVs, and closely related enteric reovirus
from chickadee indicatestirong need for camuedsurveillance epidemiological, and

geneticstudes on these viruse
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