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ABSTRACT
A putative reovirus has been isolated from mortality events in American crows,
of eastern Canada. The purpose of this research is to establish biological characteristics
of this American crow reovirus, its genetic relatedness to other reoviruses and to
determine its pathogenic significance for commercial poultry. The growth properties of
the isolates were assessed in VERO and QM 5 cell lines, the partial S2 and S4 genome
segments were sequenced and phylogenetic analysis were performed and a
pathogenicity trial in SPF chickens was done.
Twenty-six suspect orthoreoviruses (2 from PEI and 24 from Ontario) were
isolated from winter mortality events affecting American crow in eastern Canada.
Fourteen isolates exhibiting CPE were analyzed (2 from PEI and 12 from Ontario)
using avian orthoreovirus genome segment-specific primers for segments S2 and S4, in
a conventional one-step RT-PCR assay. Results confirmed that 14 of the 26 viruses
were from the family Reoviridae, 100 % of the PEI isolates (2/2) and 91.67% of the
Ontario isolates (11/12) were avian orthoreoviruses; and 1/24 (4.2%) of the Ontario
isolates was a rotavirus. This is the first report of isolation and accurate identification of
avian orthoreoviruses from American crow mortality events supporting the etiological
role of American crow orthoreoviruses in the winter crow mortality syndrome.
Analysis of the S2 sequences discovered that the PEI and Ontario isolates had
sequence similarity to avian orthoreovirus isolates of commercial poultry. Analysis of
the S4 sequences revealed that both isolates had the highest sequence similarity with
Tvärminne avian virus (TVAV). S2 and S4 genome segments of the two isolates had
99.8% and 95.2% sequence similarity respectively with each other.
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Phylogenetic analysis of S2 sequences placed these viruses in the same cluster
with avian orthoreoviruses of commercial poultry. However, the S4 phylogenetics
established that American crow orthoreovirus isolates have a closer relationship to the
TVAV. These American crow isolates are genetically distinct from most other avianorigin orthoreoviruses and have a reassorted S4 segment which has been acquired from
the TVAV.
In the experimental infection of SPF chickens, American crow orthoreovirus
isolates crossed the species barrier resulted in clinical disease with high morbidity and
low mortality producing enteric lesions in the lower gastrointestinal tract from
ventriculus to jejunum.
The sensitivity and specificity of S4 genome segment specific conventional onestep RT-PCR assay for American crow orthoreovirus was assessed. The assay had a
100% analytical specificity, however virus isolation in VERO cells had higher detection
limit than the RT-PCR. Application of this assay for the detection of American crow
orthoreovirus in intestinal tissue confirmed 9 positives out of 44 samples tested. In
addition to the 9 RT-PCR positives, another 5 samples of the 44 produced characteristic
CPE in VERO cells. Infected first passage VERO cell lysate of these 5 samples yielded
orthoreovirus S4 segment specific PCR band confirming the CPE observed in VERO
cells was due to American crow orthoreovirus. This RT-PCR assay is useful as an
ancillary diagnostic tool for routine detection of avian orthoreoviruses.
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1. GENERAL INTRODUCTION

1.1. The family Reoviridae
1.1.1. Virus classification and taxonomy
The family reoviridae is one of the most complex virus families with an
extremely wide host range including mammals, birds, reptiles, amphibians, fish,
invertebrates, and plants (Attoui et al., 2012). Initial members of this family were
originally isolated from respiratory and enteric tracts of animals without any associated
disease (Quinn and Markey, 2003). Hence the term reo is an acronym for “respiratory
enteric orphan”. Reoviridae family is not assigned to an order, but is grouped into 2
subfamilies namely Spinareovirinae and Sedoreovirinae on the basis of their core
structure (Attoui et al., 2012). Spinareovirinae subfamily represents ‘turreted’ viruses
because these viruses have 12 icosahedrally arranged projections (called turrets or
spikes) situated on the surface of the icosahedral core particle, one at each of the fivefold axes (Attoui et al., 2012). In contrast Sedoreovirinae subfamily represents ‘nonturreted’ viruses that have a 3-capsid structure, with a smooth or bristly surface
appearance in their core particle (Attoui et al., 2012). Subfamily Spinareovirinae
consists of 9 genera: Aquareovirus, Coltivirus, Cypovirus, Dinovernavirus, Fijivirus,
Idnoreovirus, Mycoreovirus, Orthoreovirus, and Oryzavirus. Sedoreovirinae subfamily
consists of 6 genera:

Orbivirus, Rotavirus, Seadornavirus, Phytoreovirus,

Cardoreovirus and Mimoreovirus (Attoui et al., 2012).

1

1.1.2. The genus Orthoreovirus
Members of the genus Orthoreovirus have been isolated from a broad range of
mammalian, avian, fish, and reptilian hosts. The defining characteristics for inclusion
within this genus include: a genome comprising 10 segments of double stranded RNA
grouped into large, medium, and small size-classes which encode the corresponding
viral proteins; a polycistronic S-class genome segment encoding 2–3 distinct gene
products; a double-shelled capsid of approximately 85 nm diameter with turret-like
structures projecting from the vertices of the core particle; and isolation from vertebrate
hosts (Nibert and Schiff, 2001).
Avian orthoreovirues are one of the six recognized species in the genus
Orthoreovirus. An organism first named the Fahey-Crawley agent was isolated in 1954
from chickens with chronic respiratory disease in North America (Fahey and Crawley,
1954), and classified in 1957 as an avian orthoreovirus (van der Heide, 2000). The
causative agent of synovitis in broilers was later also identified as an orthoreovirus, and
these first isolations were followed by reports of tenosynovitis in chickens from several
locations in the U.S. and elsewhere (van der Heide, 2000).
The orthoreoviruses are divided into two general subgroups, the fusogenic and
nonfusogenic orthoreoviruses, based on the ability of the virus to induce cell to cell
fusion and syncytium formation (Duncan, 1999). The prototype Mammalian
orthoreoviruses (MRV) and the newly classified Piscine orthoreoviruses associated with
heart and skeletal muscle inflammation (HSMI) of farmed Atlantic salmon (Finstad et
al., 2012; Palacios et al., 2010; Kibenge et al., 2013) and erythrocytic inclusion body
syndrome (EIBS) of Coho salmon (Takano et al., 2016) are nonfusogenic and represent
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a distinct orthoreovirus species groups (Attoui et al., 2012). The fusogenic subgroup
contains four additional orthoreovirus species; the Avian orthoreoviruses (ARV) and
two atypical fusogenic mammalian isolates, Nelson Bay orthoreovirus (NBV) and
Baboon orthoreovirus (BRV), and Reptilian orthoreovirus (RRV) (Attoui et al., 2012).
The six existing orthoreovirus species are defined based primarily on genomic and
antigenic properties, host range, and percent identity between cognate genome segments
and gene products (Duncan, 1999).
Avian orthoreoviruses constitute a diverse group of viruses biologically,
pathogenically and molecularly (Spackman et al., 2005a). Avian orthoreoviruses differ
from mammalian orthoreoviruses in three main respects: they are antigenically much
more heterogeneous, do not haemagglutinate, and produce syncytia in cell cultures
(Robertson and Wilcox, 1986). Avian orthoreoviruses serve as the prototype of all
syncytia forming nonenveloped viruses (Duncan et al., 1996). Avian orthoreoviruses
have a diverse host range and unlike their mammalian counterpart, are associated with
naturally occurring pathological conditions such as tenosynovitis, stunting and runting
syndrome, respiratory and enteric diseases, heart and liver lesions, osteoporosis and
bursal and thymic atrophy (Robertson and Wilcox, 1986).
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1.2. Avian orthoreovirus – virion properties and replication
1.2.1. Molecular structure
1.2.1.1. Electron microscopy (virus morphology)
Size and morphology of virus particles are important criteria used in
identification of virus particles by electron microscopy. The morphology of avian
orthoreovirus has been studied by electron microscopy in chickens (Hieronymus et al.,
1983a; Zhang et al., 2005), turkeys (Mor et al., 2013; Nersessian et al., 1985a;
Simmons et al., 1972), Pekin ducks (Liu et al., 2011), geese (Palya et al., 2003), quails
(Ritter et al., 1986), psittaciformes (van den Brand et al., 2007), black-capped
chickadees (Mor et al., 2014), magpie (Pica pica) (Lawson et al., 2015) and browneared bulbul (Hypsipetes amaurotis) (Ogasawara et al., 2015).
Avian orthoreoviruses are nonenveloped particles with an icosahedral symmetry
(Zhang et al., 2005). By transmission electron microscopy, the virus particle from
infected chickens had a double capsid (Hieronymus et al., 1983a; Simmons et al.,
1972). Another observation of an orthoreovirus isolate from the hock joint of a chicken
demonstrated the virus particle was hexagonal to spherical (Glass et al., 1973). The
outer capsid consists of 92 capsomers (Sekiguchi et al., 1968).
The diameter of the avian orthoreovirus particle ranges from 68-72 nm
(Hieronymus et al., 1983a), 60 nm (Dutta and Pomeroy, 1967), 70-80 nm (Sekiguchi et
al., 1968), 70 nm (Palya et al., 2003), 78 nm (Mor et al., 2014), 70-80 nm (Mor et al.,
2013), 78 nm (Lawson et al., 2015), 72 nm (Liu et al., 2011), 77-81 nm (van den Brand
et al., 2007), 62-77 nm (Deshmukh et al., 1971) and 70 nm (Ogasawara et al., 2015). A
more precise measurement taken by Zhang et al. (2005) gave the overall diameter of
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avian orthoreovirus strain 138 virion to the top of the major surface protein sigma B as
85.7 nm without including the additional length of the fibrous cell-adhesion protein
sigma C.

1.2.1.2. Genome
The avian orthoreovirus genome was initially determined to consist of RNA by
using DNA inhibitors (Hieronymus et al., 1983a), and susceptibility to DNase or RNase
digestion (Deshmukh and Pomeroy, 1969b; Spandidos and Graham, 1976). The genome
was shown to contain 10 linear double-stranded (ds) RNA segments (Glass et al., 1973;
Gouvea and Schnitzer, 1982b; Murphy et al., 1999; Sekiguchi et al., 1968; Spandidos
and Graham, 1976), and its segments were divided into three size classes, designated L
(large), M (medium) and S (small) in sucrose gradients (Spandidos and Graham, 1976),
or by analysis of the migration pattern of the viral genome using sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) (Rekik et al., 1990). There
were three segments of the L-class (L1, L2, L3), three of the M-class (M1, M2, M3) and
four of the S-class (S1, S2, S3, S4) (Benavente and Martínez-Costas, 2007; Rekik et al.,
1990; Spandidos and Graham, 1976). The overall genome size is 23,492 base pairs (bp)
for the avian orthoreovirus 138 isolate, 23,493 bp for the 176 isolate (Xu and Coombs,
2009), 23,494 bp for AVS-B isolate (Banyai et al., 2011) and 23,593 bp for Pycno-1
isolate (Ogasawara et al., 2015) and each RNA segment is present in equimolar
proportion in virions (Murphy et al., 1999). The approximate molecular weight range of
each genomic segment group is 2.5-2.7x106, 1.3-1.8x106, and 0.71-1.2x106 daltons for
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L, M and S segments, respectively (Gouvea and Schnitzer, 1982c; Lozano et al., 1992;
Spandidos and Graham, 1976). The migration patterns of dsRNA segments of avian
orthoreovirus genomes were heterogenous within the same serotype as well as among
different serotypes (Rekik et al., 1990). In addition to the 10 genomic segments, the
avian

orthoreovirion

contains

many

small,

adenine

rich,

single-stranded

oligonucleotides (Spandidos and Graham, 1976). The positive strands of each doublestranded segment have 5’-terminal caps, and the negative strands have phosphorylated
5’ termini but the 3’ termini of both positive and negative strands lack poly (A) tails
(Murphy et al., 1999). The termini of orthoreovirus genome segments usually contain
conserved sequences indicative of the genus and species (Duncan, 1999). Co-infection
of cells with two avian orthoreovirus isolates readily produces reassorted progeny
viruses that contain genome segments from the two parental viruses (Benavente and
Martínez-Costas, 2007).

1.2.1.3. Viral proteins
Avian orthoreovirus shares similar physical and biochemical characteristics with
mammalian orthoreovirus, the prototype of the Genus Orthoreovirus (Spandidos and
Graham, 1976). The avian orthoreovirus genome express at least 12 primary translation
products, of which 8 are structural proteins that become incorporated into progeny
virions, whereas the other four proteins are non-structural, since they are expressed in
infected cells but are not found in mature virions (Martínez-Costas et al., 1997; Varela
and Benavente, 1994). The proteins encoded by the L-class genes are designated
lambda (λ), those encoded by the M-class mu (µ) and those encoded by the S-class
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sigma (σ) (Benavente and Martínez-Costas, 2007). The structural proteins of avian
orthoreovirus within each class have been assigned alphabetical subscripts (λA, λB,
etc.) in reverse order of their electrophoretic mobility to distinguish them from their
mammalian orthoreovirus counterparts that have been assigned numerical subscripts
(λ1, λ2, etc.) (Benavente and Martínez-Costas, 2007). There are at least 10 different
structural proteins in the avian orthoreovirion, eight of which (λA, λB, λC, µA, µB, σA,
σB and σC) are primary translation products of their encoded mRNAs, whereas the
other two, µBN and µBC, originate by post-translational cleavage of their precursor µB
(Varela et al., 1996). Avian orthoreoviruses express several nonstructural proteins.
Thus, the M3 and S4 genes express two major nonstructural proteins, termed µNS and
σNS, respectively, which are readily detected in the cytoplasm of infected cells
(Schnitzer et al., 1982; Varela and Benavente, 1994). Furthermore an amino-truncated
µNS isoform, termed µNSC, is produced in avian orthoreovirus infected cells (TourisOtero et al., 2004). Two other nonstructural proteins, termed p10 and p17, have been
encoded by the first two cistrons of the tricistronic avian orthoreovirus S1 gene
(Bodelón et al., 2001; Shmulevitz et al., 2002). Avian orthoreovirus genes, encoded
proteins, their functions and the location in the virion are illustrated in Table 1.1.

7

Table 1.1. Avian orthoreovirus genes, encoded proteins and their functions
Genome
segment
and size
in bp

Encoded viral
protein, location,
and number of
units per virion

Calculat
ed Mol.
Wt
(kDa)

Functions

L1
3958

λA
Inner core
120/V

142.2142.3

A major core protein that forms the
inner core shell (Guardado-Calvo et
al., 2008)
Serves as a scaffold during the early
stages of viral morphogenesis
(Benavente and Martínez-Costas,
2007)

L2
3830

λB
Inner core
12/V

139.7139.8

viral RNA dependent RNA
polymerase (RdRp) enzyme
/transcriptase (Xu and Coombs,
2008)
Allow template RNAs, nucleotides
and divalent cations to access the
interior catalytic site (McDonald et
al., 2009)

L3
3907

λC
Turrets
60/V

141.9142.2

As a pentamer forms the turrets that
extend from inner core through outer
capsid (core turret protein)
(Martínez-Costas et al., 1997; Zhang
et al., 2005)

Guanylyltransferase/ viral capping
enzyme that catalyzes the addition
of a 5/ cap on extruded viral mRNA
(Martinez-Costas et al., 1995)

M1
2283

µA
Inner core
24/V

82-82.2

8

The co-factor for the enzyme RdRp
(Benavente and Martínez-Costas,
2007)

M2
2158

µB
Outer capsid
600/V

73.1-73.3

(µBN and µBC
originated by post
translational
cleavage of
precursor µB, µBC
is further cleaved)

A major outer capsid protein that
form outer capsid with σB
(Martínez-Costas et al., 1997; Zhang
et al., 2005)
Penetration (virus entry to
cytoplasm) (O'Hara et al., 2001)
Transcriptase activation (O'Hara et
al., 2001)
Cleavage and removal of µB
associated with the endosomal
membrane (O'Hara et al., 2001)
Interaction and conformational
changes in the capsid required for
delivery of the transcriptionally
active core particle to the cytoplasm
(O'Hara et al., 2001)

M3
1996

µNS
Non structural
Conserved protein

70.870.9

Forms viral factory scaffold (matrix)
in infected cells and plays an
important role in the early steps of
viral morphogenesis by temporally
and selectively controlling the
recruitment of specific viral proteins
to viral factories (Brandariz-Nuñez
et al., 2010; Tourı́s-Otero et al.,
2004)
Mediate association of σNS and λA
to inclusions during morphogenesis
(Brandariz-Nuñez et al., 2010;
Tourı́s-Otero et al., 2004)

10.3

Fusion associated small
transmembrane (FAST) protein
responsible for fusion of host cells
and syncytium formation (Barry and
Duncan, 2009; Bodelón et al., 2001;
Shmulevitz and Duncan, 2000)
A viroporin (Bodelón et al., 2002;
Wu et al., 2016)
Increases plasma membrane
permeability (Bodelón et al., 2002)
Induces apoptosis of host cell
(Salsman et al., 2005; Wu et al.,
2016)

Produce smaller
µNS isoforms µNSC
and µNSN

S1
1643

P10
Non structural
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P17
Membrane
associated nonstructural protein

16.9

Causes host cell protein translation
shutoff through activation of p53dependent pathway (Chulu et al.,
2010)
Cell cycle arrest (Chiu et al., 2016;
Chulu et al., 2010)
A shuttle protein that moves
between nucleus and cytoplasm
continuously making it available to
participate in cellular nuclear
processes such as host cell
translation, cell cycle and
autophagosome formation benefiting
virus replication (Chi et al., 2013;
Costas et al., 2005; Huang et al.,
2015; Ji et al., 2009; Liu et al.,
2005)

σC
A minor component
of outer capsid
36/V

34.9

An elongated homotrimer
responsible for virus attachment to
the host cell through its C-terminal
globular domain while anchored in
the λC pentamer via its N terminus
to protrude from the turret tops
(Grande et al., 2000; Grande et al.,
2002; Guardado-Calvo et al., 2009;
Martínez-Costas et al., 1997;
Shapouri et al., 1996)
Determines tissue tropism and
contribute to host restriction
(Bodelón et al., 2001).
Carries serological specificity.
Induce type-specific neutralizing
antibodies in virus infection and
protective antibodies after
vaccination (Lin et al., 2006;
Shapouri et al., 1996; Shih et al.,
2004; Wickramasinghe et al., 1993).
Induces apoptosis of the host cell
(Shih et al., 2004).
A viroporin

The most variable
protein
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S2
1324

σA
Inner core
150/V

Stabilizes λA shell while seated on
top of λA and act as a bridge
between the inner core and the outer
capsid (Xu et al., 2004).

46.1

Highly conserved
major inner capsid
protein

S3
1202

σB
Outer capsid
600/V

dsRNA binding in a sequence
independent manner (MartínezCostas et al., 2000; Yin et al., 2000)
Anti-interferon activity by
preventing the activation of the
dsRNA dependent protein kinase
(PKR) by competing for dsRNA
(Gonzalez-Lopez et al., 2003;
Martínez-Costas et al., 2000)
Displays nucleoside triphosphate
phosphohydrolase (NTPase) activity
(Yin et al., 2002) generating energy
used for transcription and replication
of the viral genome.
Major outer capsid protein that
forms outer capsid with µB
(Martinez-Costas et al., 1995;
Varela et al., 1996).

40.9

Induces antibodies with broadly
specific (Group-specific)
neutralizing activity
(Wickramasinghe et al., 1993)
S4
1192

σNS
Non structural

40.5

Binds to ssRNA in a nucleotide
sequence non-specific manner in
morphogenesis (Touris-Otero et al.,
2005; Yin and Lee, 1998).

(highly conserved)

Recruited into inclusion bodies by
µNS protein soon after synthesis
(Benavente and Martínez-Costas,
2007).
RNA packaging and replication
(Benavente and Martínez-Costas,
2007).
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1.2.1.4. Physicochemical properties
The physicochemical properties of avian orthoreoviruses are reported to include
resistance to the lipid solvents such as ether, sodium deoxycholate, chloroform and
Zephiran® (Deshmukh and Pomeroy, 1969b; Glass et al., 1973; Nersessian et al., 1986;
Quinn and Markey, 2003); and sensitivity to 2% solution of chloramine, phenol,
Environ-D®, mercury bichloride (Deshmukh and Pomeroy, 1969b), 100% ethanol,
tincture of iodine (Petek et al., 1967), 70% ethanol, 0.5% organic iodine, 5% hydrogen
peroxide (Hollmén and Docherty, 2007) and a complex disinfectant containing
formalydehyde, glutaraldehyde, and alkyl dimethyl benzyl ammonium chloride
(Meulemans and Halen, 1982).
Another physicochemical property of avian orthoreoviruses is the resistance or
sensitivity to trypsin. Historically, all avian orthoreoviruses were considered to be
resistant to trypsin, however later studies revealed that some isolates of avian
orthoreoviruses were sensitive to trypsin (Al-Afaleq and Jones, 1991; Drastini et al.,
1994; Jones et al., 1994).
The stability of avian orthoreovirus to pH varies. Avian orthoreoviruses Type
24, Type 25, and Type 59 isolated from enteritides in chickens were stable at pH 3.0 for
30 minutes (Deshmukh and Pomeroy, 1969b), an isolate from the chicken hock joint
was resistant to pH 3.0 and 9.0 for 4 hours (Glass et al., 1973), strains UMI-203 and
S1133 were partially sensitive to pH 3.0 and 12.0 for 3 hours (Carboni et al., 1975),
strains BC-3 and BC-7 isolated from turkey with enteritis were stable at pH 3.0 and 7.0
for 3 to 5 hours (Gershowitz and Wooley, 1973), and four turkey isolates were stable at
pH 3.0 for 4 hours (Nersessian et al., 1985a). Purified avian orthoreoviruses were stable
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for several months when stored at 4 oC in 0.15M salt buffer at neutral pH (Grande and
Benavente,

2000).

However,

compared

to

mammalian

counterparts,

avian

orthoreoviruses were less stable and lost infectivity when suspended in salt-free neutral
pH buffer or acidic buffer (Benavente and Martínez-Costas, 2007).
Orthoreoviruses isolated from chickens with enteritides were stable at room
temperature for more than 2 months, at 4 oC for more than 3 months (Dutta and
Pomeroy, 1967) and at 50 oC for only 1 hour (Deshmukh and Pomeroy, 1969b). An
isolate from chickens with malabsorption syndrome and tenosynovitis was stable at 56
o

C for 1-6 hours (van der Heide and Kalbac, 1975), but other researchers have reported

avian orthoreoviruses were partially inactivated at this temperature within 10-30
minutes (Dutta and Pomeroy, 1967; Mustaffa-Babjee et al., 1973). According to Petek
et al., (1967), avian orthoreoviruses were completely inactivated at 65 oC for 30
minutes, partially inactivated at 56 oC and 60 oC for 30 minutes, but unaffected by
heating at 50 oC for 30 minutes. Avian orthoreovirions lose outer capsid polypeptides
when incubated at 40 oC (Grande and Benavente, 2000), resulting in core virus
particles. The body temperature of chickens is 39.5 oC. Therefore, the release of the
outer capsid polypeptides from the virion in response to the temperature of the natural
host might have a positive effect on the early stages of virus replication by facilitating
penetration of the virus into intestinal cells and/or by promoting uncoating of avian
orthoreovirions within endosomes (Benavente and Martínez-Costas, 2007).
Avian orthoreoviruses are generally considered to be relatively robust outside of
the host, and survived at least 10 days on feathers, wood shavings and chicken feed, 2
days on wood, 4 days on paper and cotton, at least 10 days on the surface of egg shells
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contaminated with organic material, and at least for 10 weeks in drinking water with
little loss of infectivity (Savage and Jones, 2003). However, avian orthoreoviruses lost
infectivity when the viral suspensions were subjected to cycles of freezing and thawing
(Benavente and Martínez-Costas, 2007).
The buoyant density of avian orthoreoviruses was 1.36 to 1.38 g/ml in cesium
chloride gradients (Schnitzer et al., 1982; Sekiguchi et al., 1968; Spandidos and
Graham, 1976) and the sedimentation coefficient was 622 S (Sekiguchi et al., 1968).
Sensitivity of avian orthoreoviruses to UV radiation varies considerably, taking 2-12
minutes for complete inactivation (Deshmukh and Pomeroy, 1969d).

1.2.2. Propagation of avian orthoreoviruses
Avian orthoreoviruses replicate in a diverse range of culture systems including
embryonated chicken eggs and primary cell cultures of chicken embryo as well as
certain established mammalian and avian cell lines.

1.2.2.1. Embryonated eggs
Avian orthoreoviruses are pathogenic for chick embryos and have a predilection
for chorioallantoic membrane (CAM) and yolk sac of 5-7 days old embryonated
chicken eggs (ECE) (Deshmukh and Pomeroy, 1969c; Wood et al., 1980), killing the
embryos and producing pock-like lesions on the CAM (Fahey and Crawley, 1954).
Inoculation of CAM has been reported to be more successful than the allantoic cavity
for avian orthoreovirus propagation (Hollmén and Docherty, 2007). Avian orthoeovirus
at 5 days post inoculation (PI) has produced edematous swellings in the CAM of 9-10
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day Specific Pathogen Free (SPF) ECE (Schwartz et al., 1976). Mackenzie and Bains
(1977) reported avian orthoreovirus produced gross thickening and pock lesions of 0.51.0 mm in diameter on the CAM and caused death of the embryo at 4-6 days PI with
stunting and liver necrosis. Wu et al., (2004) noted avian orthoreovirus was associated
with curling and stunting of embryos and formation of plaques on the CAM. Nersessian
et al., (1986) reported turkey orthoreovirus produced edema, greyish yellow pocks on
the CAM and embryo stunting when inoculated on CAM of ECE.
When avian orthoreovirus grew in the yolk sac, depending on the amount of
inoculum used, mortality usually occurred in 4 to 6 days PI, and frequently gave rise to
a markedly hemorrhagic, and purplish embryo (Olson and Kerr, 1966). Embryos that
survived beyond the 15th day of incubation revealed an enlarged liver and spleen with
necrotic foci (Olson and Kerr, 1966). According to Guneratne et al., (1982), yolk sac
inoculation of 5-6 day old ECE was a superior method compared to other routes of egg
inoculations, therefore was recommended for primary isolation of avian orthoreoviruses
(Glass et al., 1973). In general, the death of embryos after yolk sac inoculation occurs
more rapidly than allantoic cavity inoculations (Rekik et al., 1991). According to
Subramanyam and Pomeroy (1960), an ECE infected with the Fahey-Crawley virus
caused embryonic death with hepatic atrophy and necrosis.

1.2.2.2. Primary cell cultures
Viruses are obligatory dependents on host systems for their propagation and
animal cells are excellent hosts for viruses (Hossain et al., 2006). Avian orthoreoviruses
are readily propagated in many avian origin primary cell cultures (Barta et al., 1984;
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Guneratne et al., 1982), including chicken embryo lung (CELu) (Guneratne et al., 1982;
Petek et al., 1967), fibroblast (CEF) (Guneratne et al., 1982; Lee et al., 1973), kidney
(CEK) (Glass et al., 1973; Guneratne et al., 1982), liver (CELi) (Guneratne et al., 1982;
McFerran et al., 1976) and tendon (CET) (Huang, 1995); chicken kidney (CK) (Green
et al., 1976), lung (CL), testicular cell cultures (CTCC) (Sahu and Olson, 1975), bone
marrow derived macrophages (Bülow and Klasen, 1983) and leukocytes (Mills and
Wilcox, 1993); turkey kidney cells (Fujisaki et al., 1969); duck embryo fibroblast cells
(Lee et al., 1973); and Muscovy duck embryo fibroblast cells (Hollmén and Docherty,
2007). Of the primary cell cultures CELi has been reported to be the most sensitive
(Barta et al., 1984; Guneratne et al., 1982), however, CEF is the most commonly used
for avian orthoreovirus replication (Deshmukh and Pomeroy, 1969c; Gouvea and
Schnitzer, 1982a; Guneratne et al., 1982; Mustaffa-Babjee et al., 1973; van der Heide,
1977; Wood et al., 1980).
The cytopathic effects (CPE) produced in cell cultures infected with all
characterized avian orthoreovirus isolates is the formation of multinucleated giant cells
called syncytia (Duncan and Sullivan, 1998), that detach from the cell monolayer
surface leaving small holes (Deshmukh and Pomeroy, 1969a; Robertson and Wilcox,
1986). This CPE is more commonly associated with enveloped virus replication
(Duncan et al., 1996) and can be utilized to identify the replication of avian
orthoreoviruses in many cell cultures. In chicken embryo cell cultures, CPE was first
detected on the ninth, seventh and fourth passage of avian orthoreovirus strains Type
24, Type 25 and Type 59 respectively (Deshmukh and Pomeroy, 1969a). The CPE of
these viruses appeared at 5-7 days PI, and syncitia became numerous and larger upon
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further incubation, until the entire monolayer was destroyed by day 9 PI, however, the
maximum virus titer was less than 102 plaque forming units per milliliter (PFU/ml).
Strain R1 of avian orthoreovirus, when prepared in CELu, CEK and CELi cell cultures,
produced titers of 6.2, 6.2 and 7.0 log10 TCID50 respectively by the third passage, which
increased to 8.2, 7.2 and 8.4 log10 TCID50 respectively by the twenty fifth passage,
while the virus propagated in CEF only produced a maximum titer of 6.0 log10
TCID50/ml (Guneratne et al., 1982). In addition to the higher titer of virus, CELi
cultures also produced larger plaques than CEK. More blind passages (5-7) were
required before CPE was observed in virus isolation attempts using CL, CK, and CTCC
with avian orthoreovirus strains Type 24, Type 25, Type 59, FC, WVU 1464-29H,
WVU 2937, WVU 2986, and WVU 71-212 (Guneratne et al., 1982).
Avian orthoreoviruses have a predilection for primary cultures of chicken cells
(Guneratne et al., 1982) and primary chicken or chicken embryo origin cells have been
considered the most suitable cell culture for their isolation and propagation (MustaffaBabjee et al., 1973). However, slow growth rate, special growth requirements, inability
to subculture (Barta et al., 1984), tedious and time consuming preparation (Nwajei et
al., 1988) make them less desirable than continuous cell lines.

1.2.2.3. Continuous cell lines
Several mammalian cell lines have been used to propagate avian
orthoreoviruses, including those of bovine origin Madin Darby bovine kidney (MDBK),
and Georgia bovine kidney (GBK), canine origin Madin Darby canine kidney (MDCK),
murine origin L929, human origin Chang C, Hep-2, HeLa, epithelial colorectal
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adenocarcinoma (Caco-2), primate origin LLC-MK2, African green monkey kidney
(VERO), feline origin Crandell feline kidney (CrFK), baby hamster kidney (BHK),
rabbit kidney (RK), and porcine kidney (PK) (Barta et al., 1984; Sahu and Olson, 1975;
Ogasawara et al., 2015. In addition avian orthoreoviruses were grown in avian origin
continuous cell lines, such as three cell lines established from a chemically induced
fibrosarcoma of Japanese quail (Coturnix coturnix japonica) (Moscovici et al., 1977)
QT 35 (Cowen and Braune, 1988), QT 6 (Duncan et al., 1996), QM 5, a clonal
derivative of QT 6 (Duncan and Sullivan, 1998), and chicken macrophage derived
HD11 cell line (Swanson et al., 2001).
Data in the literature on adaptation of avian orthoreovirus to heterologous cell
systems are inconsistent (Georgieva and Jordanova, 1999) although, due to the innate
advantages of the continuous cell lines, their use to grow avian orthoreovirus has
practical benefits. Sahu and Olson, (1975) examined the replications of different avian
orthoreovirus strains in bovine (MDBK), human (Chang C, Hep-2, HeLa), murine
(L929), canine (MDCK) and primate (LLC-MK2, VERO) cells and observed cytopathic
effect only in VERO cells but not with all virus strains tested. Barta et al., (1984) tested
the sensitivity of 7 mammalian and two chicken cell lines to the WVU2937 avian
orthoreovirus strain and found out that the virus replicated successfully in six of the
lines tested after some adaptation, but VERO was found to be most sensitive among
mammalian cell lines. Wilcox et al. (1985) were able to adapt only one of six Australian
avian orthoreoviruses (strain designated RAM-1) to VERO cells, but Hussain et al.,
(1981) found that all three of the Australian strains they examined produced CPE in
VERO cell line. Nwajei et al., (1988) managed to adapt all the 22 avian orthoreovirus
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strains tested by them in VERO cells, however, all of these strains had been passaged in
avian embryonic cell cultures before testing on VERO cells. Further they were unable to
directly isolate avian orthoreoviruses in VERO cells from fecal or joint material already
shown to contain avian orthoreovirus by chick embryo liver passage. Accordingly, they
concluded that VERO cells were unsuitable for the primary isolation of avian
orthoreoviruses from field material. They suggested that the virus strains differ in their
tropism towards specific tissues and that differences exist in the sensitivity among
batches of VERO cells from different sources and these may be exaggerated by the use
of different media. In accordance with this suggestion Jones and al Afaleq, (1990)
discovered that there were significant differences in titer of the four orthoreovirus
strains propagated in VERO cells using different growth media. According to the
studies on adaptation of the avian orthoreovirus strain R-85 to VERO, BHK- 21 and
MDBK mammalian cell lines, VERO cells turned out to be the most susceptible
(Georgieva and Jordanova, 1999), yielding more rapid syncitial type cytopathic effects
and higher virus titer of 107.2 TCID50/ml. Therefore, it was concluded that VERO cells
could be effectively employed as a standardized system for propagation on
orthoreoviruses. A comparative study on the susceptibility of cell lines to avian
orthoreovirus S1133 by Simoni et al., (1999) demonstrated virus replication in VERO
cells and chicken embryo fibroblast cells. Many studies revealed, among the many
established continuous mammalian cell lines tested, only VERO cells supported the
replication of certain strains of avian orthoreoviruses (Barta et al., 1984; Jones and AlAfaleq, 1990; Nwajei et al., 1988; Wilcox et al., 1985). Nwajei et al. (1988) noted all
avian orthoreovirus which had already been passaged in avian cell cultures adapted
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easily to grow in VERO cells. In contrast to avian origin cell cultures, mammalian cell
lines like VERO have further advantages such as the convenience for use and no risk of
contamination with vertically transmitted avian orthoreoviruses. Avian orthoreoviruses
become less pathogenic the longer they are passaged (Huang et al., 1987), and
infections from passaged orthoreoviruses are ultimately lytic to the host cell (Duncan et
al., 1996).
The CPE produced in VERO cells is characterized by focal areas of cell fusion
(syncytia) (Nwajei et al., 1988; Simoni et al., 1999; Wilcox et al., 1985), and the virus
was so highly cell associated (Nwajei et al., 1988; Wilcox et al., 1985) that it required
up to 10 days PI to obtain maximum CPE (Wilcox et al., 1985). In addition, infected
cells had to be frozen and thawed at least 4 times before the virus could be passaged
successfully. In contrast, in chicken cell cultures, avian orthoreoviruses required only 4
days incubation to produce CPE and one freeze-thaw cycle to release virus from
infected cells (Robertson and Wilcox, 1984).

1.2.3. Antigenic characteristics of avian orthoreoviruses
Avian orthoreoviruses, like other RNA viruses lack proof-reading and post
replicative error correction mechanisms (Steinhauer and Holland, 1987). Therefore,
they are expected to have high mutation rates and to evolve rapidly. In addition, avian
orthoreoviruses undergo genetic reassortments that can result in novel genetic and
antigenic properties contributing to their genetic diverseity (Liu et al., 2003). Avian
orthoreoviruses are reported to have a high degree of antigenic heterogeneity compared
to the mammalian orthoreoviruses (Meanger et al., 1995; Shapouri et al., 1996).
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1.2.3.1. Common precipitin antigen
The common antigens among avian orthoreoviruses have been detected by direct
fluorescent antibody (FA) (Jones and Onunkwo, 1978; Menendez et al., 1975b),
indirect FA (Ide, 1982), agar gel precipitin (AGP) (Wood et al., 1980), and antigencapture ELISA (Hsu et al., 2006; Pai et al., 2003) tests. Using AGP tests, Sahu and
Olson (1975) demonstrated a precipitin line common to several avian orthoreoviruses
derived from outbreaks of tenosynovitis, and Van der Heide et al., (1974) showed that
the tenosynovitis isolate S1133 has a line of identity with WVU 2937, UM 1-203 and
Reo 25 isolates. Based on AGP tests, the Fahey-Crawley virus and the arthritis virus
WVU 2937 belonged to the same serotype (Olson and Weiss, 1972). The AGP test
reveals exposure to the group antigen of orthoreoviruses (Olson and Sahu, 1975), and
the precipitating antibodies were detectable between 3-24 weeks post infection (Jones
and Onunkwo, 1978).

1.2.3.2. Neutralizing antigen
Avian orthoreoviruses have been divided into a number of serotypes by the
serum neutralization test (Wood et al., 1980). Kawamura and Tsubahara (1966)
classified 77 isolates into 5 serotypes by means of neutralization tests in chicken kidney
cell culture. Takase et al., (1987) classified 89 Japanese avian orthoreovirus isolates
into five serotypes but was unable to type 6 isolates. Sahu and Olson (1975) classified 9
isolates, into 4 serotypes by virus neutralization tests in chicken kidney cell culture.
Robertson and Wilcox (1984) found considerable antigenic heterogeneity among
Australian avian orthoreovirus isolates and assigned the 10 selected strains to 3
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subtypes rather than distinct serotypes. Olson and Weiss (1972) grouped WVU 2937
and FC strains into a single serotype based on one-way serum neutralization tests
conducted by CAM inoculation of ECE. However, with a cross-neutralization test using
a constant virus-varying serum plaque reduction test in CK cell culture, WVU 2937 was
a different antigenic group from the FC strain (Sahu and Olson, 1975). Later Sahu et al,
(1979) classified strains WVU 2937, Texas, UMI 203 and S1133 as subtypes of the
same serotype. Using a plaque reduction technique, at least 11 serotypes of avian
orthoreovirus, with extensive cross-reactivity existing among the heterologous types,
were identified among strains isolated in Germany, UK, USA and Japan (Wood et al.,
1980), demonstrating the difficulty of assigning isolates as distinct serotypes.
Wickramasinghe et al., (1993) showed λB and σC proteins caused group
(broad)-specific and type-specific neutralization respectively. Meanger et al., (1995)
reported σC is associated with type-specific neutralization. Shapouri et al. (1996)
reported avian orthoreovirus λB and σB proteins were associated with group (broad)specific neutralization, therefore, three proteins of avian orthoreovirus (i.e., λB, σB and
σC) are involved in virus neutralization.
Avian orthoreoviruses, exhibit marked polymorphism in genomic segment
electrophoresis migration patterns (genotypes) among isolates of the same serotype as
well as among different serotypes (Gouvea and Schnitzer, 1982a; Lozano et al., 1992).
In summary, at least 11 serotypes of avian orthoreoviruses have been
demonstrated by serum neutralization tests (Wood et al., 1980). There are still hundreds
of avian orthoreoviruses that have been isolated, and at this point in time, all attempts to
classify them according to their serological properties have been unsuccessful primarily
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because they display a high degree of antigenic heterogeneity, while showing
considerable cross-reactivity in neutralization tests (Benavente and Martínez-Costas,
2007).

1.3. Pathogenesis of avian orthoreovirus infection in chickens (Gallus domesticus)
1.3.1. General pathogenesis
In Canada, avian orthoreovirus was first isolated from chickens with chronic
respiratory disease (Fahey and Crawley, 1954). This initial isolate was originally termed
the Fahey-Crawley agent, and was later characterized as an orthoreovirus (Petek et al.,
1967). Subsequently, avian orthoreoviruses were isolated from a variety of clinical
presentations in chickens, including viral arthritis/infectious tenosynovitis (Glass et al.,
1973; Jones et al., 1975), runting-stunting syndrome/malabsorption (Page et al., 1982b;
Robertson et al., 1984; van der Heide et al., 1981), cloacal pasting (Deshmukh and
Pomeroy, 1969a), hydropericardium (Bains et al., 1974; Jones, 1976; Spradbrow and
Bains, 1974), myocarditis and pericarditis (Mustaffa-Babjee et al., 1973), and hepatitis
(Mandelli et al., 1978). While orthoreoviruses have been conclusively demonstrated to
cause viral arthritis/infectious tenosynovitis in chickens (van der Heide, 1977), it is not
exclusively associated with viral arthritis and tenosynovitis (van der Heide, 2000), they
can also be associated with a variety of diseases including gastroenteritis (Deshmukh
and Pomeroy, 1969a), myocarditis and pericarditis (Mustaffa-Babjee et al., 1973),
respiratory disease (Fahey and Crawley, 1954), feathering abnormalities, hepatitis
(Mandelli et al., 1978), hydropericardium (Bains et al., 1974; Jones, 1976; Spradbrow
and Bains, 1974), ruptured gastrocnemius tendon (Jones et al., 1975), cloacal pasting in
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young chickens (Deshmukh and Pomeroy, 1969a), weight loss and stunted growth
(Murphy et al., 1999), sub optimal feed conversion and immunosuppression, atrophy of
bursa of Fabricius (Montgomery et al., 1986a), thymic atrophy (Hollmén and Docherty,
2007) and sudden death (Huhtamo et al., 2007) in chickens. Pathogenic strains of avian
orthoreoviruses, although associated with low mortality, often produce high morbidity
rates resulting in significant economic losses (Glass et al., 1973; Olson and Solomon,
1968). In addition to the association with disease conditions, avian orthoreoviruses are
ubiquitous in poultry worldwide. Most avian orthoreoviruses cause asymptomatic
infections in poultry (Benavente and Martínez-Costas, 2007) and have been isolated
from clinically normal chickens (Robertson et al., 1984) as well as from cell cultures
prepared from apparently healthy chicken kidneys (Mustaffa-Babjee and Spradbrow,
1971).
To cause disease, a virus must enter a host by specifically adsorbing to target
cells, replicate inside the affected host cells and result in viremia, disseminating virus
within the characteristic pathways of the host and causing damage to host tissues
(Joklik, 1983). Initially, avian orthoreoviruses generally infect the gastrointestinal and
respiratory tracts, and primary replication occurs in the mucosa of these organ systems
(Ellis et al., 1983; Jones et al., 1989; Menendez et al., 1975b; Ni and Kemp, 1995). In
the gastrointestinal tract, orthoreoviruses come in contact with proteolytic enzymes and
bile salts. If the virus survives within the environment of the intestinal lumen, within a
few hours of infection it either enters mucosal epithelial cells, causing local
inflammation or the systemic circulation where the virus is rapidly spread via blood to
other tissues or organs (Jones et al., 1989; Kibenge et al., 1985), causing tissue damage
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at distant sites particularly the spleen as it is among the first tissues infected during
viremia (Pantin-Jackwood et al., 2007). Intestine and bursa are primary entry and
replication sites for orthoreoviruses in chickens (Jones et al., 1989; Kibenge et al.,
1985; Pantin-Jackwood et al., 2007) and turkeys (Pantin-Jackwood et al., 2007). The
intestinal tract is also a principal route of excretion of the virus (Jones et al., 1989).
The pathogenesis of mammalian orthoreovirus infection has been studied in
detail. Mammalian orthoreovirus type 1 crosses the mucosal barrier via M cells at the
Payer’s patches (Tyler and Fields, 1990). Subsequently, the virus spreads to the
mesenteric lymph nodes and spleen (Kauffman et al., 1983) or is trapped by hepatic
Kupffer cells and excreted in the bile (Tyler and Fields, 1990).
The pathogenesis of avian orthoreovirus infection is similar to that described for
mammalian orthoreoviruses. Natural avian orthoreovirus infection occurs mainly via the
oral-fecal route (Jones and Onunkwo, 1978; Sahu and Olson, 1975). Following oral
inoculation of day old SPF light hybrid chicks with strain R2 of avian orthoreovirus
(Jones et al., 1975), the virus was re-isolated from the pancreas, esophagus, ileum,
caecal tonsils, and cloaca at day 1 PI (Kibenge et al., 1985). Maximum virus titres were
found in the liver at day 3 PI, and declined by day 7 PI. Virus was re-isolated from the
heart at day 10 PI and from hock joint at day 14 PI. Jones et al (1989), using an
arthrotropic orthoreovirus, reported that the virus entered and replicated primarily in the
intestinal epithelium and bursa of Fabricius within 12 hours PI and spread to most
tissues within 1-2 days PI, finally localizing in the joint tissues by day 4 PI.
The incubation period of avian orthoreovirus disease differs depending upon the
virus pathotype, age of host, and route of exposure (Robertson and Wilcox, 1986; van
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der Heide, 1977). Incubation period was approximately 4 days for footpad inoculation,
1-30 days for intravenous inoculations, and approximately 13 days for contact exposure
(Olson, 1959). Footpad inoculation resulted in more severe disease and slower growth
rates than the oral route of inoculation (Jones and Kibenge, 1984).
Many factors affect the pathogenicity and influence the outcome of avian
orthoreovirus infection in chickens (Kibenge and Wilcox, 1983). Viral factors include
the virulence of the strain (Gouvea and Schnitzer, 1982a; Jones and Guneratne, 1984),
the dose (Gouvea and Schnitzer, 1982a), the route of infection and the tissue tropism.
Host factors include the breed (Jones and Kibenge, 1984), the age at infection (Jones
and Georgiou, 1984) and the immune status of the affected individuls. Other factors
include the diet (Cook et al., 1984a; Cook et al., 1984b) and co-infecting pathogens.

1.3.1.1. The effects of age at infection on avian orthoreovirus disease
There is an age-linked susceptibility of chickens to avian orthoreovirus (Jones
and Georgiou, 1984; Kerr and Olson, 1964). Young chicks immediately after hatching
were more susceptible to infection, had more severe lesions related to the infection, and
higher mortality rates from the infection than older birds (Jones and Georgiou, 1984;
Mustaffa-Babjee et al., 1973; Roessler and Rosenberger, 1989; Subramanyam and
Pomeroy, 1960). The mortality caused by avian orthoreovirus was higher in 1-7 days
old chickens than in those 2 weeks or older, and the surviving 1-7 days old birds
frequently developed a persistent virus infection (Toivanen, 1987). Both pathogenic and
attenuated orthoreovirus were distributed more widely in tissue and persisted for a
longer period of time in young chicks, suggesting that young chicks are more
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susceptible to orthoreovirus infection than older chickens (Ellis et al., 1983).
Subramanyam and Pomeroy (1960) reported similar findings with the Fahey-Crawley
virus.
The age of birds at infection was an important factor in determining the viral
virulence, and the mechanism involved was related to the ability of the birds to mount
an effective immunological response to infection with orthoreovirus (Gouvea and
Schnitzer, 1982a). According to Roessler and Rosenberger (1989), the increased
resistance in older chickens may be associated with maturation of humoral immune
response, as younger birds produced antibodies against orthoreovirus later than older
birds. Jones and Georgiou (1984) noted the relative inability of a young chicken to
mount an effective humoral immune response may influence the severity of avian
orthoreovirus infection and tissue dissemination of the virus. The high resistance of
older birds to infection with avian orthoreovirus may be related to maturation of the Tcell mediated immune responses (Roessler and Rosenberger, 1989). Bulow and Klasen
(1983) suggested that macrophages may be target cells for avian orthoreovirus and the
relatively mature macrophages found in older birds may be more effective in resolving
orthoreovirus infections. In addition, the susceptibility of one day old chicks to oral
infection by S1133 strain of orthoreovirus was related to the immune status of their
dams (Wood et al., 1986).
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1.3.1.2. The effects of virus strain, dose and the route of infection on avian
orthovirus pathogenicity
There is a wide variation in avian orthoreovirus pathogenicity (Kibenge and
Wilcox, 1983; Takase et al., 1984a), and the severity of the disease is influenced by the
strain of virus (Glass et al., 1973; Jones and Kibenge, 1984) or the viral heterogeneity
(Gouvea and Schnitzer, 1982a) and the dose (Kibenge and Wilcox, 1983). The most
virulent strains can kill almost all infected one day old chicks (Gouvea and Schnitzer,
1982a; Hieronymus et al., 1983b; Takase et al., 1984b). The route of viral exposure
influences severity of the disease (Glass et al., 1973; Sahu et al., 1979) and the
incubation period. Montgomery et al., (1986b) noted chicks were more susceptible to
orthoreovirus infection via the respiratory route than the oral route. Olson and Khan,
(1972) showed that Fahey-Crawley virus was capable of inducing inflammatory lesions
in tendons and metartarsal synovium in chickens infected via respiratory route.

1.3.1.3. The effect of breed on avian orthoreovirus pathogenesis
The severity of avian orthoreovirus disease is influenced by the breed of bird
(Glass et al., 1973; Jones and Kibenge, 1984). Tenosynovitis caused by avian
orthoreovirus was primarily associated with broiler chickens (Jones and Onunkwo,
1978), but less so with layers as reported by Schwartz et al., (1976) who observed a
tenosynovitis outbreak in adult commercial white leghorn layers. Heavy breeds were
considerably more susceptible to arthrotropic orthoreovirus than lighter breeds (Jones
and Kibenge, 1984). The greater susceptibility of broilers to tenosynovitis may be due
to their greater weight and rapid growth rate, resulting in physical changes to the load-
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bearing tendons of the leg and predisposing them to the infection (Kibenge and Wilcox,
1983). It has been shown that broiler tendons have lower tensile strength and a more
open fibrous connective tissue structure than those of lighter breeds of chickens,
causing an increased susceptibility to infectious agents (Walsum, 1977).

1.3.1.4. The effects of co-infections on the ability of avian orthoreovirus to cause
disease
Many reoviruses are subclinical (Montgomery et al., 1985), and infections
caused by other etiological agents may activate latent orthoreovirus infections which
complicates the course of the disease (Tang et al., 1987a). The virulence of
orthoreovirus infections in chickens was synergistically enhanced by coinfection with
Eimeria acervulina or Eimeria mitis (Ruff and Rosenberger, 1985a), Eimeria tenella or
Eimeria maxima (Ruff and Rosenberger, 1985b). Staphylococcus aureus (Kibenge et
al., 1982a; MacKenzie and Bains, 1977), Mycoplasma synoviae (Bradbury and Garuti,
1978), Cryptosporidium baileyi (Guy et al., 1988) and infectious bursal disease virus
(IBDV) (Moradian et al., 1990; Springer et al., 1983), have been reported to exacerbate
disease caused by avian orthoreovirus. Orthoreovirus may also enhance the disease
conditions caused by other pathogens including chicken anemia virus (CAV) (McNeilly
et al., 1995), Escherichia coli (Rosenberger et al., 1985), IBDV (Moradian et al., 1990)
and common respiratory viruses (Rinehart and Rosenberger, 1983). Moreover, it has
been

demonstrated

that

co-infections

of

avian

orthoreoviruses

with

other

immunosuppressive pathogens of chickens, including avian reticuloendotheliosis virus,

29

CAV, and avian leucosis virus, lead to diminished weight gain, poor feed conversion
and reduced marketability of affected birds (Xie et al., 2012).

1.3.1.5. The effect of dietary factors on avian orthoreovirus disease
Cook et al. (1984a) showed that the orthoreovirus infection significantly
elevated the incidence of leg abnormalities in biotin, niacin and folic acid deficient
chickens.

1.3.2. Pathogenic avian orthoreovirus isolates
Known pathogenic avian orthoreoviruses, the diseases caused by them and their
isolation history is given in Table 1.2.

Table 1.2. Pathogenic avian orthoreovirus isolates
Virus
isolate
WVU 1675

Disease1 Description

Reference

TS

Isolated in 1957 in West Virginia, USA
from the tendons of chicken by Olson.

(van Loon et
al., 2001)

SK138a
(ARV138)

TS

Isolated from the hock joint of an infected
chicken in New Brunswick, Canada.

(Duncan and
Sullivan, 1998)

TR 1

TS

Isolated from the hock joint of a turkey with (Al-Afaleq and
arthritis.
Jones, 1991)

2177

TS

Isolated in 1989 in Delaware, USA from the (Rosenberger et
hock joint of a less than 2 weeks old
al., 1989)
commercial broiler chicken.

2035

TS

Isolated from the hock joint of a 3 day old
broiler chicken.
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(Ruff and
Rosenberger,
1985)

176 and
172

TS

Isolated in Georgia, USA, from the hock
joints of 2 to 3 week old broiler breeders
exhibiting leg problems.

(Hieronymus et
al., 1983b)

67/75 and
126/75

TS

Isolated from the tendons of laying
chickens in Scotland.

(Guneratne et
al., 1982)

724, 846,
847, 848

TS

Isolated in western Australia from broiler
breeder chickens affected with
tenosynovitis.

(Kibenge et al.,
1982)

P100

TS

An attenuated vaccine strain of S1133 virus (Gouvea and
produced by 235 passages in chorioallantoic Schnitzer,
membrane followed by 100 additional
1982)
passages in chicken embryo fibroblast cell
cultures. P100 at a high concentration is
capable of killing chicks when inoculated
by either the subcutaneous or foot pad
route.

R-l, R-5, R- TS
6 and R-11

Isolated in England from the hock joints of
chickens with tenosynovitis.

(Guneratne et
al., 1982)

R2

TS

Isolated in UK from a case of tenosynovitis
in a broiler breeder chicken. This isolate
was shown to cause rupture of digital flexor
and gastrocnemius tendons in chickens
following experimental infection.

(Jones et al.,
1981)

Lasswade
126/75

TS

Isolated in Scotland from the tendons of
chickens with tenosynovitis.

(MacDonald et
al., 1978)

R19

TS

Isolated from chicken tenosynovitis cases in
England.

(Jones, 1976)

VAA

TS

Isolated from a chickens with ruptured
gastrocnemius tendons and viral arthritis.

(Jones et al.,
1975)

S1133

TS

Isolated in 1971 from tendons during a field
outbreak of severe tenosynovitis in 7 week
old broiler breeder chickens in Connecticut,
USA.

(van der Heide
et al., 1974)

UMI-203

TS

Isolated in 1972 in Maine, USA from the
tendons of 12 week old broiler breeder
replacement chicks with a history of

(Johnson, 1972)
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lameness and increasing mortality since 8
weeks of age.
WVU 2937

TS

Isolated in West Virginia, USA from
synovia of broiler chickens with severe
synovitis.

(Olson and
Solomon, 1968)

1733

FHN

Isolated in 1983 in Delaware, USA by
Rosenberger from the femoral bone marrow
of a 4 week old broiler chicken.

(Ruff and
Rosenberger,
1985)

EK 2286

GE

Isolated in West Germany from chickens
with anemia, liver, spleen, intestinal and
bone marrow lesions.

(Guneratne et
al., 1982)

Uchida,
TS17 and
CS108

GE,
RESP

Isolated in Japan from intestines of
(Kawamura and
chickens with gastroenteritis and respiratory Tsubahara,
signs
1966)

T6

RESP

Isolated in 1970 from chickens in Taiwan.

FaheyCrawley

RESP

Isolated in Toronto, Canada, from cases of
chronic respiratory disease in chickens.

OS161

MAS

Isolated in 1970 from a chicken in Japan.

ERS-2

MAS

Isolated in 1999 from young commercially
reared broilers flocks in Poland manifesting
difficulty in walking, high mortality,
hepatic necrosis and pericarditis. The virus
was isolated from liver, kidney, thymus,
ceacal tonsils, spleen and heart

ERS-1

MAS

Isolated in 1998 from young commercially
reared broilers flocks in Poland manifesting
difficulty in walking, high mortality,
hepatic necrosis and pericarditis. The virus
was isolated from liver, kidney, thymus,
cecal tonsils, spleen and heart.

(van Loon et
al., 2001)

49/82

MAS

Isolated from feces in an outbreak of the
infectious stunting syndrome in four weeks
old broiler chickens.

(Al-Afaleq and
Jones, 1994)

2408

MAS

Isolated in 1983 from the tendons of 2 week
old broiler chickens experiencing high

(Rosenberger et
al., 1989)
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(Shen et al.,
2007)
(Fahey and
Crawley, 1954)
(Shen et al.,
2007)
(van Loon et
al., 2001)

morbidity and mortality and depressed
weight gain in Delaware, USA.
43A, 45,
81-5, and
82-9

MAS

Isolated in Georgia, USA from the
intestines of 3-6 weeks old broiler chickens
exhibiting clinical signs of malabsorption
syndrome.
Isolated in 1982 by Dr. P. Villegas of the
University of Georgia from the intestines of
broilers in North Carolina, USA
experiencing high morbidity and mortality
and depressed weight gain.

(Hieronymus et
al., 1983a)

CO8

MAS

1091

MAS

Isolated in Australia from broiler chickens
affected by runting/stunting syndrome.

(Pass et al.,
1982)

Reo 25

CP

Isolated in Minnesota, USA from one week- (Deshmukh and
old chicks with cloacal pasting.
Pomeroy, 1969)

R-17

Diarrhea Isolated in England from feces of a broiler
chicken with diarrhea.

(Guneratne et
al., 1982)

RAM-1

Normal

(MustaffaBabjee and
Spradbrow,
1971)

Isolated in Australia from a chicken kidney
cell culture.

(Hieronymus et
al., 1983a)

TS – Tenosynovitis/viral arthritis, FHN – Femoral head necrosis, RESP – Respiratory
symptoms, CP – Cloacal pasting, GE – Gastroenteritis, and MAS – malabsorption
syndrome
1

1.3.3. Tenosynovitis/viral arthritis
Arthritis was first recognized as a major cause of leg weakness in poultry by
Olson (1959). Arthritis of chickens with a definite viral etiology was first described in
the USA by Olson and Kerr (1966) and the etiology was identified as an orthoreovirus
by electron microscopy (Walker et al., 1972). A similar condition was reported in the
United Kingdom, which was called tenosynovitis (Dalton and Henry 1967). The term
avian tenosynovitis was originally used to describe an inflammation of the tendon
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sheaths and tendons caused by Mycoplasma synoviae (Dalton and Henry 1967),
whereas the orthoreovirus associated disease was referred to as viral arthritis (Olson,
1973). Later, both terms were used to describe the orthoreovirus-associated disease
(Kibenge and Wilcox, 1983), but the true arthritic lesions were present only in the late
stages of the disease (Kerr and Olson, 1969). Isolation of an avian arthrotropic
orthoreovirus from broiler chickens with ruptured gastrocnemius tendons was reported
in Britain by Jones et al. (1975), and the disease was experimentally reproduced in light
breed chickens by Jones and Onunkwo (1978). Although many pathogens such as
adenoviruses (MacKenzie and Bains, 1976), Staphylococcus aureus (Johnson, 1972;
MacDonald et al., 1978; MacKenzie and Bains, 1976), Mycoplasma synoviae (Kerr and
Olson, 1969) and Mycoplasma iowae (Dobson and Glisson, 1992) were commonly
isolated from tenosynovitis lesions of affected chickens, avian orthoreoviruses were
considered to be the primary etiological agent that caused the tenosynovitis (van der
Heide, 1977). MacKenzie and Bains (1976) suggested Staphylococcus aureus was a
secondary pathogen that exacerbated the primary avian orthoreovirus lesion, and
similarly other bacteria were more likely to be secondary opportunistic pathogens
possibly following initial avian orthoreovirus induced tendon damage. However,
bacteria were not present in all clinical outbreaks of tenosynovitis (Kibenge et al.,
1982a). Tenosynovitis was experimentally reproduced in chickens by infecting them
with avian orthoreoviruses via intra-muscular, intra-peritoneal, intra-abdominal, subcutaneous, respiratory and footpad inoculation routes as well as horizontally in
noninfected birds in contact with infected conspecifics (Johnson, 1972; Jones and
Onunkwo, 1978; Kerr and Olson, 1969; Olson and Khan, 1972; Sahu and Olson, 1975;
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van der Heide et al., 1974; van der Heide et al., 1980). Tenosynovitis or viral arthritis
lesions have been identified in varying degrees of severity in affected birds, and the
severity of lesions depends on the breed of chicken (Jones and Kibenge, 1984), the age
at the time of infection (Carboni et al., 1975; Wood and Thornton, 1981), route of
inoculation (Islam et al., 1988; Wood and Thornton, 1981), and presence of secondary
bacterial infections (Hill et al., 1989; Kibenge et al., 1982a; MacKenzie and Bains,
1977).
The clinical signs of infection following oral inoculation of one day old SPF
light hybrid chickens included depression and lameness (Kibenge and Wilcox, 1983),
prostration (Jones and Georgiou, 1984) and anorexia at day 2 PI (Tang et al., 1987b),
but by day 8 PI the chicks appeared normal (Tang et al., 1987b). The tenosynovitis
lesion consisted of a unilateral swelling on the plantar aspect of the leg, below the hock
joint by 3-4 weeks PI (Jones and Georgiou, 1984) which decreased by 8 weeks PI.
Mortality, poor growth, decreased feed conversion efficiency and carcass condemnation
were associated with acutely infected flocks (Schwartz et al., 1976). Viral mortality of
chicks began day 4 PI (Al-Afaleq and Jones, 1991; Tang et al., 1987b) and continued
until day 10 PI (Kibenge and Dhillon, 1987). The growth rates observed by measuring
body weight were found to be significantly lower in inoculated chickens than in the
corresponding control group at 5 weeks PI (Kibenge and Dhillon, 1987). Affected birds
usually had difficulty accessing feed and water and become emaciated (Kibenge and
Wilcox, 1983). However, another experiment using a different strain of avian
orthoreovirus showed no significant differences between the weights of the infected and
control groups within 2-6 weeks PI (Jones and Kibenge, 1984). Sometimes no clinical
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signs were observed until 3 or 5 weeks PI (Kibenge et al., 1985; Kibenge and Dhillon,
1987). In field conditions, orthoreovirus associated lameness is seldom encountered
before 7 weeks of age (Jones and Onunkwo, 1978), even though the affected birds were
infected at a very young age or through egg transmission (van Loon et al., 2001).
The macroscopic lesions of orthoreovirus induced tenosynovitis were mainly
confined to the hock joints and leg tendons (Rhyan and Spraker, 2010) and were
characterized by inflammation of the hock joints and the gastrocnemius tendons
(Benavente and Martínez-Costas, 2007). Acute avian arthritis was characterized by an
initial inflammatory response in the joints that progressed in many cases to pannus
formation, erosion of underlying cartilage, and ultimately fibrosis (Stott, 1999). A
yellowish brown gelatinous exudate between tendons in the swollen legs, varying
degrees of thickening and fusion of tendons, and pitted erosions of the articular cartilage
of the hock joints were observed by 12 weeks PI (Jones and Kibenge, 1984; Jones and
Georgiou, 1985). The most prominent findings in the disease were swelling of the
tibiotarsal-tarsometatarsal region and extensive swelling of the digital flexor and
metatarsal extensor tendons. Jones and Georgiou (1984) noted tendon swelling below
the hock at 3 weeks PI and above the hock by 6 weeks PI. Inflammation of the swollen
tendon areas often proceeds to a chronic hardening and fusion of the tendon sheaths
(Stott, 1999) at 9 weeks PI (Jones and Georgiou, 1984). As the tendons become firmer,
adhesions developed between the tendons, synovial sheath and skin, rendering the
tendons partially nonfunctional (Johnson, 1972). Johnson and van der Heide (1971)
have suggested that tenosynovitis may lead to rupture of the gastrocnemius tendons in
mature broiler breeders. Johnson (1972) observed the tendons started to tear creating
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hemorrhage at tendon muscle junction that proceeded to rupture with time, and Jones
and Georgiou (1984) observed the rupture of digital flexor tendons by 6 weeks PI.
Microscopic lesions of acute viral arthritis include edema, coagulation necrosis,
and perivascular infiltration of lymphocytes and macrophages. Thickening of the tendon
sheath was caused by reticular cell proliferation, synovial cell hyperplasia and
hypertrophy, infiltrates of heterophils and macrophages, and periostitis. Synovial
cavities were filled with sloughed synovial and inflammatory cells (Stott, 1999). Loose
connective tissue surrounding the sheath was replaced by granulomatous inflammation
and fibrous connective tissue. Granulomatous inflammation infiltrated into the tendons
causing them to adhere firmly to their surrounding sheath (Johnson, 1972).
The chronic disease was characterized by formation of villi on synovial
membranes, increase in fibrous connective tissue, and infiltration or proliferation of
reticular cells, lymphocytes, macrophages, and plasma cells (Stott, 1999). Olson and
Weiss (1972) described the histopathology of birds infected with Fahey-Crawley agent
via the foot pad. Extensive fibrosis and the presence of numerous lymphoid follicles in
the digital flexor tendon sheaths was observed 43 days PI. There were hypertrophy and
hyperplasia of the synovial lining cells and a diffuse infiltrate of lymphocytes, plasma
cells, macrophages, and a few heterophils. Clumps of heterophils and desquamated
synovial cells were occasionally present in the synovial spaces. Chronic inflammatory
changes were evident in the articular cartilage by replacement of the cartilage by
connective tissue (pannus) that was grossly evident as pitting of the articular surface
(Gouvea and Schnitzer, 1982a). At 7.5 weeks PI, van der Heide et al. (1974) observed
chronic fibrosis of the tendon sheaths with fibrous connective tissue invading and
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replacing the normal architecture of the tendon, resulting in ankylosis and immobility.
At 33 weeks PI, mononuclear cell infiltration was still present in the sheaths and
tendons. Heterophils were still prominent in some areas and large lymphoid foci were
occasionally seen at the tendon periphery (Jones and Onunkwo, 1978). Fibroplasia had
also occurred in the tendon sheaths. According to Islam et al. (1990), infection with
arthrotropic avian orthoreovirus provided evidence of an autoimmune reaction.
Although lesions were localized to synovial structures, the virus was widely distributed
in various tissues throughout the body such as liver, spleen, kidney, pancreas, heart,
bone marrow, duodenum, ileum and caecal tonsils during the early stage of infection
(Ellis et al., 1983; Kibenge et al., 1985; Menendez et al., 1975b). The ability of avian
orthoreovirus to establish persistent infections may be due to the joint and tendon acting
as sequestered sites protecting the virus from elimination by the immune system (Jones
and Georgiou, 1985).

1.3.4. Respiratory orthoreovirus disease
Avian orthoreovirus was originally isolated from chickens with acute or chronic
respiratory disease (Fahey and Crawley, 1954). Fahey reported the isolation of viruses
with identical characteristics from ducks (Fahey, 1955) experiencing chronic respiratory
disease as well as turkeys (Fahey, 1956) with infectious sinusitis and suggested a
common etiological factor as the cause of these respiratory diseases in various bird
species. Subramanyam and Pomeroy (1960) showed the Fahey and Crawley virus
isolated from chickens was capable of producing a mild respiratory infection. Avian
orthoreovirus has been isolated from a laying flock concurrently infected with
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infectious bronchitis virus (McFerran et al., 1971). Hieronymus et al. (1983b) noted
some avian orthoreovirus infected birds had airsacculitis and pulmonary congestion.

1.3.5. Enteric orthoreovirus diseases
Avian orthoreoviruses have frequently been isolated from chicks with severe
cloacal pasting (Deshmukh and Pomeroy, 1969a; Dutta and Pomeroy, 1967), from the
enteric tract of chickens with malabsorption (Hieronymus et al., 1983a; Kouwenhoven
et al., 1988; Page et al., 1982b), from stunted, pale broilers with reduced digestion,
depressed weight gain and feed conversion, and nutritional deficiencies (Giambrone et
al., 1992), from broiler flocks with high mortality and signs of malabsorption (van Loon
et al., 2001), from turkeys with depression, anorexia, 30% mortality (Simmons et al.,
1972) or infectious enteritis (Gershowitz and Wooley, 1973), and from quails
experiencing severe enteritis (Guy et al., 1987; Ritter et al., 1986).
A collection of disease syndromes including stunted growth, elevated feed
conversion ratios, poor feathering, leg weakness, and decreased weight gain was
initially reported in chickens in the Netherlands (Kouwenhoven et al., 1978b) and later
described in England (Bracewell and Wyeth, 1981), USA (Page et al., 1982b) and
Australia (Pass et al., 1982; Reece et al., 1984).

Ultimatlely, it was eventually

identified as a complex syndrome affecting young broiler chickens throughout the
world (Page et al., 1982b; Reece and Frazier, 1990; Ruff, 1982). The name infectious
stunting and runting syndrome was initially used to refer to this condition by Bracewell
and Wyeth, (1981). Other names that have been used to refer to the same condition
include infectious stunting syndrome, runting-stunting syndrome (RSS) (McNulty et al.,
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1984), malabsorption syndrome (MAS) (Page et al., 1982b), infectious proventriculitis,
osteoporosis (Kouwenhoven et al., 1978a), brittle bone disease, femoral head necrosis
(van der Heide et al., 1981), pale bird syndrome (van der Heide et al., 1981), wet litter
syndrome, transient digestive system disorder (Clark et al., 1990), malassimilation
(Goodwin et al., 1993a) and ‘helicopter disease’ of chicks (Kouwenhoven et al.,
1978b). The transmissible nature of the syndrome was noted in original descriptions
(Kouwenhoven et al., 1978b) and the disease was identified as a problem primarily in
broiler chickens rather than layer type birds (Reece and Frazier, 1990), affecting their
growth principally in the first month of life (Rekik et al., 1991).
RSS/MAS is characterized by a high prevalence of birds with stunted growth,
leg weakness, markedly decreased weight, poor feed conversion, high condemnation
rates at slaughter and retarded feathering at 2 - 5 weeks of age (Bracewell and Wyeth,
1981; Kouwenhoven et al., 1978b; Page et al., 1982b; Page, 1983), poor pigmentation
of the shanks (Page, 1983), enlargement of the proventriculus and a decrease in the size
of the ventriculus (Page et al., 1982b), diarrhea (Page, 1983; Vertommen et al., 1980),
orange to yellowish mucus in the feces (Clark et al., 1990), significant gross and
microscopic pancreatic damage (Davis et al., 2013), femoral head fractures, and
osteoporosis (van der Heide et al., 1981). Elevated feed conversions and decreased
body weights were constant clinical features of the syndrome, and there was a
considerable amount of undigested feed in the fecal material, relating to decrease feed
conversion efficiency and reduction of profit (Page et al., 1982b). An enteric
orthoreovirus strain causing central nervous system signs in SPF chicks was reported
(Van de Zande and Kuhn, 2007).

40

In the ‘helicopter disease’, the stunted 1 week old chickens had 5-20% reduction
in growth rates, exhibited paleness, and had clinical signs of lameness. In addition, the
peculiar appearance due to poor feather development and broken feather shafts led to
the term “helicopter syndrome” (Kouwenhoven et al., 1978a; Ruff, 1982).
At necropsy, the most prominent lesions were proventriculitis and catarrhal
enteritis (Page et al., 1982b) which consequently impaired digestion of feed and could
have resulted in decreased absorption of vitamin D, calcium and phosphorus and
vitamin E/Se, leading to the deficiency of these vitamins and minerals (Bracewell and
Wyeth, 1981; Page, 1983). Kouwenhoven et al. (1978a) suggested that rachitis (rickets)
was secondary to proventriculitis. Other lesions that were observed included
myocarditis, bursal atrophy and pancreatic atrophy (Page et al., 1982b).
While the relationship between avian orthoreoviruses and arthritis/tenosynovitis
was well established, the causative role was less clear in RSS/MAS (Kouwenhoven et
al., 1988; van der Heide et al., 1981), and Smart et al. (1988) suggested that it was a
viral etiology, and the effects were greater in birds subjected to stress, such as exposure
to sub-optimal temperature within the first week of life. Orthoreovirus has been most
frequently isolated from affected birds and implicated as the etiology (Songserm et al.,
2002). However, experimental reproduction of the disease from isolated viruses is
inconsistent. Using infectivity trials with orthoreovirus, several authors were able to
reproduce some clinical signs and lesions of RSS/MAS, but not all (Hieronymus et al.,
1983a; Page et al., 1982b; van der Heide et al., 1981; van Loon et al., 2001), while
others were unable to produce any of the clinical or pathological features (Guy et al.,
1988; McNulty et al., 1984). In a later study, the disease was experimentally reproduced
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by oral or subcutaneous inoculation of day old commercial broilers and SPF chicks
using enteric orthoreovirus strains (ERS), and the authors subsequently postulated that
ERS played a role in RSS/MAS even though it is not considered the only cause (van
Loon et al., 2001). RSS/MAS outbreaks are more common during cool weather, and it
can be exacerbated by cold stress (Reece and Frazier, 1990).
Goodwin et al. (1993b) described the histopathology of small intestinal enteritis
in chicks associated with intralesional orthoreovirus and supported the view that avian
orthoreovirus can be intimately associated with enteritis. The microscopic lesions
consisted of mild villus atrophy and crypt hypertrophy with mild to marked multifocal
distention of crypts that were partly filled with exocytotic inflammatory cells and
sloughed degenerate and necrotic epithelial cells. There were increased numbers of a
mixed population of inflammatory cells in the lamina propria immediately surrounding
crypts that included macrophages, lymphocytes and heterophils. Increased numbers of
intraepithelial leukocytes were also present. In natural outbreaks, the initial microscopic
lesions include cystic dilation of the crypts of Lieberkuhn, necrosis of crypt epithelial
cells, deposition of cellular debris within the crypts, apparent loss of crypts in a high
proportion of birds in the first week (Reece and Frazier, 1990; Smart et al., 1988) and
vacuolar degeneration and sloughing of enterocytes in the small intestine (Songserm et
al., 2003).

1.3.6. Immunosuppression associated with orthoreovirus
Numerous authors have described the immunosuppressive activity of
orthoreovirus on the avian immune system. Kerr and Olson (1969) noted lymphoid cell
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degeneration in the bursa of Fabricius of birds infected with a tenosynovitis producing
avian orthoreovirus strain WVU 1675 as early as 7 days PI. Montgomery et al. (1985)
demonstrated the ability of orthoreovirus to cause transient alterations in bursal and
splenic weights, and many authors have discussed orthoreoviral related bursal atrophy
(Montgomery et al., 1986a; Ni and Kemp, 1995; Page et al., 1982b), hemorrhages,
congestion and necrosis (Hieronymus et al., 1983b; Tang et al., 1987b). Roessler and
Rosenberger (1989) noted avian orthoreovirus infection causes cell damage in vivo in
several organs including bursa of Fabricius, thymus and spleen which is characterized
by lymphocyte depletion. However Sharma et al. (1994) noted orthoreovirus does not
replicate in the thymus nor does it cause a detectable alteration in peripheral T cell
subpopulations in chickens. Chenier et al., (2014) observed a generalized depletion of
lymphocytes and lymphocytolysis in lymphoid organs associated with orthoreovirus
infection.
There was not unanimous agreement on the immunosuppressive ability of avian
orthoreovirus as some considered them to be highly immunosuppressive (Montgomery
et al., 1986a; Moradian et al., 1990; Sharma et al., 1994) whereas others considered
their immunosuppressive effects to be relatively mild and transient (Cook and Springer,
1983; Montgomery et al., 1985; Neelima et al., 2003; Pertile et al., 1995; Springer et
al., 1983) and probably associated with other factors depressing the immune system
such as transport and food (Meulemans et al., 1983). Immunosuppression results in a
poor response to vaccinations and predisposes the host to infection with other
pathogens, which might account for the diversity of syndromes associated with avian
orthoreoviruses (Montgomery et al., 1986a). Many studies have shown that avian
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orthoreovirus infections have enhanced the pathogenic effects of co-infecting pathogens
such as CAV (McNeilly et al., 1995), IBDV (Moradian et al., 1990; Springer et al.,
1983), E.coli (Rosenberger et al., 1985) and coccidia (Ruff and Rosenberger, 1985a).
Kibenge et al. (1982a; 1982b) noted chickens infected with orthoreovirus in the field
had an increased incidence of secondary bacterial infections with Staphylococcus
aureus. Therefore, avian orthoreovirus induced immunosuppression in chickens has
been documented to cause either a depressed humoral immune response to other
pathogens (Montgomery et al., 1985; Springer et al., 1983) or as diminished cellular
immune response (Hill et al., 1989).

1.3.7. Other orthoreovirus related disease problems in chickens
In addition to the major disease conditions associated with avian orthoreoviruses
that are described above, there were many other disease problems potentially connected
with them. Avian orthoreovirus has been associated with overwhelming hepatic
necrosis causing significant mortality in chickens (Gouvea and Schnitzer, 1982a;
Hieronymus et al., 1983b; Mandelli et al., 1978; Stott, 1999; Takase et al., 1984a; Tang
et al., 1987b). Other lesions in birds associated with avian orthoreoviruses included
splenic hemorrhage, congestion, necrosis and lymphostromal cell hyperplasia
(Hieronymus et al., 1983b; Tang et al., 1987b), renal hemorrhage and congestion and
nephritis (Hieronymus et al., 1983b).
Avian orthoreoviruses were reported to be involved in outbreaks of high chick
mortality associated with hydropericardium (Bains et al., 1974; Spradbrow and Bains,
1974), pericarditis (Mustaffa-Babjee et al., 1973) and myocarditis (Davis et al., 2012;
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Hieronymus et al., 1983b; Tang et al., 1987b). Histologic examination in these cases
revealed focal to multifocal myocarditis with focal myofiber necrosis, and the
inflammatory cell population was predominantly lymphocytes and histiocytes with
scattered heterophils (Davis et al., 2012).
Avian orthoreovirus infection in commercial laying flocks was shown to cause a
15-20% drop in egg production during the acute phase of the disease (Schwartz et al.,
1976). Avian orthoreovirus infection in breeders caused reduced egg fertility and
excessive culling due to lameness (Bradbury and Garuti, 1978). The lowered fertility
was mainly associated with the male birds because painful legs reduced desire to mate
since their heavier weight meant they were more severely affected than their female
counterparts (Bradbury and Garuti, 1978). Experimentally, Glass et al. (1973) and
Garuti (1978) observed an increased incidence of breast blisters in broilers infected with
avian orthoreovirus that caused downgrading of their breast meat due to sternal bursitis.
Economic losses caused by avian orthoreovirus disease include those associated with
poor feed conversion, poor flock uniformity, reduced weight gain, unthriftiness,
mortality, severe lameness, low egg production, lowered egg fertility and increased
processing plant condemnation (Guo et al., 2012).

1.3.8. Avian orthoreoviruses in commercial poultry species other than chickens

1.3.8.1. Avian orthoreovirus disease in the domestic turkey (Meleagris gallopavo)
Avian orthoreoviruses had been isolated from clinically normal as well as
apparently sick turkeys (França et al., 2010; Gershowitz and Wooley, 1973; McFerran
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et al., 1976; Simmons et al., 1972; van der Heide et al., 1980; Wooley and Gratzek,
1969). The turkey was more resistant than the chicken to avian orthoreovirus related
disease problems (Al-Afaleq and Jones, 1989; Al-Afaleq et al., 1989; Al-Afaleq and
Jones, 1991; Glass et al., 1973). Clinical disease in domestic turkeys was reported to be
consistent

with

orthoreovirus

disease

in

chickens

and

included

viral

arthritis/tenosynovitis (Mor et al., 2013; Page et al., 1982a; Sharafeldin et al., 2014),
sudden death, infectious enteritis with occasional high mortality in turkey poults
(Gershowitz and Wooley, 1973; McFerran et al., 1976; Saif et al., 1985), decreased
weight gain (Spackman et al., 2005a), age dependent moderate to severe atrophy of the
bursa of Fabricius causing transient or possibly permanent immunosuppression (Day et
al., 2008; Spackman et al., 2005a), and myocarditis (França et al., 2010; Shivaprasad et
al., 2009). Nersessian et al., (1985b) noted that turkeys inoculated with a turkey enteric
orthoreovirus had a viremia 7 days PI with virus distributed in most organs by 3-7 days
PI and virus recovered from tendons at 3-7 days and 28 days PI. Turkey orthreovirus
isolated by Sharafeldin et al., (2014) fulfilled Koch’s postulates which established the
causal relationship between orthoreviruses and tenosynovitis in turkeys, and recently,
seven more orthoreoviruses were isolated and genetically characterized from clinical
cases of arthritis in turkeys from Pennsylvania, USA (Tang et al., 2015).
Avian orthoreoviruses were implicated in a number of multifactorial enteric
syndromes in young turkeys, and the milder form was characterized by diarrhea and
poor weight gain. In some cases, high mortalitywas observed in the affected flocks and
in these instances the disease was called poult enteritis complex (PEC) (Spackman et
al., 2005a), and an even more severe form of the disease has been documented as poult
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enteritis mortality syndrome (PEMS) (Day et al., 2008). PEMS is highly infectious in
young turkeys and is characterized by diarrhea, increased feed consumption, increased
time-to market, runting, stunting, decreased weight gain, immune dysfunction, and
mortality (Barnes et al., 2000; Day et al., 2008). In addition to orthoreoviruses,
numerous viruses, including turkey coronavirus and turkey astrovirus type 2, have been
associated with PEC and PEMS and have been the cause of substantial economic losses
to the turkey industry (Spackman et al., 2005b). Heggen-Peay et al. (2002)
demonstrated that orthoreovirus alone was capable of inducing some of the clinical
signs associated with PEMS, including the intestinal lesions and suppression of bursal
and hepatic growth and development.

1.3.8.2. Avian orthoreovirus disease in Muscovy ducks (Cairina moschata), ducks
and geese
Orthoreoviruses were isolated from Muscovy Ducks (Cairina moschata) in
South Africa, France, Israel and Hungary (Heffels-Redmann et al., 1992; Malkinson et
al., 1981; Palya et al., 2003), and the disease caused by orthoreoviruses usually affects
young Muscovy ducklings between two and four weeks of age. The clinical signs
included general malaise, diarrhea, respiratory signs, stunted growth, (Heffels-Redmann
et al., 1992; Malkinson et al., 1981) and microscopic, multifocal hepatic, splenic and
renal necrosis (Malkinson et al., 1981).
Liu et al. (2011) and Chen et al. (2012) reported the isolation of a highly
virulent duck orthoreovirus from Pekin ducklings (Anas platyrhynchos) suffering from
severe mortality due to hepatic and splenic necrosis, and further studies revealed that
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the isolates were closely related to Muscovy duck orthoreoviruses. McFerran et al.
(1976) isolated an orthoreovirus from feces of normal farmed mallard ducks in chick
kidney and chicken embryo liver cell cultures. A goose orthorevirus related to Muscovy
duck orthoreovirus was isolated from young geese with lesions of splenitis, hepatitis
with miliary necrotic foci, epicarditis, arthritis, and tenosynovitis at necropsy (Palya et
al., 2003).

1.3.8.3. Avian orthoreovirus disease in Bobwhite quail (Colinus virginianus)
Avian orthoreovirus as a pathogen in young Bobwhite quail (Colinus
virginianus) was first reported in a commercial operation (Magee et al., 1993). Affected
quail were lethargic, had respiratory distress, and had hepatic necrosis, air sac lesions
and sinusitis at necropsy with 95% flock mortality. Guy et al. (1987) and Ritter et al.
(1986) reported concomitant orthoreovirus and Cryptosporidium in bobwhite quail with
enteritis, however, neither claimed that orthoreovirus was the primary causative agent.
Guy et al. (1987) suggested that Cryptosporidium promoted systemic spread of
orthoreovirus and orthoreovirus intensified Cryptosporidium infection in Bobwhite
quail.
Avian orthoreoviruses were isolated from other commercial poultry species.
Tanyi et al. (1994) reported pancreatitis caused by an orthoreovirus in commercially
reared, 1-3 weeks old guinea-fowl. An orthoreovirus was isolated from fresh intestinal
content of a healthy, one year old ostrich (Struthio camelus) from a breeder farm in
Japan (Sakai et al., 2009) and the phylogenetic analysis indicated that the isolate was
closely related to chicken orthoreovirus strain 138.
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1.3.9. Orthoreoviruses in wild avian species
Avian orthoreoviruses have been associated with a variety of disease syndromes
in captive and free living wild birds. The first recoded isolation of orthoreovirus from
pigeons (Columba spp.) was by Mcferran et al., (1976). The virus was from a pigeon
with diarrhea and was isolated on chicken kidney and chicken embryo liver cell
cultures. This pigeon orthoreovirus isolate shared a common antigen with known
chicken orthoreoviruses which provided the evidence for the ability of avian
orthoreoviruses to cross species boundaries. Although diarrhea and hepatitis were
commonly associated with orthoreovirus infections in pigeons (McFerran et al., 1976;
Vindevogel et al., 1982), the attempts at experimental reproduction of the lesions failed,
suggesting that other factors might have been involved with the naturally occurring
disease (Vindevogel et al., 1982).
Avian orthoreoviruses were regularly isolated from imported psittacine birds
(Meulemans et al., 1983), and as the commercial market for imported psittacine birds
has grown, outbreaks in these bird species have increased in frequency over the years
(van den Brand et al., 2007). Rigby et al. (1981) tested 269 consignments of imported
birds (mainly psittacine and passerine avian species) to Canada, between January 1977
to August 1980 and isolated orthoreovirus from 22 consignments, and 17 of the isolates
were associated with enteritis in the shipped birds. Meulemans et al., (1983) tested 28
batches of dead imported psittacine birds and isolated orthoreoviruses from 15 batches.
The main lesions present were enteritis and hepatic congestion with focal necrosis, and
splenomegaly was present in some cases. An outbreak of orthreovirus disease with high
mortality was reported in Italy among imported African grey parrots (Psittacus
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erithacus erithacus) and Australian king parrots (Alisterus scapularis) (Conzo et al.,
2001). Senne et al. (1983) described an asymptomatic orthoreovirus infection in
quarantined psittacines. Numerous isolations of orthoreovirus from psittacine birds
shortly after importation from seven different countries indicated that the virus was
internationally dispersed in psittacine species (Meulemans et al., 1983) and implicated
avian orthoreovirus as a potential disease agent associated with translocation of birds
(Rigby et al., 1981).
Avian orthoreoviruses were isolated from live young African grey parrots
showing a wide range of non-specific clinical signs including depression, drooping
plumage, loss of appetite, diarrhea and respiratory symptoms (Sánchez-Cordón et al.,
2002) as well as from dead young African grey parrots with a disseminated necrotizing
hepatopathy (Wilson et al., 1985). Orthoreovirus disease in psittaciformes in the
Netherlands in 2002 produced a high mortality in all age groups and affected parakeets,
larger psittacines such as Eclectus parrots (Eclectus roratus) and Amazon parrots
(Amazona species) (van den Brand et al., 2007). In Amazon parrots, chronic respiratory
signs were reported, and in cockatoos, non-specific clinical signs such as
incoordination, emaciation and diarrhea were reported (Conzo et al., 2001; Wilson et
al., 1985). Sudden death and hepatomegaly were reported to be suggestive of
orthoreovirus disease in lories (Chalcopsitta species), lorikeets (Trichoglossus species),
and in a less severe form in Senegal parrots (Poicephalus senegalus) and Jardine’s
parrots (Poicephalus gulielmi) (Gaskin, 1987; Pennycott, 2004). The most susceptible
species for orthoreovirus infection includes the African grey parrots (Psittacus
erithacus, Psittacus erithacus erithacus, Psittacus erithacus timneth) and the cockatoo
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(Cacatua alba); young birds were the most severely affected (Spenser, 1991).
Orthoreovirus disease in New World, South American psittaciformes was rare, and if
affected, they would recover more easily when given appropriate supportive care
(Conzo et al., 2001). New World psittaciformes were considered to be more resistant
than the Old World parrots (those of Australian, Asian and African origin) to
orthoreovirus diseases (Conzo et al., 2001).
Orthoreoviruses were previously thought to be mildly pathogenic for
budgerigars (Melopsittacus undulates). However in Scotland and other parts of the UK,
high mortality was observed in different flocks of adult breeding budgerigars since
October 2002 (Pennycott, 2004). The affected birds had splenomegaly and
hepatomegaly with multifocal acute hepatic fibrinoid necrosis, and orthoreoviruses were
isolated from the affected tissues.
The association of orthoreovirus with necrotizing hepatitis in the absence of
other pathogens had frequently been reported in psittacine birds, suggesting
orthoreovirus as the sole etiology of the hepatic lesion (Conzo et al., 2001).
Orthoreoviruses acted as primary pathogens in African Gray Parrots under experimental
conditions without concurrent bacterial or fungal infections (Graham, 1987). Van der
Brand et al. (2007), suggested that avian orthoreoviruses might be widespread in
psittacine birds and carriers of the virus could be a source of re-introduction to
uninfected flocks. Climate, the introduction of new birds to a collection and the stress of
transportation might be other factors contributing to the development of the disease in
psittacines (van den Brand et al., 2007). Chicken orthoreovirus vaccines were found to
be of little value for the Psittaciformes because the virus strains commonly found in
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psittacine species were antigenically unrelated to those found in chickens (Gaskin,
1989).
Orthoreovirus was isolated from mortality events of emaciated American
woodcock (Scolopax minor) during the winters of 1989-1990 and 1993-1994 in Cape
Charles, Virginia in the United States (Docherty et al., 1994). The infection appeared to
be systemic because virus was isolated from a variety of tissues including intestine,
brain, heart, lungs, and cloacal swabs (Hollmén and Docherty, 2007). Four reo-like
viruses were isolated from clinically normal wader species in a resting site in Germany,
three isolates were from dunlins (Calidris alpina) and one from a spotted redshank
(Tringa erythropus) (Hlinak et al., 2006).
Jones and Guneratne (1984) isolated an avian orthoreovirus from the droppings
of a clinically normal wedge-tail eagle (Aquila andax) in UK. An orthoreovirus was
isolated from the hemorrhagic intestine of a dead brown-eared bulbul (Hypsipetes
amaurotis) in Japan (Ogasawara et al., 2015).
In 1996, orthoreoviruses were isolated from Common Eider (Somateria
mollissima) ducklings involved in a severe (99%) mortality event in a breeding area in
the Finnish archipelago (Hollmén et al., 2002). The viruses were isolated from the bursa
of Fabricius, and the affected birds had multifocal hepatic necrosis and lymphoid
necrosis suggesting the possibility of an immunosuppressive effect. Later experiments
that used the Common Eider isolate in Mallard ducklings found that it was infectious
for this species and caused focal hemorrhages in thymus, liver, spleen, myocardium,
and bursa of Fabricius without mortality (Hollmén et al., 2002). Yu et al. (2014)
reported the isolation of a duck reovirus from diseased wild mallard ducklings in China.
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Hlinak et al. (1998) detected avian orthoreovirus antibodies in wild bean geese (Anser
fabalis) and white-fronted geese (Anser albifrons) at a resting site in Germany.
Many orthoreoviruses were detected in corvid species. In 2002, an orthoreovirus
was isolated in southern Finland from a diseased wild hooded crow (Corvus corone
cornix) that had neurological clinical signs, including abnormal flying with
incoordination, abnormal postures, cramps, and paralysis (Huhtamo et al., 2007). Mast
et al. (2006) reported the presence of intracytoplasmic, reovirus-like particles in the
spleen and duodenum of carrion crows (Corvus corone) found in a die off event in
Brussels, Belgium. Fatal hemorrhagic and necrotizing enteritis in American crows
(Corvus brachyrhynchos) associated with a putative avian orthoreovirus was detected
during surveillance for West Nile virus beginning in 2002 (Meteyer et al., 2009). Crow
mortality associated with this syndrome has recurred repeatedly in the USA since it was
first reported, and similar mortality events have been identified in eastern Canada since
2004 (Campbell et al., 2004; Campbell et al., 2008; Stone, 2008; Meteyer et al., 2009).
In 2011, orthoreoviruses were isolated from the intestinal contents of dead
Blackcapped Chickadees (Poecile atricapillus) in Minnesota (Mor et al., 2014). The
birds were underweight, were dehydrated, and had watery and yellowish intestinal
contents, but no significant lesions were observed.
More recently in Great Britain, an avian orthoreovirus was isolated from a dead
free-living magpie (Pica pica) (Lawson et al., 2015). The bird had hepatic and splenic
necrosis and the isolated orthoreovirus was identified as the etiology of the lesions.
Avian orthoreoviruses have been isolated from species in several orders of birds,
including Anseriformes, Charadriiformes, Columbiformes, Falconiformes, Galliformes,
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Gruiformes, Passeriformes, Piciformes, and Psittaciformes (Gough et al., 1988; Jones
and Guneratne, 1984; Robertson and Wilcox, 1986; Takehara et al., 1989). In addition,
serologic evidence of avian orthoreovirus infections has been reported from
Sphenisciformes (Karesh et al., 1999). The host range of avian orthoreoviruses is likely
to be much wider as only a limited number of studies have been conducted in freeranging birds (Hollmén and Docherty, 2007).

1.4. Transmission of avian orthoreovirus
1.4.1. Avian orthoreovirus transmission among commercial poultry
Maintenance of avian orthoreoviruses in nature is by persistent infections with
continuous transmission to susceptible birds (Stott, 1999). Transmission occurs both
horizontally and vertically (Robertson and Wilcox, 1986) with fecal-oral transmission
being considered the most likely route of natural infection (MacDonald et al., 1978).
Lateral or horizontal transmission occurring via direct and indirect contact was
demonstrated by many studies (Johnson and van der Heide, 1971; Sahu and Olson,
1975; Sahu et al., 1979; Stott, 1999). Although orthoreovirus may be excreted from
both the intestinal and respiratory tracts for at least 10 days PI, the virus generally
appears to be shed from the intestine for longer periods of time which suggests that
fecal contamination is a primary source of contact infection (Jones and Onunkwo, 1978;
MacDonald et al., 1978). However, Roessler (1987) demonstrated that one day old
chickens were more susceptible to orthoreoviruses introduced via the respiratory route
than the oral route. Survival of avian orthoreoviruses on the surfaces within poultry
houses, on the feathers of birds and on poultry feed may play an important part in the
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transmission of infection between batches of birds in a farm (Savage and Jones, 2003).
This demonstrates that avian orthoreoviruses are ubiquitous in commercial chicken
flocks and chickens are regularly exposed to the virus in the environment, especially
from the litter (Al-Afaleq and Jones, 1994). The virus survived more than 10 days on
the egg shell surface when feces were present (Savage and Jones, 2003). Therefore,
external egg shell surface contamination is another potential source of transmission of
orthoreoviruses. Additionally, stable orthoreovirus can function as an incubator
contaminant or a part of the brooder house dust (Johnson, 1972) to initiate outbreaks. In
a closed flock orthoreovirus may transmit laterally from a small nucleus of chicks
infected congenitally (Jones and Onunkwo, 1978). Orthoreovirus may persist for long
periods in the cecal tonsils and hock joints, particularly in those birds infected at young
age (Jones and Guneratne, 1984), which implicates asymptomatic carriers as sources of
orthoreovirus infection in domestic birds. Rosenberger and Olson (1997) noted that
persistently infected birds may shed the virus even when circulating antibodies are
present. Al Afaleq et al. (1997) suggested that, for short periods, wild mice are capable
of transmitting avian orthoreoviruses between chicken flocks contributing to the spread
of infection.
Vertical transmission or egg transmission of orthoreovirus in chickens was first
demonstrated by Deshmukh and Pomeroy (1969c) and subsequently by Giambrone et
al. (1991), Menendez et al. (1975a) and van der Heide and Kalbac (1975) following
oral, tracheal and sub cutaneous inoculation of breeder chickens respectively. Menendez
et al. (1975a) isolated orthoreovirus from the reproductive tract of the challenged
pullets. Infected chicks have been hatched from infected hens and experimentally
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infected eggs (Menendez et al., 1975a). Egg transmission can be suspected on the basis
of finding infection in isolated flocks (Glass et al., 1973). Giambrone et al., (1991)
showed that breeding chickens infected with orthoreovirus shed the virus for 28 days,
but for egg transmission to continue in a flock the virus infection would have to be
persistent in adult birds. Orthoreovirus infection is reported to persist in some tissues for
many months after infection (Olson and Kerr, 1967), and the reproductive tract in
particular is a noted site of persistent infection (Menendez et al., 1975a). According to
Menendez et al. (1975a), egg transmission of orthoreovirus occurred even after an
antibody response was elicited and intestinal shedding had subsided in the parent birds.
The egg transmission rate in commercial chickens was generally lower (Menendez et
al., 1975a). Jones and El-Taher, (1985) demonstrated that the natural egg transmission
rate could be underestimated if sampling was done at the one day old stage because the
virus takes a few days post-hatch to multiply in certain organs. It is worth noting that,
the egg transmission rate is of little relevance when large numbers of chicks are hatched
together in the present day poultry hatcheries because a single infected chick would be
able to result in the infection of a large flock over time (Menendez et al., 1975a). AlMuffarej et al. (1996) showed that egg transmission rate of trypsin sensitive
orthoreovirus was lower compared to trypsin resistant strains.

56

1.4.2. Avian orthoreovirus transmission between commercial poultry and wild
birds
Several avian viruses including orthoreoviruses, influenza A viruses, West Nile
virus, infectious bursal disease virus and avian paramyxoviruses have been recovered
from domestic poultry and from wild birds (Adair et al., 1987; Kasanga et al., 2008;
Meulemans et al., 1983) confirming the potential role of wild birds in the epidemiology
of many significant avian viral diseases affecting commercial poultry. Most of the avian
orthoreoviruses are species specific, but at least some are capable of causing crossinfections among species. Some isolates from turkeys, ducks, and a wedge-tailed eagle
were infectious to chickens, and an isolate from Common Eiders was infectious to
Mallards (Hollmén et al., 2002; Jones and Guneratne, 1984; Nersessian et al., 1986).
According to Vasserman et al. (2004), it is possible that the virus changes over the
period of time (antigenic variation) so that it can become capable of infecting other
species as well.
Many orthoreoviruses do not cause disease or clinical signs in their natural hosts
(Hollmén and Docherty, 2007), and since wild birds are potential reservoirs or carriers
of viral diseases (Hlinak et al., 2006), they are assumed to represent a risk for the
transmission of avian infectious diseases to commercial poultry. Bird to bird contact,
aerosols and contaminated feed or water could be potential routes of transmission of
viruses from wild birds to domestic poultry (Hlinak et al., 2006). Wild birds that enter
poultry houses could carry pathogenic viruses directly into the poultry flocks. Wild bird
species living near poultry barns could contaminate areas near barns permitting viruses
to be carried into the poultry barns by farm employees, equipment, pets, rodents and/or
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insects (Burns et al., 2012). Avian orthoreovirus survives for at least 10 weeks in
drinking water with little loss of infectivity (Savage and Jones, 2003). Therefore, the
drinking water system of a poultry house, once contaminated, could remain a source of
significant infection for many weeks, because the fecal oral route is the most common
natural route of infection for orthoreoviruses (Jones and Onunkwo, 1978). As a result of
the factors mentioned above, biosecurity, including practices aimed at decreasing wild
bird activity near commercial poultry operations, is extremely important. A study on
wild bird activity on poultry farms in southwestern Ontario and Fraser Valley of British
Columbia, the largest poultry producing areas in Canada, identified the American crow
as one of the 10 wild bird species most frequently observed at the poultry facilities, and
as a result, was considered a species with the potential to transmit pathogens into
commercial poultry operations (Burns et al., 2012). However, there is currently little
known about the role of wild bird orthoreoviruses as pathogens in the commercial
poultry industry (Hollmén and Docherty, 2007).
Some livestock diseases have “spilled over” to wildlife and then “spilled back”
to livestock (Rhyan and Spraker, 2010). Establishing poultry farms in areas used by
native avian species and increasing poultry production raises risk of poultry pathogen
spillover into indigenous wildlife populations, particularly through practices such as
using contaminated poultry litter on agricultural fields as fertilizer (Soos et al., 2008).
Backyard chickens may pose a more significant and immediate threat of disease
introduction to resident avifauna than intensively managed broiler chickens because of
the high level of biosecurity associated with intensive poultry production (Soos et al.,
2008).
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1.5. Laboratory diagnosis of avian orthoreovirus
Diagnosis of avian orthoreovirus diseases is difficult because they are clinically
indistinguishable from a number of other common disease conditions such as
adenovirus infection and bacterial and mycoplasmal synovitis (Stott, 1999). Therefore,
laboratory diagnostic tests for rapid detection of orthoreovirus are needed for early
diagnosis to prevent spread of the problem and avoid economic losses.
Virus isolation and identification in cell cultures, serological methods and
histopathology were the most common traditional approaches for diagnosis of avian
orthoreovirus diseases (Robertson and Wilcox, 1986). Although virus isolation and
identification in cell culture was a reliable way for detection of an avian orthoreovirus
infection, the procedure is laborious and time consuming (Caterina et al., 2004;
Meanger et al., 1995; van der Heide et al., 1976; Wood et al., 1986), usually taking
more than 7 days and possibly requiring SPF embryonated eggs to prepare sensitive
primary cell cultures (Zhang et al., 2006). Different culture systems available for
orthoreovirus isolation have been discussed above. Samples intended for virus isolation
can be stored at 4 °C in transport medium for several days or at -20 °C or -70 °C for
longer periods (Hollmén and Docherty, 2007).
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1.5.1. Immunodiagnostic methods
A variety of immunodiagnostic methods have been developed for the
identification of avian orthoreoviruses or antibodies against them including the agar-gel
precipitation test (Olson and Weiss, 1972), plaque neutralization test (Ide and Dewitt,
1979), direct immunofluorescence staining technique (Jones and Onunkwo, 1978),
indirect immunofluorescence assay (Ide, 1982), microtiter serum neutralization test
(Robertson and Wilcox, 1984), immunoperoxidase technique using avidin-biotinperoxidase complex (ABC) (Tang and Fletcher, 1987), virus neutralization test
(Giambrone and Solano, 1988), western blotting (Endo-Munoz, 1990), monoclonal
antibody based indirect immunoperoxidase procedure (Li et al., 1996), immune-dot
assay (Liu et al., 2000), dot immunobinding assay (Georgieva et al., 2002) and many
enzyme-linked immunosorbent assay (ELISA) techniques (Chen et al., 2004; Hsu et al.,
2006; Islam and Jones, 1988; Lin et al., 2006; Liu et al., 2002; Pai et al., 2003; Shien et
al., 2000; Slaght et al., 1978; Xie et al., 2010; Yang et al., 2010; Zhang et al., 2007).
ELISA is commercially available, sensitive, reproducible and efficient
diagnostic tool (Islam and Jones, 1988; Slaght et al., 1978). It uses whole
orthoreoviruses (Lin et al., 2006; Slaght et al., 1978) or recombinant viral proteins such
as bacterially expressed σB (Shien et al., 2000), bacterially expressed σNS and P 17
(Xie et al., 2010), bacterially expressed σNS (Chen et al., 2004), bacterially expressed
σB and σC (Zhang et al., 2007), bacterially expressed σC and σB (Liu et al., 2002), and
σC expressed in methyltropic yeast (Yang et al., 2010) as coating antigens for detecting
avian orthoreovirus antibody level in serum. ELISAs using recombinant viral proteins
as coating antigens have lower nonspecific binding reactions, a higher correlation with
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virus neutralization tests, and a higher ability to distinguish virus neutralization positive
and negative sera in aged birds compared with conventional whole virus ELISA (Shien
et al., 2000). Antigen capture ELISA uses coating anti-orthoreovirus antibodies to
detect avian orthoreoviruses. The antigen-capture ELISA using monoclonal antibodies
against a single protein of the orthoreovirus such as σC (Hsu et al., 2006) and σA (Pai et
al., 2003) is usually less sensitive than others; however, non-specific reactions are
significantly reduced (Liu et al., 2002).
The quantitation of avian orthoreovirus antibodies in chicken serum samples
provides an important tool for diagnosis, permits the assessment of antibody status in a
chicken flock including breeders and predicts more precisely the proper time for
vaccination by measuring maternal antibody titers (Shien et al., 2000). However, avian
orthoreoviruses exhibit considerable antigenic or genetic variations (Rekik et al., 1990;
Sterner et al., 1989; Takase et al., 1987; Wu et al., 1994), and considerable crossreactions exist among heterologous types (Robertson and Wilcox, 1986), making
diagnosis by serological means difficult. In addition, serology is often plagued by
nonspecific reactions and problems with reagent cross-reaction (Caterina et al., 2004;
Swayne et al., 1998). When using commercial ELISA kits to detect orthoreovirus
antibodies, it is unknown whether or not that test reveals seroconversion against all
variants and serotypes of orthoreovirus. Therefore, a negative result obtained in the
ELISA does not exclude the presence of antibodies to orthoreovirus creating an
uncertainty in the interpretation of the serologic results. Similarly a positive serology
does not always indicate the presence of a pathogenic orthoreovirus in the sample as
there are many nonpathogenic orthoreovirus isolates. Lastly, there is a possibility that
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the serological tests which have been developed for use in domestic poultry are not
valid for diagnostic purposes in wild bird species.

1.5.2. Molecular diagnostic methods
Molecular methods for detecting enteric viruses offer several advantages over
traditional methods (Pantin-Jackwood et al., 2008). Thus, the detection of viral RNA
from clinical samples by conventional reverse transcriptase polymerase chain reaction
(RT-PCR) remains the first choice in early diagnosis (Zhang et al., 2006) and has been
commonly used to detect avian orthoreoviruses in clinical samples. One main advantage
of conventional RT-PCR over real-time RT-PCR is that the identity of the amplicons
(viruses) can be confirmed and further characterized by sequencing them for accurate
identification. Molecular approaches to identification of avian orthoreoviruses in
clinical samples have been described by several authors. These include an in situ
hybridization (ISH) technique using a digoxigenin (DIG)-labeled complementary DNA
(cDNA) probe (Liu and Giambrone (1997), dot blot hybridization assay using a radiolabelled cDNA probe (Yin & Lee, 1998), conventional RT-PCR (Bruhn et al., 2005;
Lee et al., 1998; Liu et al., 1999a; Liu et al., 2004; Xie et al., 1997), and conventional
RT-PCR combined with restriction fragment length polymorphism (RFLP) (Lee et al.,
1998; Liu et al., 1999a). Liu et al. (1999b) developed an in situ hybridization (ISH)
technique and an in situ RT-PCR to detect avian orthoreovirus in formalin-fixed,
paraffin-embedded chicken tissues and demonstrated that the latter was more sensitive
and accurate because avian orthoreovirus often result in latent infections that cannot be
identified by ISH. Relating PCR specifically to this study, although many authors
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described conventional RT-PCR techniques for detection of avian orthoreoviruses in
chicken clinical samples, the lack of validated PCR primers and tested standard
operating procedures are the constraints for their specific application in the diagnosis of
wild bird orthoreoviruses.
Recently, the application of a real-time PCR technology that has become more
widespread in both human and veterinary diagnostics detects the PCR product in real
time with a sequence-specific probe labeled with fluorescent dyes (Spackman et al.,
2005b). Real-time PCR-based methods are inherently quantitative and have high
analytic sensitivity and specificity providing high consistency in nucleic acid detection
of viruses in clinical samples (Spackman et al., 2005b). Other advantages of real-time
PCR over conventional PCR include a reduced possibility of contamination due to
carryover, a decreased risk of exposure to ethidium bromide, short detection time and a
less cumbersome simplified closed-tube procedure requiring no gel electrophoresis. Ke
et al. (2006) developed a Light Cycler SYBR Green-based real-time RT-PCR to detect
S2 segment of avian orthoreoviruses. A Taq Man probe based S4 segment specific realtime RT-PCR was developed by Guo et al. (2011).
Duplexing and multiplexing are modifications of both conventional and realtime RT-PCRs in which two or multiple agents can be targeted for by a rapid, costeffective, sensitive, specific and simultaneous detection in a single reaction. Reck et al.
(2013) developed a duplex conventional RT-PCR to detect avian orthoreovirus and
Mycoplasma synoviae. Several multiplex conventional RT-PCR assays have been
developed for detection of different combinations of avian pathogens, that includes
avian orthoreovirus, avian adenovirus-1, IBDV, and CAV (Caterina et al., 2004); and

63

turkey rotavirus, turkey astrovirus-2, and turkey orthoreovirus (Jindal et al., 2012).
Although the cost of real time RT-PCR is close to that of conventional RT-PCR,
multiplexing reduces cost and time per-sample by simultaneously testing for several
agents (Spackman et al., 2005b). Huang et al. (2015) developed a duplex real-time RTPCR to detect avian orthoreovirus and Mycoplasma synoviae and Spackman et al.
(2005b) developed a multiplex real-time RT-PCR to detect turkey astrovirus type 2,
turkey coronavirus, chicken origin orthoreoviruses and turkey origin orthoreoviruses.
Recently developed isothermal methods for avian orthoreovirus detection
include reverse transcription loop-mediated isothermal amplification (RT-LAMP) (Xie
et al., 2012) and cross-priming amplification (Wozniakowski et al., 2015). These
isothermal methods do not need expensive laboratory equipment, except a water bath.
The main drawback of both conventional and real-time RT-PCR assays developed for
avian orthoreovirus detection was the absolute need for the expensive thermal cyclers.
Moreover the detection limit of the RT-LAMP assay was 10 fg total RNA, which was
100-fold lower than that of RT-PCR (Xie et al., 2012).

1.6. Prevention and control of avian orthoreovirus disease
Supportive care and control of secondary bacterial infections is the only clinical
treatment available for orthoreovirus disease. Therefore, infections with avian
orthoreovirus are best controlled by proper management procedures, primarily
biosecurity, and vaccination. It is unrealistic to eradicate this virus from most poultry
operations, but a cost benefit analysis by Dobson and Glisson (1992) determined the
financial benefit of vaccinating a flock of broiler breeders against avian orthoreovirus
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during egg production was approximately 52 times higher than the cost. Therefore, in
North America and Europe, vaccination is practiced not only for the control of avian
orthoreovirus disease but also to obtain the vaccination associated increase in
productivity (Kibenge and Wilcox, 1983).
Due to the age linked susceptibility, vaccination programs to control avian
orthoreovirus infection have concentrated on the immunization of breeders to prevent
the disease in this cohort with the added benefit of giving passive immunity in their
progeny at birth when the chicks are most susceptible to orthoreovirus disease (van der
Heide et al., 1976; Wood et al., 1986). Chickens experimentally infected with field or
live virus vaccines developed antibodies within 7 days PI and antibody level peaked at
about 4 weeks PI (Jones et al., 1989). Guo et al. (2012) showed that maternal antibodies
passed from the vaccinated breeders were protective in commercial birds. Meanger et
al. (1997) showed that breeding hens can be immunized with Australian RAM-1 strain
of avian orthoreovirus to passively transfer neutralizing antibodies via the yolk to their
progeny. However, the immunization of breeder flocks only protects the first generation
of their progeny and not the second (van der Heide et al., 1976). Rau et al. (1980)
vaccinated parent birds with the S1133 strain and detected progeny immunity in chicks
that hatched 2 weeks later. In addition, the vaccination of breeders blocked the eggtransmission of the virus (van Loon et al., 2001). Live attenuated and killed vaccines
are commercially available for breeder flock vaccination. Wood and Thornton (1981)
and Thornton and Wood (1982) reported that killed vaccines failed to provide
protection

against

challenge

with

virulent

orthoreovirus

strains.

However,

administration of attenuated vaccines to breeder birds in production can result in trans-
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ovarian transmission of vaccine virus leading to decreased hatchability, increased young
chick mortality, and increased incidence of viral arthritis or tenosynovitis at 7 to 14
days of age. Therefore, when using live vaccine, it should be administered prior to the
onset of egg production (Giambrone et al., 1991). Stott (1999) used an attenuated virus
successfully to immunize young chicks with no evidence of interference by maternal
antibodies. Van Loon et al., (2003) reported maternal immunity in commercial broilers
does not preclude the efficacy of early age vaccination with an attenuated live avian
orthoreovirus vaccine. Orthoreovirus vaccination of breeders is usually accomplished
with a live vaccine by parenteral, oral or coarse spray administration (Giambrone et al.,
1992; Mukiibi-Muka and Jones, 1999) at an early age followed by an inactivated
booster vaccine (Chen et al., 2004). According to Ruff and Rosenberger, (1985b) one of
the most successful approaches for vaccinating replacement pullets for broiler breeder
operations is to give one or more immunizing doses of low-virulence orthoreoviruses
early in life followed by inactive vaccine at 18 to 20 weeks of age. Inactivated vaccines
provide high titers of humoral antibodies to the broiler parents during the production
period and approximately 50% of these antibodies are passed on to the progeny as
maternal antibodies resulting in a significant correlation between the geometric mean
antibody titers of the broiler parents and their progeny (De Herdt et al., 1999). Guo et
al. (2003) reported an experimental in ovo vaccination method for commercial poultry
which did not adversely affect hatchability of eggs and provided at least 70%
protection.
Most of the orthoreovirus vaccines have been developed from various passage
levels of avian orthoreovirus S1133 (Huang et al., 1987), 2177, 2408 or 1733 (Davis et
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al., 2012). Giambrone et al. (1992) showed that S1133 was effective in the prevention
of 2408 and CO8 enteric orthoreovirus infections when given by coarse spray to one
day old SPF broiler chickens. Currently, despite vaccination, a high percentage of
flocks have been infected with orthoreovirus, and the limited effectiveness of available
vaccines is likely due to the existence of many viral variants in the commercial poultry
population (Lublin et al., 2011). Giambrone and Solano (1988) found all of the most
common vaccine strains (S1133, 81-5, 2408, 1733 and UMI 203) belong to a single
serotype by virus-neutralization test and ELISA, explaining their inability to protect
against field virus isolates belonging to other serotypes. Other possible reasons for
vaccination failure include improper vaccination of pullets, decreased maternal antibody
titer in older hens, and inadequate induction of cell-mediated immunity (CMI) induced
by killed vaccines (Giambrone et al., 1992). Subcutaneous vaccination at 1 day of age is
efficacious for induction of sufficient CMI to prevent orthoreovirus infections (van der
Heide et al., 1983). Orthoreovirus vaccines when combined with turkey herpesvirus
vaccine and given subcutaneously, may cause interference which results in the reduced
efficacy of both products (Giambrone and Hathcock, 1991). In areas where Marek's
disease virus exposure is high, increased Marek's disease has occurred when
orthoreovirus and Marek’s disease vaccines were combined and given at 1 day of age.
Stott (1999) noted, despite in vitro cross reaction between strains of orthoreovirus, in
vivo vaccination ensures protection only against the homologous virus.
As conventional attenuated and inactivated orthoreovirus vaccines are not totally
efficacious (van Loon et al., 2002), new approaches for vaccine production were
attempted. Vasserman et al. (2004) demonstrated subcutaneous injection of σC protein,
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expressed in Escherichia coli, generated immunity in chickens. Wan et al. (2010)
showed that the σC DNA vaccine orally delivered by attenuated Salmonella
typhimurium elicited antibody production in SPF chicks. Wu et al. (2005) characterized
the immune response of SPF chickens to orally administered recombinant σC protein
produced in yeast and recommend the development of a transgenic edible plant vaccine
for use in poultry. Protein σC of orthoreovirus was expressed in alfalfa, Arabidopsis and
tobacco plants (Huang et al., 2006; Lu et al., 2011; Wu et al., 2009), but the low
expression of antigens in plants limited their practical application in vaccination
protocols (Lu et al., 2011). Avian orthoreoviruses were genetically characterized by
sequencing their σC proteins, into four genotypes (Goldenberg et al., 2010), and the σC
proteins of the currently used vaccine strains were found to differ from those of most
field isolates (Goldenberg et al., 2010; Vasserman et al., 2004). Since σC is the major
protein against which neutralizing antibodies are produced, this mismatch might lead to
vaccination inefficiency or failure. Lublin et al. (2011) tested the efficacy of a tetravalent inactivated vaccine consisting of a mixture of prototypes of the four defined
genotypic groups of avian orthoreovirus and found that the vaccine was able to prevent
disease and confer broad protection against field isolates. Also vaccinations with avian
orthoreovirus prototypes from all genotypes efficiently protected against other members
of their respective genotypes (Lublin et al., 2011).
Although orthoreoviruses are difficult to eliminate from the environment
because of their resistance to chemical and physical disinfectants, decontamination of a
poultry facility following total removal of infected birds and prior to reintroduction of a
new flock prevents infection of the new population (Stott, 1999). Protection of
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commercial poultry flocks from wild birds by providing high level biosecurity,
quarantine of birds to be introduced to the flock, monitoring of the flock for signs of
illness, serological testing and vaccination for specific diseases, and good sanitation and
hygiene practices are all critical methods to prevent the spread of avian diseases
between wild birds and commercial poultry (Hollmén and Docherty, 2007). In addition,
the quick removal of carcasses during a wild bird die-off reduces the contamination of
the environment and the possibility of disease transmission to other avian species and/or
commercial poultry (Hollmén and Docherty, 2007).

1.7. Research objectives
Avian

orthoreoviruses

are

ubiquitous

worldwide.

These

viruses

are

economically significant to the poultry industry, and they occur in both commercial and
wild avian species. In recent years, a putative orthoreovirus has been isolated from
mortality events in wild birds, specifically American crows, of eastern Canada that died
from hemorrhagic enteritis. To date, no investigations have been done to establish
biological characteristics of this American crow orthoreovirus or its genetic relatedness
to other orthoreoviruses. Additionally, it is important to know whether or not this novel
orthoreovirus is pathogenic for the domestic poultry because if they are, it could have
significant financial and health implications for the poultry industry in this region.
Consequently, it is very important to study these orthoreovirus isolates of wild
American crow origin to better understand their genetic relatedness to other
orthoreoviruses as well as their biological properties specifically as they relate to their
potential pathogenicity. To accomplish this, the growth properties of the isolates will
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be assessed in VERO and QM 5 cell lines and a pathogenicity trial in young SPF
chickens will be done. Additionally, the partial S2 and S4 genome segments will be
sequenced and phylogenetic analysis of the isolates will be performed in order to
identify the genetic relationships to known animal orthoreoviruses and to improve on
current molecular diagnostic tests. The results of this work will increase our
understanding of the potential for wild birds to act as reservoirs of virulent
orthoreoviruses for poultry which will create a better understanding of the potential
need for biological control and eradication programs. The information generated on the
characteristics of the wild type American crow orthoreoviruses in this project could
provide important justification for the future development of better diagnostic systems,
effective vaccination strategies, and specific antiviral agents.

The long-term goal of this project is to characterize putative reovirus found in
wild American crows and to determine their significance as pathogens for commercial
poultry.

The main objectives of this research project are:
(1) To study the replication and cytopathic effects of putative reovirus isolated from
American crows in eastern Canada.
(2) To sequence the partial S2 and S4 genome segments and determine the
evolutionary relationships of any potential orthoreovirus isolated in objective 1.
(3) To study the putative reovirus pathogenesis in experimentally infected specific
pathogen free (SPF) chickens.
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1.8. Rationale and hypothesis
The rationale for the proposed research objectives is that they will provide a
sound basis to better understand the virulence of putative reovirus isolated from
mortality events in wild American crows specifically as it relates to the potential for
these viruses to cause disease in domestic chickens. Sequence data and phylogenetic
studies will establish the genetic relationships to known animal reoviruses which could
provide verification of the importance of wild birds as potential reservoirs of
orthoreoviruses pathogenic for commercial poultry. Moreover, the sequence data will be
used to improve molecular diagnostic systems.

We hypothesize that putative reovirus associated with winter mortality events in
American crows in the Canadian provinces of Prince Edward Island (PE) and Ontario
(ON) is an orthoreovirus and it is pathogenic for commercial poultry.
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Wallschläger D, Globig A, Werner O, Mühle RU, Hoffmann B, Schirrmeier H, Starick
E. A Virological Survey in Migrating Waders and Other Waterfowl in One of the Most
Important Resting Sites of Germany. Journal of veterinary medicine Zentralblatt für
Veterinärmedizin Reihe B 2006;53:105-110.
Hlinak A, Muller T, Kramer M, Muhle RU, Liebherr H, Ziedler K. Serological survey
of viral pathogens in bean and white-fronted geese from Germany. Journal of wildlife
diseases 1998;34(3):479-486
Hollmén, T., Docherty, D.E., 2007. Orthoreoviruses., in: Thomas, N.J., Hunter, D.B.,
Atkinson, C.T. (Eds.), Infectious Diseases of Wild Birds. Blackwell Pub., Ames, Iowa,
pp. 177-181.
Hollmén T, Franson JC, Kilpi M, Docherty DE, Hansen WR, Hario M. Isolation and
Characterization of a Reovirus from Common Eiders (Somateria mollissima) from
Finland. Avian Diseases 2002;46:478-484.
Hossain SKA, Uddin SN, Rahman MS, Wadud A, Khan MH. Propagation of Infectious
Bursal Disease Virus (IBDV) in Chicken Embryo Fibroblast Cells. Journal of
Biological Sciences 2006;6:146-149.
Hsu CJ, Wang CY, Lee LH, Shih WL, Chang CI, Cheng HL, Chulu JLC, Ji WT, Liu
HJ. Development and characterization of monoclonal antibodies against avian reovirus
σC protein and their application in detection of avian reovirus isolates. Avian Pathol
2006;35:320-326.
Huang DD, Schnitzer TJ, Rosenberger JK, Nugent MA. Association of avian reovirus
M and S genes with viral behavior in vivo. II. Viral pathogenicity. Avian Dis
1987;31:446-454.
Huang DD. Restriction of Avian Reovirus in Primary Chicken Embryo Tendon Cells.
Virology 1995;207:117-126.
Huang LK, Liao SC, Chang CC, Liu HT. Expression of avian reovirus σC protein in
transgenic plants. J Virol Methods 2006;134:217-222.
Huang L, Xie Z, Xie L, Deng X, Xie Z, Luo S, Huang J, Zeng T, Feng J. A duplex realtime PCR assay for the detection and quantification of avian reovirus and Mycoplasma
synoviae. Virology Journal 2015;12:1-9.
Huang W, Chiu H, Liao T, Chuang K, Shih W, Liu H. Avian Reovirus Protein p17
Functions as a Nucleoporin Tpr Suppressor Leading to Activation of p53, p21 and
PTEN and Inactivation of PI3K/AKT/mTOR and ERK Signaling Pathways. Plos One
2015;.

80

Huhtamo E, Uzcátegui N,Y., Manni T, Munsterhjelm R, Brummer-Korvenkontio M,
Vaheri A, Vapalahti O. Novel orthoreovirus from diseased crow, Finland. Emerg Infect
Dis 2007;13:1967-1969.
Hussain M, Spradbrow PB, Mackenzie M. Avian adenoviruses and avian reoviruses
isolated from diseased chickens. Aust Vet J 1981;57:436-437.
Ide P. Avian reovirus antibody assay by indirect immunofluorescence using plastic
microculture plates. Canadian journal of comparative medicine 1982;46:39-42.
Ide P, Dewitt W. Serological incidence of avian reovirus infection in broiler-breeders
and progeny in Nova Scotia. Can Vet J 1979;20:348-353.
Islam MR, Jones RC, Kelly DF. Pathogenesis of experimental reovirus tenosynovitis in
chickens: Influence of the route of infection. J Comp Pathol 1988;98:325-336.
Islam M, Jones R. An enzyme-linked immunosorbent assay for measuring antibody titre
against avian reovirus using a single dilution of serum. Avian pathology : journal of the
W V P A 1988;17:411-425.
Islam M, Jones R, Kelly D, Al-Afaleq A. Studies on the devlopment of autoantibodies
in chickens following experimental reovirus infection. Avian Pathol 1990;19:409-416.
Jindal N, Chander Y, Patnayak DP, Mor SK, Ziegler AF, Goyal SM. A multiplex RTPCR for the detection of astrovirus, rotavirus, and reovirus in turkeys. Avian Dis
2012;56:592-596.
Ji WT, Wang L, Lin RC, Huang WR, Liu HJ. Avian reovirus influences
phosphorylation of several factors involved in host protein translation including
eukaryotic translation elongation factor 2 (eEF2) in Vero cells. Biochem Biophys Res
Commun 2009;384:301-305.
Johnson DC. Diagnosis, Pathology, and Etiology of Tenosynovitis in Broilers and
Broiler Breeders. Avian Diseases 1972;16:1067-1072.
Johnson DC, van der Heide. Incidence of Tenosynovitis in Maine Broilers. Avian
Diseases 1971;15:829-834.
Joklik, W.K., 1983. The Reoviridae. New York : Plenum Press, c1983.
Jones RC. Reoviruses from chickens with hydropericardium. Vet Rec 1976;99:458-458.
Jones RC, El-Taher A. Reisolation of avian arthrotropic reovirus R2 from chicks
infected as embryos. Avian Pathol 1985;14:377-382.

81

Jones RC, Georgiou K. Reovirus-induced tenosynovitis in chickens the influence of age
at infection. Avian Pathol 1984;13:441-457.
Jones RC, Guneratne JR, Georgiou K. Isolation of viruses from outbreaks of suspected
tenosynovitis (viral arthritis) in chickens. Res Vet Sci 1981;31:100-103.
Jones RC, Guneratne JRM. The pathogenicity of some avian reoviruses with particular
reference to tenosynovitis. Avian Pathol 1984;13:173-189.
Jones RC, Islam MR, Savage CE, Al-Afaleq A. Early pathogenesis in chicks of
infection with a trypsin-sensitive avian reovirus. Avian Pathol 1994;23:683-692.
Jones RC, Jordan FTW, Lioupis S. Characteristics of reovirus isolated from ruptured
gastrocnemius tendons of chickens. Vet Rec 1975;96:153-154.
Jones RC, Kelly DF, Islam MR. Early pathogenesis of experimental reovirus infection
in chickens. Avian pathology 1989;18:239-253.
Jones RC, Kibenge FSB. Reovirus-induced tenosynovitis in chickens: the effect of
breed. Avian Pathol 1984;13:511-528.
Jones R, Al-Afaleq I. Different sensitivities of Vero cells from two sources to avian
reoviruses. Res Vet Sci 1990;48:379-380.
Jones R, Georgiou K. The temporal distribution of an arthrotropic reovirus in the leg of
the chicken after oral infection. Avian Pathol 1985;14:75-85.
Jones R, Onunkwo O. Studies on experimental tenosynovitis in light hybrid chickens.
Avian Pathol 1978;7:171-181.
Karesh WB, Uhart MM, Frere E, Gandini P, Braselton WE, Puche H, Cook RA. Health
evaluation of free-ranging rockhopper penguins (Eudyptes chrysocomes) in Argentina. J
Zoo Wildl Med 1999;30:25-31.
Kasanga CJ, Yamaguchi T, Wambura PN, Munang'andu H,M., Ohya K, Fukushi H.
Detection of infectious bursal disease virus (IBDV) genome in free-living pigeon and
guinea fowl in Africa suggests involvement of wild birds in the epidemiology of IBDV.
Virus Genes 2008;36:521-529.
Kauffman RS, Wolf JL, Finberg R, Trier JS, Fields BN. The sigma 1 protein determines
the extent of spread of reovirus from the gastrointestinal tract of mice. Virology
1983;124:403-410.
Kawamura H, Tsubahara H. Common antigenicity of avian reoviruses. Natl Inst Anim
Health Q (Tokyo) 1966;6:187-193.

82

Ke G, Cheng H, Ke L, Ji W, Chulu J, Liao M, Chang T, Liu H. Development of a
quantitative Light Cycler real-time RT-PCR for detection of avian reovirus. J Virol
Methods 2006;133:6-13.
Kerr KM, Olson NO. Pathology of Chickens Experimentally Inoculated or ContactInfected with an Arthritis-Producing Virus. Avian Diseases 1969;13:729-745.
Kerr KM, Olson NO. Control of Infectious Synovitis. The Effect of Age of Chickens on
the Susceptibility to Three Agents. Avian Diseases 1964;8:256-263.
Kibenge FSB, Chapman AF, Savage CE, Gwaze GE, Jones RC. Experimental reovirus
infection in chickens: observations on early viraemia and virus distribution in bone
marrow, liver and enteric tissues. Avian Pathol 1985;14:87-98.
Kibenge FSB, Dhillon AS. A Comparison of the Pathogenicity of Four Avian
Reoviruses in Chickens. Avian Diseases 1987;31:39-42.
Kibenge FSB, Pass DA, Wilcox GE, Robertson MD. Bacterial and viral agents
associated with tenosynovitis in broiler breeders in western Australia. Avian Pathol
1982a;11:351-359.
Kibenge FSB, Robertson MD, Wilcox GE. Staphylococcus aureus isolated from poultry
in Australia II. Epidemiology of strains associated with tenosynovitis. Vet Microbiol
1982b;7:485-491.
Kibenge FSB, Wilcox GE. Tenosynovitis in chickens. Veterinary Bulletin 1983;53:431444.
Kibenge MJT, Iwamoto T, Wang Y, Morton A, Godoy MG, Kibenge FSB (2013)
Whole-genome analysis of piscine reovirus (PRV) shows PRV represents a new genus
in family Reoviridae and its genome segment S1 sequences group it into two separate
sub-genotypes. Virology journal 2013 10. 230 doi:10.1186/1743-422X-10-230.
Kouwenhoven B, Davelaar FG, Walsum J. Infectious proventriculitis causing runting in
broilers. Avian Pathol 1978a;7:183-187.
Kouwenhoven B, Goren E, Vertommen M. Investigations into the role of reovirus in the
malabsorption syndrome. Avian pathology : journal of the W V P A 1988;17:879-892.
Kouwenhoven B, Vertommen M, Eck J. Runting and leg weakness in broilers;
Involvement of infectious factors. Veterinary Science Communications 1978b;2:253259.
Lawson B, Dastjerdi A, Shah S, Everest D, Núñez A, Pocknell A, Hicks D, Horton D,
Cunningham A, Irvine R. Mortality associated with avian reovirus infection in a freeliving magpie (Pica pica) in Great Britain. BMC Veterinary Research 2015;11:1-7.
83

Lee L, Shien J, Shieh H. Detection of avian reovirus RNA and comparison of a portion
of genome segment S3 by polymerase chain reaction and restriction enzyme fragment
length polymorphism. Res Vet Sci 1998;65:11-15.
Lee LF, Nazerian K, Burmester BR. Characterization of Avian Reovirus 24. Avian
Diseases 1973;559.
Li L, Giambrone J, Panangala V, Hoerr F. Production and Characterization of
Monoclonal Antibodies against Avian Reovirus Strain S1133. Avian Diseases
1996;40:349-357.
Lin PY, Hung-Jen L, Meng-Jiun L, Feng-Ling Y, Hsue-Yin H, Jeng-Woei L, Wen-Ling
S. Avian reovirus activates a novel proapoptotic signal by linking Src to p53. Apoptosis
2006;11:2179-2193.
Lin Y, Shen J, Lee L. A monoclonal antibody-based competitive enzyme-linked
immunosorbent assay for detecting antibody production against avian reovirus protein
σA. J Virol Methods 2006;136:71-77.
Liu HJ, Chen JH, Liao MH, Lin MY, Chang GN. Identification of the sigma C-encoded
gene of avian reovirus by nested PCR and restriction endonuclease analysis. J Virol
Methods 1999a;81:83-90.
Liu HJ, Ping-Yuan Lin, Jeng-Woei Lee, Hsue-Yin Hsu, Wen-Ling Shih. Retardation of
cell growth by avian reovirus p17 through the activation of p53 pathway. Biochem
Biophys Res Commun 2005;336:709-715.
Liu H, Giambrone J. In situ Detection of Reovirus in Formalin-Fixed, ParaffinEmbedded Chicken Tissues Using a Digoxigenin-Labeled cDNA Probe. Avian Diseases
1997;41:447-451.
Liu H, Giambrone J, Wu Y, Liao M, Lu C. The use of monoclonal antibody probes for
the detection of avian reovirus antigens. J Virol Methods 2000;86:115-119.
Liu H, Lee L, Shih W, Li Y, Su H. Rapid characterization of avian reoviruses using
phylogenetic analysis, reverse transcription-polymerase chain reaction and restriction
enzyme fragment length polymorphism. Avian Pathol 2004;33:171-180.
Liu H, Liao M, Chang C, Chen J, Lin M, Tung M. Comparison of two molecular
techniques for the detection of avian reoviruses in formalin-fixed, paraffin-embedded
chicken tissues. J Virol Methods 1999b;80:197-201.
Liu HJ, Kuo LC, Yu CH, Liao MH, Lien YY. Development of an ELISA for detection
of antibodies to avian reovirus in chickens. J Virol Methods 2002;102:129-138.

84

Liu HJ, Lee LH, Hsu HW, Kuo LC, Liao MH. Molecular evolution of avian reovirus:.
evidence for genetic diversity and reassortment of the S-class genome segments and
multiple cocirculating lineages. Virology 2003;314:336-349.
Liu Q, Zhang G, Huang Y, Ren G, Chen L, Gao J, Zhang D, Han B, Su W, Zhao J, Hu
X, Su J. Isolation and characterization of a reovirus causing spleen necrosis in Pekin
ducklings. Vet Microbiol 2011;148:200-206.
Lozano LF, Hammami S, Castro AE, Osburn BI. Interspecies polymorphism of doublestranded RNA extracted from reoviruses of turkeys and chickens. J Vet Diagn Invest
1992;4:74-77.
Lu S, Wang K, Liu H, Chang C, Huang H, Chang C. Expression of avian reovirus
minor capsid protein in plants. J Virol Methods 2011;173:287-293.
Lublin A, Goldenberg D, Rosenbluth E, Dan Heller E, Pitcovski J. Wide-range
protection against avian reovirus conferred by vaccination with representatives of four
defined genotypes. Vaccine 2011;29:8683-8688.
MacDonald JW, Randall CJ, Dagless MD, McMartin DA. Observations on viral
tenosynovitis (viral arthritis) in Scotland. Avian Pathol 1978;7:471-482.
MacKenzie MA, Bains BS. Tenosynovitis in chickens. Aust Vet J 1977;53:196-196.
MacKenzie MA, Bains BS. Tenosynovitis in Chickens. Aust Vet J 1976;52:468-470.
Magee DL, Montgomery RD, Maslin WR, Wu CC, Jack SW. Reovirus associated with
excessive mortality in young bobwhite quail. Avian Dis 1993;37:1130-1135.
Malkinson M, Weisman Y, Perk K. Reovirus infection of young Muscovy ducks
(Cairina moschata). Avian Pathol 1981;10:433-440.
Mandelli G, Rampin T, Finazzi M. Experimental reovirus hepatitis in newborn chicks.
Vet Pathol 1978;15:531-543.
Martínez-Costas J, González-López C, Vakharia VN, Benavente J. Possible
involvement of the double-stranded RNA-binding core protein sigmaA in the resistance
of avian reovirus to interferon. J Virol 2000;74:1124-1131.
Martínez-Costas J, Grande A, Varela R, García-Martínez C, Benavente J. Protein
architecture of avian reovirus S1133 and identification of the cell attachment protein. J
Virol 1997;71:59-64.
Martinez-Costas J, Varela R, Benavente J. Endogenous Enzymatic Activities of the
Avian Reovirus S1133: Identification of the Viral Capping Enzyme. Virology
1995;206:1017-1026.
85

Mast J, Berg T, Letellier C, Kerkhofs P, Zeller H, Meulemans G. Electron microscopic
demonstration of a reovirus-like agent in carrion crows (Corvus corone) associated with
clinical symptoms similar to West Nile virus infection. Vlaams Diergeneeskd Tijdschr
2006;75:235-238.
McDonald S, Tao Y, Patton J. The ins and outs of four-tunneled Reoviridae RNAdependent RNA polymerases. Curr Opin Struct Biol 2009;19:775-782.
McFerran JB, Connor TJ, McCracken RM. Isolation of Adenoviruses and Reoviruses
from Avian Species Other Than Domestic Fowl. Avian Diseases 1976;20:519-524.
McFerran JB, Gordon WAM, Taylor SM, McParland PJ. Isolation of viruses from 94
flocks of fowls with respiratory disease. Res Vet Sci 1971;12:565-569.
McNeilly F, Smyth JA, Adair BM, McNulty MS. Synergism between Chicken Anemia
Virus (CAV) and Avian Reovirus Following Dual Infection of 1-Day-Old Chicks by a
Natural Route. Avian Diseases 1995;39:532-537.
McNulty M, McFerran J, McCracken R, Allan G, Connor T. An entero-like virus
associated with the runting syndrome in broiler chickens. Avian Pathol 1984;13:429439.
Meanger J, Robertson M, Wilcox G, Wickramasinghe R, Enriquez C. Type-specific
antigenicity of avian reoviruses. Avian Pathol 1995;24:121-134.
Meanger J, Wickramasinghe R, Enriquez CE, Wilcox GE. Immune response to avian
reovirus in chickens and protection against experimental infection. Aust Vet J
1997;75:428-432.
Menendez NA, Calnek BW, Cowen BS. Experimental Egg-Transmission of Avian
Reovirus. Avian Diseases 1975a;19:104-111.
Menendez NA, Calnek BW, Cowen BS. Localization of Avian Reovirus (FDO Isolant)
in Tissues of Mature Chickens. Avian Diseases 1975b;19:112-117.
Meteyer C, Docherty D, Ip H, Ramsey N, Saito E, Oaks L: Reovirus-associated
necrotizing enteritis in American crows. 2009 Available at
[http://www.nwhc.usgs.gov/outreach/wda_2009_conf_abstracts.jsp]
Meulemans G, Dekegel D, Charlier G, Froyman R, Tilburg J, Halen P. Isolation of
orthoreoviruses from psittacine birds. J Comp Pathol 1983;93:127-134.
Meulemans G, Halen P. Efficacy of some disinfectants against infectious bursal disease
virus and avian reovirus. Vet Rec 1982;111:412-413.

86

Mills JN, Wilcox GE. Replication of four antigenic types of avian reovirus in
subpopulations of chicken leukocytes. Avian pathology : journal of the W V P A
1993;22:353-361.
Montgomery RD, Villegas P, Dawe DL, Brown J. A Comparison between the Effect of
an Avian Reovirus and Infectious Bursal Disease Virus on Selected Aspects of the
Immune System of the Chicken. Avian Diseases 1986a;30:298-308.
Montgomery RD, Villegas P, Dawe DL, Brown J. Effect of Avian Reoviruses on
Lymphoid Organ Weights and Antibody Response in Chickens. Avian Diseases
1985;29:552-560.
Montgomery RD, Villegas P, Kleven SH. Role of Route of Exposure, Age, Sex, and
Type of Chicken on the Pathogenicity of Avian Reovirus Strain 81-176. Avian Diseases
1986b;30:460-467.
Mor S, Armién A, Reed L, Schott R, Goyal S. Detection and molecular characterization
of a reovirus in black-capped chickadees (Poecile atricapillus) from Minnesota, USA. J
Wildl Dis 2014;50:928-932.
Mor S, Sharafeldin T, Porter R, Ziegler A, Patnayak D, Goyal S. Isolation and
characterization of a turkey arthritis reovirus. Avian Dis 2013;57:97-103.
Moradian A, Thorsen J, Julian R. Single and Combined Infections of SpecificPathogen-Free Chickens with Infectious Bursal Disease Virus and an Intestinal Isolate
of Reovirus. Avian Diseases 1990;34:63-72.
Moscovici C, Moscovici MG, Jimenez H, Lai MM, Hayman MJ, Vogt PK. Continuous
tissue culture cell lines derived from chemically induced tumors of Japanese quail. Cell
1977;11:95-103.
Mukiibi-Muka G, Jones RC. Local and systemic IgA and IgG responses of chicks to
avian reoviruses: effects of age of chick, route of infection and virus strain. Avian
Pathol 1999;28:54-60.
Murphy, F.A., Gibbs, E.P.J., Horzinek, M.C., Studdert, M.J., 1999. Reoviridae, in:
Anonymous Veterinary Virology, 3rd ed. Academic Press, San Diego, CA, USA, pp.
391-404.
Mustaffa-Babjee A, Spradbrow PB. The isolation of an avian reovirus. Aust Vet J
1971;47:284-284.
Mustaffa-Babjee A, P.B. Spradbrow, A.R. Omar. Characterization of an avian reovirus
isolated in Queensland. J Comp Pathol 1973;83:387-400.

87

Neelima S, Ram GC, Kataria JM, Goswami TK. Avian reovirus induces an inhibitory
effect on lymphoproliferation in chickens. Vet Res Commun 2003;27:73-85.
Nersessian BN, Goodwin MA, Kleven SH, Pesti D. Studies on Orthoreoviruses Isolated
from Young Turkeys. I. Isolation and Characterization. Avian Diseases 1985a;29:755767.
Nersessian BN, Goodwin MA, Page RK, Kleven SH, Brown J. Studies on
Orthoreoviruses Isolated from Young Turkeys. III. Pathogenic Effects in Chicken
Embryos, Chicks, Poults, and Suckling Mice. Avian Diseases 1986;30:585-592.
Nersessian BN, Goodwin MA, Page RK, Kleven SH. Studies on Orthoreoviruses
Isolated from Young Turkeys. II. Virus Distribution in Organs and Serological
Response of Poults Inoculated Orally. Avian Diseases 1985b;29:963-969.
Ni Y, Kemp M. A Comparative Study of Avian Reovirus Pathogenicity: Virus Spread
and Replication and Induction of Lesions. Avian Diseases 1995;39:554-566.
Nibert ML, Schiff LA. Reoviruses and their replication. Fundamental virology,
Philadelphia: Lippincott-Raven Press 2001;4th Edition:793-842.
Nwajei B, Jones R, Al-Afaleq A. Comparison of chick embryo liver and vero cell
cultures for the isolation and growth of avian reoviruses. Avian pathology : journal of
the W V P A 1988;17:759-766.
Ogasawara Y, Ueda H, Kikuchi N, Kirisawa R. Isolation and genomic characterization
of a novel orthoreovirus from a brown-eared bulbul (Hypsipetes amaurotis) in Japan. J
Gen Virol 2015;96:1777-1786.
O'Hara D, Patrick M, Cepica D, Coombs KM, Duncan R. Avian reovirus major muclass outer capsid protein influences efficiency of productive macrophage infection in a
virus strain-specific manner. J Virol 2001;75:5027-5035.
Olson NO. Viral arthritis can be costly. Poultry Digest 1973;32:69-70.
Olson NO. Transmissible synovitis of poultry. Lab Invest 1959;8:1384-1393.
Olson NO, Kerr KM. The Duration and Distribution of Synovitis-Producing Agents in
Chickens. Avian Diseases 1967;11:578-585.
Olson NO, Kerr KM. Some Characteristics of an Avian Arthritis Viral Agent. Avian
Diseases 1966;10:470-476.
Olson NO, Khan MA. The Effect of Intranasal Exposure of Chickens to the FaheyCrawley Virus on the Development of Synovial Lesions. Avian Diseases 1972;16:10731078.
88

Olson NO, Sahu SP. Avian viral arthritis: antigenic types and immune response. Am J
Vet Res 1975;36:545-547.
Olson NO, Solomon DP. A Natural Outbreak of Synovitis Caused by the Viral Arthritis
Agent. Avian Diseases 1968;12:311-316.
Olson NO, Weiss R. Similarity between arthritis virus and Fahey-Crawley virus. Avian
Dis 1972;16:535-540.
Page RK. Pale bird syndrome: still much confusion. Poultry Digest 1983;42:318-322.
Page RK, Fletcher, O. J., Villegas P. Infectious Tenosynovitis in Young Turkeys. Avian
Diseases 1982a;26:924-927.
Page RK, Fletcher OJ, Rowland GN, Gaudry D, Villegas P. Malabsorption Syndrome in
Broiler Chickens. Avian Diseases 1982b;26:618-624.
Pai WC, Lee LH, Liu HJ, Shien JH. Characterization of monoclonal antibodies against
avian reovirus S1133 protein sigmaA synthesized in Escherichia coli. Vet Microbiol
2003;91:309-323.
Palacios G, Lovoll M, Tengs T, Hornig M, Hutchison S, Hui J, Kongtorp R, Savji N,
Bussetti AV, Solovyov A, Kristoffersen AB, Celone C, Street C, Trifonov V,
Hirschberg DL, Rabadan R, Egholm M, Rimstad E, Lipkin WI. Heart and skeletal
muscle inflammation of farmed salmon is associated with infection with a novel
reovirus. PLoS One 2010;5:e11487-e11487.
Palya V, Glávits R, Dobos-Kovács M, Ivanics E, Nagy E, Bányai K, Reuter G, Szucs G,
Dán A, Benko M. Reovirus identified as cause of disease in young geese. Avian Pathol
2003;32:129-138.
Pantin-Jackwood M, Day JM, Jackwood MW, Spackman E. Enteric Viruses Detected
by Molecular Methods in Commercial Chicken and Turkey Flocks in the United States
between 2005 and 2006. Avian Diseases 2008;52:235-244.
Pantin-Jackwood MJ, Spackman E, Day JM. Pathology and Virus Tissue Distribution of
Turkey Origin Reoviruses in Experimentally Infected Turkey Poults. Vet Pathol
2007;44:185-195.
Pass DA, Robertson MD, Wilcox GE. Runting syndrome in broiler chickens in
Australia. Vet Rec 1982;110:386-387.
Pennycott T. Mortality in budgerigars in Scotland: pathological findings. Vet Rec
2004;154:538-539.

89

Pertile TL, Sharma JM, Walser MM. Reovirus infection in chickens primes splenic
adherent macrophages to produce nitric oxide in response to T cell-produced factors.
Cell Immunol 1995;164:207-216.
Petek M, Felluga B, Borghi G, Baroni A. The Crawley agent: an avian reovirus. Arch
Gesamte Virusforsch 1967;21:413-424.
Quinn, P.J., Markey, B.K., 2003. Reoviridae, in: Quinn, P.J., Markey, B.K. (Eds.),
Concise Review of Veterinary Microbiology. Blackwell, Ames, Iowa, pp. 116-117.
Rau WE, van dH, Kalbac M, Girshick T. Onset of Progeny Immunity against Viral
Arthritis/Tenosynovitis after Experimental Vaccination of Parent Breeder Chickens and
Cross-Immunity against Six Reovirus Isolates. Avian Diseases 1980;24:648-657.
Reck C, Menin A, Canever MF, Miletti LC. Rapid Detection of Mycoplasma synoviae
and Avian Reovirus in Clinical Samples of Poultry Using Multiplex PCR. Avian
Diseases 2013;57(2):220-224.
Reece RL, Frazier JA. Infectious stunting syndrome of chickens in Great Britain: field
and experimental studies. Avian Pathol 1990;19:723-758.
Reece RL, Hooper PT, Tate SH, Beddome VD, Forsyth WM, Scott PC, Barr DA. Field,
clinical and pathological observations of a runting and stunting syndrome in broilers.
Vet Rec 1984;115:483-485.
Rekik MR, Silim A, Elazhary MASY. Characteristics and analysis of electropherotypes
of avian reovirus field isolates. Vet Microbiol 1990;23:273-281.
Rekik M, Silim A, Bernier G. Serological and pathogenic characterization of avian
reoviruses isolated in Quebec. Avian Pathol 1991;20:607-617.
Rhyan JC, Spraker TR. Emergence of Diseases From Wildlife Reservoirs. Vet Pathol
2010;47:34-39.
Rigby CE, Pettit JR, Papp-Vid G, Spencer JL, Willis NG. The isolation of salmonellae,
Newcastle disease virus and other infectious agents from quarantined imported birds in
Canada. Can J Comp Med 1981;45:366-370.
Rinehart CL, Rosenberger JK. Effects of avian reoviruses on the immune responses of
chickens. Poult Sci 1983;62:1488-1489.
Ritter GD, Ley DH, Levy M, Guy J, Barnes HJ. Intestinal Cryptosporidiosis and
Reovirus Isolation from Bobwhite Quail (Colinus virginianus) with Enteritis. Avian
Diseases 1986;30:603-608.

90

Robertson MD, Wilcox GE. Serological characteristics of avian reoviruses of Australian
origin. Avian Pathol 1984;13:585-594.
Robertson MD, Wilcox GE, Kibenge FSB. Prevalence of reoviruses in commercial
chickens. Aust Vet J 1984;61:319-322.
Robertson M, Wilcox G. Avian reovirus. Veterinary Bulletin 1986;56:155-174.
Roessler DE. Studies on the pathogenicity and persistence of avian reovirus pathotypes
in relation to age resistance and immunosuppression. Dissertation Abstracts
International, B 1987;47:4713-4713.
Roessler D, Rosenberger J. In vitro and in vivo Characterization of Avian Reoviruses.
III. Host Factors Affecting Virulence and Persistence. Avian Diseases 1989;33:555-565.
Rosenberger JK, Fries PA, Cloud SS, Wilson RA. In vitro and in vivo characterization
of avian Escherichia coli. II. Factors associated with pathogenicity. Avian Dis
1985;29:1094-1107.
Rosenberger JK, Olson NO. 1997 Viral arthritis. In Diseases of poultry, 10th edition,
Edited by Calnek BK, Barnes HJ, Beard CW, McDougald LR, Saif YM. Iowa state
university press, Ames, pp 711-719.
Rosenberger JK, Sterner FJ, Botts S, Lee KP, Margolin A. In vitro and in vivo
Characterization of Avian Reoviruses. I. Pathogenicity and Antigenic Relatedness of
Several Avian Reovirus Isolates. Avian Diseases 1989;33:535-544.
Ruff MD. Nutrient Absorption and Changes in Blood Plasma of Stunted Broilers. Avian
Diseases 1982;26:852-859.
Ruff MD, Rosenberger JK. Concurrent Infections with Reoviruses and Coccidia in
Broilers. Avian Diseases 1985a;29:465-478.
Ruff MD, Rosenberger JK. Interaction of low-pathogenicity reoviruses and low levels
of infection with several coccidial species. Avian Dis 1985b;29:1057-1065.
Sahu SP, Olson NO. Comparison of the characteristics of avian reoviruses isolated from
the digestive and respiratory tract, with viruses isolated from the synovia. Am J Vet Res
1975;36:847-850.
Sahu SP, Olson NO, Townsend RW. Characterization of Avian Reoviruses Isolated
from the Synovia and Breast Blister. Avian Diseases 1979;24:896-903.
Saif LJ, Theil KW, Saif YM. Enteric viruses in diarrheic turkey poults. Avian Dis
1985;29:798-811.

91

Sakai K, Ueno Y, Ueda S, Yada K, Fukushi S, Saijo M, Kurane I, Mutoh K, Yoshioka
K, Nakamura M, Takehara K, Morikawa S, Mizutani T. Novel reovirus isolation from
an Ostrich (Struthio camelus) in Japan. Vet Microbiol 2009;134:227-232.
Salsman J, Top D, Boutilier J, Duncan R. Extensive syncytium formation mediated by
the reovirus FAST proteins triggers apoptosis-induced membrane instability. J Virol
2005;79:8090-8100.
Sánchez-Cordón PJ, Hervás J, de Lara FC, Jahn J, Salguero FJ, Gómez-Villamandos
JC. Reovirus Infection in Psittacine Birds (Psittacus erithacus): Morphologic and
Immunohistochemical Study. Avian Diseases 2002;46:485-492.
Savage C, Jones R. The survival of avian reoviruses on materials associated with the
poultry house environment. Avian Pathol 2003;32:419-425.
Schnitzer TJ, Gouvea V, Ramos T. Avian reovirus polypeptides: analysis of
intracellular virus-specified products, virions, top component, and cores. J Virol
1982;43:1006-1014.
Schwartz LD, Gentry RF, Rothenbacher H, van dH. Infectious Tenosynovitis in
Commercial White Leghorn Chickens. Avian Diseases 1976;20:769-773.
Sekiguchi K, Koide F, Kawamura H. Physico-chemical properties of avian reovirus and
its nucleic acid. Arch Gesamte Virusforsch 1968;24:123-136.
Senne DA, Pearson JE, Miller LD, Gustafson GA. Virus Isolations from Pet Birds
Submitted for Importation into the United States. Avian Dis 1983;27:731-744.
Shapouri M, Arella M, Silim A. Evidence of the multimeric nature and cell binding
ability of avian reovirus σ3 protein. J Gen Virol 1996;77:1203-1210.
Shapouri MRS, Arella M, Silim A, Frenette D, Larochelle R. Characterization of
monoclonal antibodies against avian reovirus strain S1133. Avian Pathol 1996;25:5767.
Sharafeldin TA, Mor SK, Bekele AZ, Verma H, Goyal SM, Porter RE. The role of
avian reoviruses in turkey tenosynovitis/arthritis. Avian Pathol 2014;43:371-378.
Sharma JM, Karaca K, Pertile T. Virus-induced immunosuppression in chickens. Poult
Sci 1994;73:1082-1086.
Shen PC, Chiou YF, Liu HJ, Song CH, Su YP, Lee LH. Genetic variation of the
lambdaA and lambdaC protein encoding genes of avian reoviruses. Res Vet Sci
2007;83:394-402.

92

Shien J, Yin H, Lee L. An enzyme-linked immunosorbent assay for the detection of
antibody to avian reovirus by using protein sigmaB as the coating antigen. Res Vet Sci
2000;69:107-112.
Shih WL, Lee LH, Liu HJ, Hsu HW, Liao MH. Avian reovirus sigmaC protein induces
apoptosis in cultured cells. Virology 2004;321:65-74.
Shivaprasad HL, Franca M, Woolcock PR, Nordhausen R, Day JM, Pantin-Jackwood
M. Myocarditis Associated with Reovirus in Turkey Poults. Avian Diseases
2009;53:523-532.
Shmulevitz M, Duncan R. A new class of fusion-associated small transmembrane
(FAST) proteins encoded by the non-enveloped fusogenic reoviruses. EMBO J
2000;19:902-912.
Shmulevitz M, Yameen Z, Dawe S, Shou J, O Hara,D., Holmes I, Duncan R. Sequential
Partially Overlapping Gene Arrangement in the Tricistronic S1 Genome Segments of
Avian Reovirus and Nelson Bay Reovirus: Implications for Translation Initiation. J
Virol 2002;76:609-618.
Simmons DG, Colwell WM, Muse KE, Brewer CE. Isolation and Characterization of an
Enteric Reovirus Causing High Mortality in Turkey Poults. Avian Diseases
1972;16:1094-1102.
Simoni IC, Fernandes Maria JB, Custódio RM, Madeira Alda Maria BN, Arns CW.
Susceptibility of cell lines to avian viruses. Revista de Microbiologia 1999;30:373-376.
Slaght SS, Yang TJ, van der Heide, Fredrickson TN. An Enzyme-Linked
Immunosorbent Assay (ELISA) for Detecting Chicken Anti-Reovirus Antibody at High
Sensitivity. Avian Diseases 1978;22:802-805.
Smart IJ, Forsyth WM, Ewing I, Barr DA, Reece RL. Experimental reproduction of the
runting-stunting syndrome of broiler chickens. Avian pathology : journal of the W V P
A 1988;17:617-627.
Songserm T, Zekarias B, van Roozelaar DJ, Kok RS, Pol JMA, Pijpers A, ter Huurne
AAHM. Experimental Reproduction of Malabsorption Syndrome with Different
Combinations of Reovirus, Escherichia coli, and Treated Homogenates Obtained from
Broilers. Avian Dis 2002;46:87-94.
Songserm T, van Roozelaar D, Kant A, Pol J, Pijpers A, ter Huurne A.
Enteropathogenicity of Dutch and German avian reoviruses in SPF white leghorn
chickens and broilers. Vet Res 2003;34:285-295.

93

Soos C, Padilla L, Iglesias A, Gottdenker N, Bédon MC, Rios A, Parker PG.
Comparison of Pathogens in Broiler and Backyard Chickens on the Galápagos Islands:
Implications for Transmission to Wildlife. The Auk 2008;125:445-455.
Spackman E, Pantin-Jackwood M, Day JM, Sellers H. The pathogenesis of turkey
origin reoviruses in turkeys and chickens. Avian Pathol 2005a;34:291-296.
Spackman E, Kapczynski D, Sellers H. Multiplex Real-Time Reverse TranscriptionPolymerase Chain Reaction for the Detection of Three Viruses Associated with Poult
Enteritis Complex: Turkey Astrovirus, Turkey Coronavirus, and Turkey Reovirus.
Avian Diseases 2005b;49:86-91.
Spandidos DA, Graham AF. Physical and chemical characterization of an avian
reovirus. J Virol 1976;19:968-976.
Spenser EL. Common infectious diseases of psittacine birds seen in practice. Vet Clin
North Am Small Anim Pract 1991;21:1213-1230.
Spradbrow PB, Bains BS. Reoviruses from chickens with hydropericardium. Aust Vet J
1974;50:179-179.
Springer WT, Olson NO, Kerr KM, Fabacher CJ. Responses of Specific-Pathogen-Free
Chicks to Concomitant Infections of Reovirus (WVU-2937) and Infectious Bursal
Disease Virus. Avian Diseases 1983;27:911-917.
Steinhauer D, Holland J. Rapid Evolution of RNA Viruses. Annu Rev Microbiol
1987;41:409-433.
Sterner F, Rosenberger J, Margolin A, Ruff M. In vitro and in vivo Characterization of
Avian Reoviruses. II. Clinical Evaluation of Chickens Infected with Two Avian
Reovirus Pathotypes. Avian Diseases 1989;33:545-554.
Stone W. Reovirus blamed for crow die-offs. Release – the quarterly newsletter of the
New York state wildlife rehabilitation council, Inc. 2008;27(4):7. Available at
http://nyswrc.org/wp-content/uploads/2015/09/2008winter.pdf
Stott, J.L., 1999. Reoviridae, in: Hirsh, D.C., Zee, Y.C. (Eds.), Veterinary
Microbiology. Blackwell Science, Malden, MA, pp. 430-438.
Subramanyam P, Pomeroy BS. Studies on the Fahey-Crawley Virus. Avian Diseases
1960;4:165-175.
Swanson GJ, Meyers J, Huang DD. Restricted growth of avirulent avian reovirus strain
2177 in macrophage derived HD11 cells. Virus Res 2001;81:103-111.

94

Swayne, D., Glisson, J.,MW, Pearson, J., Reed, W., 1998. A Laboratory Manual for the
Isolation and Identification of Avian Pathogens, 4th Edition ed. The American
Association of Avian Pathologists, Florida.
Takano T, Nawata A, Sakai T, Matsuyama T, Ito T, Kurita J, et al. (2016) Full-Genome
Sequencing and Confirmation of the Causative Agent of Erythrocytic Inclusion Body
Syndrome in Coho Salmon Identifies a New Type of Piscine Orthoreovirus. PLoS ONE
11(10): e0165424. doi:10.1371/journal.pone.0165424
Takase K, Nishikawa H, Katsuki N, Yamada S. Pathogenicity of avian reoviruses
isolated from tendons and tendon sheaths of chickens with leg weakness. Nihon Juigaku
Zasshi 1984a;46:467-473.
Takase K, Nishikawa H, Nonaka F, Yamada S. Isolation of avian reoviruses from
tendons and tendon sheaths of chickens with leg weakness and some characteristics of
the isolates. Journal of Japan Veterinary Medical Association 1984b;37:374-377.
Takase K, Nonaka F, Yamamoto M, Yamada S. Serologic and Pathogenetic Studies on
Avian Reoviruses Isolated in Japan. Avian Diseases 1987;31:464-469.
Takehara K, Kawai C, Seki A, Hashimoto N, Yoshimura M. Identification and
characterization of an avian reovirus isolated from black-tailed gull (Larus
crassirostris). Kitasato Arch Exp Med 1989;62:187-198.
Tang KN, Fletcher OJ, Villegas P. Comparative Study of the Pathogenicity of Avian
Reoviruses. Avian Diseases 1987a;31:577-583.
Tang KN, Fletcher OJ, Villegas P. The Effect on Newborn Chicks of Oral Inoculation
of Reovirus Isolated from Chickens with Tenosynovitis. Avian Diseases 1987b;31:584590.
Tang K, Fletcher O. Application of the Avidin-Biotin-Peroxidase Complex (ABC)
Technique for Detecting Avian Reovirus in Chickens. Avian Diseases 1987;31:591596.
Tang Y, Lin L, Knoll E, Dunn P, Wallner-Pendleton E, Lu H. The σC Gene
Characterization of Seven Turkey Arthritis Reovirus Field Isolates in Pennsylvania
during 2011-2014. J Veter Sci Med 2015;3:1-7.
Tanyi J, Glavits R, Salyi G, Rudas P, Kosa E, Szabo J. Pancreatitis caused by reovirus
in guinea-fowl. Avian Pathol 1994;23:61-77.
Thornton DH, Wood GW. Parental immunity induced by an oil adjuvant vaccine
against viral arthritis. Dev Biol Stand 1982;51:273-275.

95

Toivanen, A., 1987. Avian Immunology Basis and Practice, second edition ed. CRC
Press, Boca Raton, Florida.
Tourı́s-Otero F, Cortez-San M, Martı́nez-Costas J, Benavente J. Avian Reovirus
Morphogenesis Occurs Within Viral Factories and Begins with the Selective
Recruitment of σNS and λA to μNS Inclusions. J Mol Biol 2004;341:361-374.
Touris-Otero F, Martínez-Costas J, Vakharia VN, Benavente J. Avian reovirus
nonstructural protein µNS forms viroplasm-like inclusions and recruits protein σNS to
these structures. Virology 2004;319:94-106.
Touris-Otero F, Martinez-Costas J, Vakharia VN, Benavente J. Characterization of the
nucleic acid-binding activity of the avian reovirus non-structural protein sigma NS. J
Gen Virol 2005;86:1159-1169.
Tyler KL, Field BN. 1990 Reoviruses. In Virology, 2nd edition, Edited by Fields BN,
Knife DM. Raven press Ltd, New Yolk. pp 1307-1328.
Van de Zande S, Kuhn E. Central nervous system signs in chickens caused by a new
avian reovirus strain: A pathogenesis study. Vet Microbiol 2007;120:42-49.
van den Brand J,M.A., Manvell R, Paul G, Kik MJL, Dorrestein GM. Reovirus
infections associated with high mortality in psittaciformes in The Netherlands. Avian
Pathol 2007;36:293-299.
van der Heide. The History of Avian Reovirus. Avian Diseases 2000;44:638-641.
van der Heide. Viral arthritis/tenosynovitis: a review. Avian Pathol 1977;6:271-284.
van der Heide L, Kalbac M, Brustolon M, Lawson M. Pathogenicity for Chickens of a
Reovirus Isolated from Turkeys. Avian Diseases 1980;24:989-997.
van der Heide, Geissler J, Bryant ES. Infectious Tenosynovitis: Serologic and
Histopathologic Response after Experimental Infection with a Connecticut Isolate.
Avian Diseases 1974;18:289-296.
van der Heide, Kalbac M. Infectious Tenosynovitis (Viral Arthritis): Characterization of
a Connecticut Viral Isolant as a Reovirus and Evidence of Viral Egg Transmission by
Reovirus-Infected Broiler Breeders. Avian Diseases 1975;19:683-688.
van der Heide, Kalbac M, Hall WC. Infectious Tenosynovitis (Viral Arthritis):
Influence of Maternal Antibodies on the Development of Tenosynovitis Lesions after
Experimental Infection by Day-Old Chickens with Tenosynovitis Virus. Avian Diseases
1976;20:641-648.

96

van der Heide, Kalbac M, Brustolon M. Development of an Attenuated Apathogenic
Reovirus Vaccine against Viral Arthritis/Tenosynovitis. Avian Diseases 1983;27:698706.
van der Heide, Lütticken D, Horzinek M. Isolation of Avian Reovirus as a Possible
Etiologic Agent of Osteoporosis ('Brittle Bone Disease'; 'Femoral Head Necrosis') in
Broiler Chickens. Avian Diseases 1981;25:847-856.
van Loon A,A.W.M., Kosman W, van Zuilekom H,I., van Riet S, Frenken M, Schijns
EJC. The contribution of humoral immunity to the control of avian reoviral infection in
chickens after vaccination with live reovirus vaccine (strain 2177) at an early age.
Avian Pathol 2003;32:15-23.
van Loon,A.A.W.M., Suurland B, van dM. A reovirus challenge model applicable in
commercial broilers after live vaccination. Avian Pathol 2002;31:13-21.
van Loon AAWM, Koopman HC, Kosman W, Mumczur J, Szeleszczuk O, Karpinska
E, Kosowska G, Lutticken D. Isolation of a new serotype of avian reovirus associated
with malabsorption syndrome in chickens. Vet Q 2001;23:129-133.
Varela R, Benavente J. Protein coding assignment of avian reovirus strain S1133. J
Virol 1994;68:6775-6777.
Varela R, Benavente J, Mallo M, Martinez-Costas J. Intracellular posttranslational
modifications of S1133 avian reovirus proteins. J Virol 1996;70:2974-2981.
Vasserman Y, Eliahoo D, Hemsani E, Kass N, Ayali G, Pokamunski S, Pitcovski J. The
Influence of Reovirus Sigma C Protein Diversity on Vaccination Efficiency. Avian
Diseases 2004;48:271-278.
Vertommen M, Kol N, Kouwenhoven B, Eck J. Infectious stunting and leg weakness in
broilers. I. Pathology and biochemical changes in blood plasma. Avian Pathol
1980;9:133-142.
Vindevogel H, Meulemans G, Pastoret PP, Schwers A, Calberg-Bacq C. Reovirus
infection in the pigeon. Ann Rech Vet 1982;13:149-152.
Walker E, Friedman M, Olson N. Electron microscopic study of an avian reovirus that
causes arthritis. J Ultrastruct Res 1972;41:67-79.
Walsum J. Contribution to the aetiology of synovitis in chickens, with special reference
to non-infective factors. III. Tijdschrift voor Diergeeskunde 1977;102:793-800.
Wan J, Wanga C, Wena X, Huang X, Ling S, Huang Y, Cao S. Immunogenicity of a
DNA vaccine of Avian Reovirus orally delivered by attenuated Salmonella
typhimurium. Res. Vet. Sci. 2010; doi:10.1016/j.rvsc.2010.09.007
97

Wickramasinghe R, Meanger J, Enriquez C, Wilcox G. Avian reovirus proteins
associated with neutralization of virus infectivity. Virology (New York) 1993;194:688696.
Wilcox GE, Lines AD, Robertson MD. Adaptation and characteristics of replication of
a strain of avian reoviurs in Vero cells. Avian Pathol 1985;14:321-328.
Wilson R, Holscher M, Hodges J, Thomas S. Necrotizing Hepatitis Associated with a
Reo-Like Virus Infection in a Parrot. Avian Diseases 1985;29:568-571.
Wood GW, Thornton DH. Experimental infection of broiler chickens with an avian
reovirus. J Comp Pathol 1981;91:69-76.
Wood G, Muskett J, Thornton D. Observations on the ability of avian reovirus
vaccination of hens to protect their progeny against the effects of challenge with
homologous and heterologous strains. J Comp Pathol 1986;96:125-129.
Wood G, Nicholas R, Hebert C, Thornton D. Serological comparisons of avian
reoviruses. J Comp Pathol 1980;90:29-38.
Wooley RE, Gratzek JB. Certain characteristics of viruses isolated from turkeys with
bluecomb. Am J Vet Res 1969;30:1027-1033.
Wozniakowski G, Niczyporuk JS, Samorek-Salamonowicz E, Gaweil A. The
development and evaluation of cross-priming amplification for the detection of avian
reovirus. J Appl Microbiol 2015;118:528-536.
Wu H, He Z, Tang J, Li X, Cao H, Wang Y, Zheng SJ. A critical role of LAMP-1 in
avian reovirus P10 degradation associated with inhibition of apoptosis and virus release.
Arch Virol 2016;161:899-911.
Wu H, Williams Y, Gunn KS, Singh NK, Locy RD, Giambrone JJ. Yeast-Derived
Sigma C Protein-Induced Immunity against Avian Reovirus. Avian Diseases
2005;49:281-284.
Wu HZ, Singh NK, Locy R, Scissum GK, Giambrone JJ. Comparison of avian reovirus
S1 genes. Journal of Animal and Veterinary Advances 2004;3:325-328.
Wu H, Scissum-Gunn K, Singh NK, Giambrone JJ. Toward the Development of a
Plant-Based Vaccine against Reovirus. Avian Diseases 2009;53:376-381.
Wu W, Shien J, Lee L, Shieh H. Analysis of the double-stranded RNA genome
segments among avian reovirus field isolates. J Virol Methods 1994;48:119-122.

98

Xie Z, Qin C, Xie L, Liu J, Pang Y, Deng X, Xie Z, Khan M. Recombinant proteinbased ELISA for detection and differentiation of antibodies against avian reovirus in
vaccinated and non-vaccinated chickens. J Virol Methods 2010;165:108-111.
Xie Z, Fadl AA, Girshick T, Khan MI. Amplification of Avian Reovirus RNA Using
the Reverse Transcriptase-Polymerase Chain Reaction. Avian Diseases 1997;41:654660.
Xie Z, Peng Y, Luo S, Wang Y, Liu J, Pang Y, Deng X, Xie Z, Xie L, Fan Q, Teng L,
Wang X. Development of a reverse transcription loop-mediated isothermal
amplification assay for visual detection of avian reovirus. Avian Pathol 2012;41:311316.
Xu W, Coombs KM. Avian reovirus L2 genome segment sequences and predicted
structure/function of the encoded RNA-dependent RNA polymerase protein. Virol J
2008;5:153-164.
Xu W, Coombs KM. Conserved structure/function of the orthoreovirus major core
proteins. Virus Res 2009;144:44-57.
Xu W, Patrick MK, Hazelton PR, Coombs KM. Avian reovirus temperature-sensitive
mutant tsA12 has a lesion in major core protein sigmaA and is defective in assembly. J
Virol 2004;78:11142-11151.
Yang Z, Wang CY, Lee LH, Chuang K, Lien Y, Yin HS, Tong D, Xu X, Liu HJ.
Development of ELISA kits for antibodies against avian reovirus using the σC and σB
proteins expressed in the methyltropic yeast Pichia pastoris. J Virol Methods
2010;163:169-174.
Yin H, Lee L. Development and characterization of a nucleic acid probe for avian
reoviruses. Avian Pathol 1998;27:423-426.
Yin HS, Lee LH. Identification and characterization of RNA-binding activities of avian
reovirus non-structural protein σNS. J Gen Virol 1998;79:1411-1413.
Yin HS, Shien JH, Lee LH. Synthesis in Escherichia coli of Avian Reovirus Core
Protein ςA and its dsRNA-Binding Activity. Virology 2000;266:33-41.
Yin HS, Su YP, Lee LH. Evidence of nucleotidyl phosphatase activity associated with
core protein sigma A of avian reovirus S1133. Virology 2002;293:379-385.
Yu K, Li Y, Han H, Song M, Ma X, Liu C, Huang B, Li F. Complete genome sequence
of an avian reovirus isolated from wild mallard ducks in China. Genome Announc.
2014;2(5):e00813-14. doi:10.1128/genomeA.00813-14.

99

Zhang X, Tang J, Walker SB, David O'Hara, Nibert ML, Duncan R, Baker TS.
Structure of avian orthoreovirus virion by electron cryomicroscopy and image
reconstruction. Virology 2005;343:25-35.
Zhang Y, Liu M, Shuidong O, Hu QL, Guo DC, Chen HY, Han Z. Detection and
identification of avian, duck, and goose reoviruses by RT-PCR: goose and duck
reoviruses are part of the same genogroup in the genus Orthoreovirus. Arch Virol
2006;151:1525-1538.
Zhang Y, Guo D, Liu M, Geng H, Hu Q, Liu Y, Liu N. Characterization of the sigmaBencoding genes of muscovy duck reovirus: sigmaC-sigmaB-ELISA for antibodies
against duck reovirus in ducks. Vet Microbiol 2007;121:231-241.

100

2. ISOLATION, IDENTIFICATION AND QUANTIFICATION OF AMERICAN
CROW ORTHOREOVIRUSES

2.1. Summary
Twenty-six suspect orthoreoviruses were isolated from 19 winter mortality
events affecting American crow (Corvus brachyrhynchos) in eastern Canada. Two
isolates were from the province of Prince Edward Island (PEI) and 24 isolates were
from Ontario. Fourteen isolates (2 from PEI and 12 from Ontario) produced syncytia
characteristic of reoviruses in QM5 cell line. In the VERO cell line, only 10 of the 12
Ontario isolates produced the characteristic syncytia, but the 2 PEI isolates consistently
produced cytopathic effects (CPE) in the VERO cell line as well. Fourteen suspect
orthoreovirus isolates exhibiting CPE were analyzed (2 from PEI and 12 from Ontario)
using avian orthoreovirus genome segment-specific primers for segments S2 and S4, in
a conventional one step RT-PCR assay. One virus isolate from Ontario had CPE
suggestive of avian orthoreoviruses but this was not confirmed by RT-PCR. This isolate
was later identified as a crow rotavirus. Therefore, it was confirmed that 14 of the 26
viruses isolated from the American crow winter mortality events in Eastern Canada
were from the family Reoviridae, 100 % of the PEI isolates (2/2) were avian
orthoreoviruses; 91.67% of the Ontario isolates (11/12) were avian orthoreoviruses; and
1/12 (8.33%) of the Ontario isolates was a rotavirus. The viruses were titrated on VERO
cell line. Both PEI isolates gave virus titres (105.0-5.25CCID50/50µl) comparable to titres
of the positive control avian orthoreoviruses (105.25-6.00CCID50/50µl). Ten Ontario
isolates that were CPE positive on VERO cells gave a range of titres (10 1.5-
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4.5

CCID50/50µl) which were lower compared to the positive controls and PEI isolates.

This is the first report of isolation and accurate identification of avian orthoreoviruses
from American crow mortality events in eastern Canada supporting the etiological role
of American crow orthoreoviruses in the annual winter crow mortality syndrome in
North America.

2.2. Introduction
Over the last decade, the U.S. National Wildlife Health Center has reported
isolation of several strains of avian orthoreovirus in various birds, especially as the
cause of mortality events in American woodcock during the winters of 1989-1990 and
1993-1994 (Docherty et al., 1994). An orthoreovirus was isolated in 2002 in Finland
from a wild hooded crow (Corvus corone cornix) with central nervous system signs
(Huhtamo et al., 2007). Mast et al. (2006) reported the presence of intracytoplasmic,
reovirus-like particles in the spleen and duodenum of carrion crows (Corvus corone)
found dead in a die off event in Brussels, Belgium. In 2013 in Great Britain, mortality
was identified in a free-living magpie (Pica pica) due to hepatic and splenic necrosis,
and the etiology of the lesions was confirmed to be an avian orthoreovirus (Lawson et
al., 2015). Fatal hemorrhagic and necrotizing enteritis in American crows (Corvus
brachyrhynchos) associated with a putative reovirus was detected during surveillance
for West Nile virus beginning in 2002 (Meteyer et al., 2009). Crow mortality associated
with this syndrome has recurred repeatedly in the USA since it was first reported, and
similar mortality events have been identified in eastern Canada since 2004 (Campbell et
al., 2004). The consistent reports of reovirus associated corvid mortality events suggest
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an etiologic role for the reoviruses in the annual winter crow mortality syndrome in
North America.
To date, no study has been carried out to characterize these putative American
crow reoviruses and their evolutionary relatedness to other reoviruses. Therefore, the
main purpose of the work described here was to isolate the putative American crow
reoviruses from winter crow mortality events in eastern Canada in VERO and QM5
continuous cell lines, and to accurately identify these isolates using avian orthoreovirus
S2 and S4 genome segment specific conventional one-step RT-PCR assays.

2.3.
2.3.1.

Materials and methods
Sources of virus isolates
Twenty six suspect orthoreoviruses isolated from 19 winter mortality events in

eastern Canada affecting American crows were detected through the disease
surveillance program of the Canadian Wildlife Health Cooperative were used for this
study. Two samples were from American crows found dead in Victoria Park,
Charlottetown, Prince Edward Island (PEI) (Latitude: 46.2303217934632, Longitude: 63.1403160095215 & Latitude: 46.2310342808272, Longitude: -63.1403160095215) in
March 2009. Twenty four samples were from winter crow mortality events in several
locations in Ontario, including Woodstock (Latitude: 43.0750, Longitude: -80.4448) in
2004, Chatham (Latitude: 42.39965, Longitude: -82.19229 & Latitude: 42.4003732,
Longitude: -82.1921815) in 2008 and 2009, Cornwall (Latitude: 45.0348, Longitude: 74.7568) in 2008 and Greely (Latitude: 45.27095, Longitude: -75.75) in 2008 (provided
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by Dr. Davor Ojkic, Animal Health Laboratory, University of Guelph). Table 2.1 lists
the case histories of these samples.
All the primary isolates used in this study were received on the first passage in
cell culture or in SPF embryonated chicken eggs. PEI sample A7512-09-1 Intestine was
cultured on QM5 cell line. PEI sample A1447-09-3 Intestine was cultured on chicken
embryo fibroblast (CEF) cells. Samples received from Ontario were isolated in SPF
embryonated chicken eggs, leghorn male hepatoma cell line or in primary liver cells.

Table 2.1. The tissue source, geographical location and case history of the
American crow (Corvus brachyrhynchos) virus isolates examined in this study.

Isolate
04-19235
Intestine

04-21079
Kidney
04-21077
Kidney

Collection
location and
date
(year/month)
Woodstock,
Ontario
2004/03

Woodstock,
Ontario
2004/03
Woodstock,
Ontario
2004/03

Case history and necropsy findings
A group of 20 adult crows were found dead and there
was one sick bird alive. The isolate was from one dead
adult female bird in fair body condition. Gross
pathological findings in this bird were congested lungs,
distended gallbladder, presence of two small yellow foci
(2x2 mm) in the liver and blotchy discoloration in the
spleen with the presence of a single yellowish nodule.
The upper digestive tract was empty. In the lower
digestive tract there was hemorrhage and fibrin on
serosal surface of the intestine, blood-tinged content was
present within the lumen throughout length of intestinal
tract, and there was bloody cast in the distal small
intestine. The kidneys were pale. No bacterial growth
isolated from the spleen. No Salmonella or Yersinia
species isolated from the small intestine. Primary
diagnoses were hemorrhagic enteritis and splenic
necrosis of undetermined etiology.
Case history was same as for 04-19235 Gut. This isolate
was from the same bird described above.
A group of 12 adult crows (eight males and four
females) were found dead. Body condition was good in
5 birds, fair in 5 birds and poor in 2 birds. One bird had
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04-21140
Liver

Woodstock,
Ontario
2004/03

08-22011A
Intestine

Chatham,
Ontario
2008/01

08-22015C
Intestine

Chatham,
Ontario
2008/01

082278B-5
Spleen

Cornwall,
Ontario
2008/01

082278B-6
Intestine

Cornwall,
Ontario
2008/01

slight hyperemia on the intestinal serosa of the lower
digestive tract, another bird had an enlarged heart and
one bird had diffuse congestion of the brain. Others did
not have any abnormal gross lesions. Primary diagnosis
was given as open for all 12 birds. The isolate was from
an adult female bird in good body condition. It had an
enlarged heart, 3 mm focus in free wall of right
ventricle, 2 mm depressed ‘dimples’ near apex and 2 ml
clear pericardial fluid. No bacterial growth recovered
from the liver.
Three adult crows (two males and one female) were
found dead. Body condition was fair in two crows and
the other had good body condition. The isolate was from
an adult female bird in fair body condition with empty
upper digestive tract and hemorrhagic casts in small
intestines. In addition, there was a distended gallbladder,
areas of granulomatous inflammation adjacent to liver
with enlarged spleen. Moderate number of Clostridium
perfringens was isolated from the small intestine. No
Salmonella species were isolated. The primary
diagnoses were hemorrhagic enteritis and splenic
necrosis.
Four birds were found dead. The isolate was from an
immature male crow in poor body condition. Necropsy
revealed an empty proventriculus and gizzard, soupy,
blood tinged intestinal content with fibrin flecks in the
lower intestine consistent with inflammation and acute
necrotizing lesion. No bacteria were isolated from either
intestine or other tissues. Primary diagnosis was
necrotizing enteritis.
Case history was same as 08-2201-1A Intestine.

Two crows were found dead. The isolate was from an
adult male crow in poor to fair body condition.
Necropsy findings in this bird were wet lungs, dark red
spleen, separated koilin lining from the gizzard wall,
hemorrhage and fibrin in the lumen of the intestinal tract
distally from the jejunum. No bacterial pathogens were
isolated from the intestine or other tissues. Primary
diagnosis was fibrinonecrotizing enteritis.
Case history was same as 08-2278B-5 Spleen.
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08-22182 Kidney

Greely,
Ontario
2008/01

0992621-2
Spleen

Chatham,
Ontario
2009/12

0992621-4
Intestine
0993663-4
Spleen

Chatham,
Ontario
2009/12
Chatham,
Ontario
2009/12

A751209-1
Intestine

An adult male crow in good body condition found dead
with urate staining around the vent. There were pinpoint
foci of pallor in the liver. The spleen was red and
approximately 2 cm in length. The acute injury and
inflammation seen in the intestine and spleen are
suggestive of an acute infectious process. No bacterial
pathogens were isolated from tissues. Tentative
diagnosis was open.
Adult male crow in poor body condition was found
dead. Had pale lungs, moderately enlarged and dark
spleen, bronzed colored liver, approximately 30 cm
distal to the pylorus the intestinal content turned bloody
and most of the intestine distal to this point contained a
friable bloody core. Tentative diagnosis was
hemorrhagic enteritis. Microscopically, there was
marked generalized congestion in lungs, and severe
necrotizing, inflammatory and hemorrhagic process
affecting the intestine at all levels with the ileum and
ceca most severely affected. No bacterial growth
recovered from liver and no Salmonella species were
isolated from intestines. Final diagnosis was severe
hemorrhagic necrotizing enteritis.
Case history was same as for 09-92621-2 Spleen.

Adult female in poor body condition was found dead.
The spleen was enlarged and had a mottled appearance
both externally and on cut surface. From mid-jejunum to
just proximal to the ileal-cecal-colic junction, the
intestine was distended by a friable, bloody core. The
kidneys were pale and slightly mottled on cut surface.
Histological findings were generalized and included
congestion of the lungs, multifocal, locally extensive
areas of necrosis that occupy the majority of the
spleenic tissue, severe necrotizing and hemorrhagic
process affecting the intestines, consisting of blood,
fibrin and necrotic cellular debris in the intestinal
lumen. Final diagnoses were severe, hemorrhagic and
necrotizing enteritis and multifocal, severe, locally
extensive splenic necrosis.
Charlottetown, Three crows were found dead. The isolate was from an
PEI
adult female in good body condition. Necropsy revealed
2009/03
empty proventriculus and ventriculus. The small
intestine had multiple foci of ulceration with caseous
exudate attached to the damaged surfaces.
Histopathological lesions in the affected areas were
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A144709-3
Intestine

ulcers that extended into the lamina propria or deep into
the submucosa, fibrin enmeshed with cellular debris,
hemorrhages and bacterial colonies attached to the
exposed surface. Crypts beneath the ulcers were
occasionally distended and possibly lined by attenuated
epithelium. Although gross abnormalities were not
present in the spleen histological examination revealed
large deposition of fibrin in foci of necrosis randomly
distributed throughout the splenic parenchyma. A
moderate growth of Lactobacillus sp. and a light growth
of Pseudomonas sp. were isolated from the liver. A
moderate growth of E. coli and mixed flora was isolated
from the intestine. No Salmonella sp. was isolated from
the intestine. Final diagnoses were enteritis,
fibrinonecrotizing and ulcerative, multifocal, severe,
acute with intralesional bacterial colonies and splenitis,
fibrinonecrotizing, multifocal, severe, and acute.
Charlottetown, Four crows were found dead. The isolate was from an
PEI
immature female in moderate to good body condition.
2009/03
Spleen was enlarged 3X normal size and was firm to
hard. The gall bladder was distended. The
proventriculus and ventriculus were empty and the
koilin was bile stained. The proximal small intestine has
multifocal round accumulations of caseous exudate
attached to its mucosal surface. The surrounding mucosa
was slightly raised and velvet-like. The intestinal
content is scant and red tinged. Histopathologically in
the locally extensive necrotizing inflammatory lesions
of the small intestine, the crypts were distended with
necrotic cellular debris admixed with mucus within their
lumina. The epithelium lining the crypts was attenuated.
In some areas, there was ulceration of the intestinal
surface overlying the necrotic crypts, and the exposed
surface was covered by fibrin enmeshed with large
colonies of bacteria. A few of the ulcers extend to the
submucosa. Small capillaries in the superficial lamina
propria was often partially or completely thrombosed by
fibrin. Although gross abnormalities were not present in
the spleen histological examination revealed subtotal
necrosis of the splenic parenchyma and the red pulp was
replaced by deposits of fibrin enmeshed with necrotic
cellular debris. There was no microbial growth from
lung
and
liver.
Diagnoses
were
enteritis,
fibrinonecrotizing, locally extensive, severe, acute with
multifocal ulceration and vascular thrombosis and
splenitis, fibrinonecrotizing, subtotal, severe, acute.
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2.3.2.

Laboratory positive control avian orthoreoviruses
Four avian orthoreovirus isolates previously isolated from chickens, namely SK

114a, SK 73a, and SK 125 from the Health of Animal Laboratory, Sackville, New
Brunswick, and RV 50a, a local chicken isolate, were used as positive control
orthoreoviruses. Three of these positive control viruses (SK 125, SK 114a, and RV 50a)
were cultured in VERO cells; SK 73a was cultured on QM 5 cell line.

2.3.3.

Cells
Two continuous cell lines, VERO and QM 5, were used in this study.

2.3.3.1. African green monkey kidney (VERO) cells
The VERO cell line (American Type Culture Collection, Rockville, Maryland)
was stored in aliquots in liquid nitrogen. The cells were used for initial virus isolation
attempts from putative crow orthoreovirus samples and for propagation of the positive
control avian orthoreoviruses.

2.3.3.1.1. Reviving, propagation and maintenance of VERO cells
For use, one vial containing 1 ml of VERO cell suspension was withdrawn from
the liquid nitrogen tank and quickly thawed at 37 oC in a water bath. Contents were
removed with a sterile pipette and added to a sterile disposable 50 ml polypropylene
conical tube (BD FalconTM) containing 10 ml of minimal essential medium alpha
(MEM) (GIBCO, Invitrogen) growth medium. Cells were re-suspended by pipetting
and centrifuged at 1000 rpm for 5 minutes at 4 oC (Beckman GS-6R Table top
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centrifuge). The cell pellet was re-suspended in 25 ml of fresh MEM growth medium
and seeded into a 75 cm2 polystyrene cell culture flasks (Corning, USA). Flasks were
incubated at 37 °C in a humidified 5% CO2 incubator (Thermo scientific, HERA cell
150). Caps were kept loosened to facilitate gas exchange. Growth medium was changed
after 24 hours to remove residual dimethyl sulfoxide (DMSO).
The MEM growth medium contained 1x MEM plus L glutamate (Invitrogen),
10% heat-inactivated fetal bovine serum (FBS) (PAA Laboratories Inc., Canada), and
antibiotic-antimycotic preparation (Invitrogen) to a final concentration of 100 IU/ml
Penicillin, 100 µg/ml Streptomycin and 0.25 μg/ml Amphotericin B.
Cells were observed daily with an inverted light microscope (Zeiss IM 35,
200X) for confluence. When confluent monolayers were observed, growth medium was
replaced with MEM maintenance medium. The maintenance medium contained all the
constituents of the growth medium but with FBS reduced to 2%. Cells were subcultured
at 6-7 day intervals to get a new passage of VERO cells. During cell passaging,
maintenance medium was discarded and the cell monolayer was washed twice with
warm (37 oC) phosphate buffered saline (PBS) A. Cells were dissociated with Versene
at 37 oC in a CO2 incubator (Thermo scientific, HERA cell 150) with frequent
monitoring using an inverted light microscope (Zeiss IM 35, 200X). When rounded-up,
detached cells were observed, 10 ml of growth medium was added to stop the cell
dissociation. Cells were subcultured 1:4 and added to 75 cm2 cell culture flasks for
growth.
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2.3.3.1.2. Infection of VERO cells with putative orthoreovirus samples
The primary samples and positive control avian orthoreoviruses were diluted
1:10 in cell culture maintenance media before inoculating 1 ml volumes into 75 cm2 cell
culture flasks with confluent monolayers of VERO cells for stock virus production. For
use, confluent monolayers of VERO cells in 75 cm2 cell culture flasks were drained of
growth medium in preparation for virus inoculation. One ml of 1:10 diluted virus
sample was inoculated on to the cell monolayer. Flasks were incubated at 37 °C in 5%
CO2 using a humidified CO2 incubator (Thermo scientific, HERA cell 150) for 1 hour to
allow for virus adsorption to the VERO cells. The cell culture flasks were then
replenished with 25 ml of fresh MEM maintenance medium, and the cultures were
replaced in the humidified CO2 incubator (Thermo scientific, HERA cell 150) followed
by daily observation for the appearance of characteristic CPE until 12 days post
inoculation. Samples that did not show CPE in the initial passage were subjected to 2
further blind passages before being recorded as negative for avian orthoreovirus.
Uninfected confluent monolayer of VERO cells was used as a negative control.

2.3.3.1.3. Harvesting of virus propagated on VERO cells
Once complete CPE was observed, the cell culture flasks containing infected
VERO cells were freeze-thawed three times to lyse the cells. The cell lysate was then
either diluted 1:10 and used as inoculum for further passage or directly transferred to
cryovials and stored at -80 oC as stock viruses for later use.
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2.3.3.2. QM5 cells
The primary putative orthoreovirus samples obtained from Ontario and PEI and
the positive control avian orthoreoviruses were also inoculated on a QM 5 continuous
quail (Coturnix coturnix japonica) fibroblast cell line, kindly provided by Dr. Roy
Duncan (Dalhousie University).

2.3.3.2.1. Reviving, propagation and maintenance of QM 5 cells
Cryovials containing 1 ml of QM 5 cells stored in liquid nitrogen were quickly
thawed in a 37 oC water bath. Contents were removed and added to a sterile disposable
polypropylene conical tube (BD FalconTM) containing 10 ml of growth medium. The
growth medium consisted of 1X M199 plus Earle’s salts, L glutamate and 2.2 g/l
sodium bicarbonate (Invitrogen), 10% FBS (PAA Laboratories Inc., Canada), and
antibiotic-antimycotic (Invitrogen). Cells were re-suspended by pipetting and
centrifuged at 1000 rpm for 5 minutes at 4 oC (Beckman GS-6R Table top centrifuge).
The cell pellet was re-suspended in 50 ml of fresh M199 growth medium and seeded
into two 75 cm2 cell culture flasks (Corning Incorporated, USA) allocating 25 ml of
QM5 cell containing cell culture growth medium to each flask. Flasks were incubated at
37 °C in 5% CO2 using a humidified CO2 incubator (Thermo scientific, HERA cell
150). Caps of cell flasks were kept loosened to facilitate gas exchange.
Cells were observed daily with an inverted light microscope (Zeiss IM 35,
200X). For use, the growth medium on confluent monolayers was replaced with M199
maintenance medium, with FBS reduced to 2%. Cells were split every 4-5 days to get a
new passage of QM 5 cells. To passage the cells, maintenance medium was discarded
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and the cell monolayer was washed twice with warm (37 °C) phosphate buffered saline
A. Cells were trypsinized with 1 ml of Versene trypsin at 37 °C in a CO2 incubator with
frequent monitoring using an inverted light microscope (Zeiss IM 35, 200X). When
rounded-up, detached cells were observed, growth medium was added to stop the
trypsinization. Cells were split 1:4 and placed in new cell culture flasks.

2.3.3.2.2. Infection of QM 5 cells with putative crow orthoreovirus samples
One ml of 1:10 diluted putative orthoreovirus samples and positive control avian
orthoreoviruses were inoculated on to newly confluent monolayers of QM 5 cells in the
75 cm2 cell culture flasks. Flasks were incubated at 37 °C in 5% CO2 using a humidified
CO2 incubator (Thermo scientific, HERA cell 150) for 1 hour to allow viral adsorption
to the QM 5 cells. After viral adsorption the cell culture flasks were replenished with 25
ml of fresh M199 maintenance medium, and the cultures were replaced in the
humidified CO2 incubator (Thermo scientific, HERA cell 150) at the same temperature
and CO2 concentration followed by daily observation for the appearance of
characteristic CPE until 12 days post-inoculation. Samples that did not show CPE in the
initial passage were subjected to 2 further blind passages before being considered
negative for avian orthoreoviruses. Uninfected confluent monolayer of QM 5 cells was
used as the negative control.

2.3.3.2.3. Harvesting of virus propagated on QM 5 cells
Once complete CPE was observed, the cell culture flasks containing infected
QM 5 cells were freeze-thawed three times to lyse the cells. The cell lysate was then
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either diluted 1:10 and used as inoculum for further passage or directly transferred to
cryovials and stored at -80 oC as stock viruses for later use.

2.3.4. Titration of virus in VERO cells
Virus titration was performed in 96-well flat bottom disposable cell culture
plates (Sarstedt Inc, USA). Ten-fold serial dilutions of the stock virus samples were
prepared using the diluent MEM with antibiotic-antimycotic (Invitrogen). A 50-µl
aliquot from each dilution was added to 4 wells of the cell culture plate located in a
column (Fig. 2.1.). A 50-µl aliquot of diluent was added to the control wells. For each
well, 50 µl of fresh VERO cells split 1:2 in MEM growth medium was added. Plates
were incubated at 37 °C in 5% CO2 using a humidified incubator (Thermo scientific,
HERA cell 150). Plates were observed daily for the development of characteristic CPE
using an inverted light microscope (Zeiss IM 35) at 200X magnification and findings
were recorded. At the end of the experiment (on day 12) CPE was confirmed by
staining the cells for 10 minutes with a vital stain consisting of 1% Crystal violet
(Fisher Scientific) in 70% ethanol. The plates were rinsed with tap water and air dried
before reading the CPE under the inverted light microscope (Zeiss IM 35) at 200X
magnification. The titre was calculated using the Karber method (Lennette and Schmidt,
1979) and expressed as median cell culture infectious dose/50 µl (CCID50/50 µl).
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Figure 2.1. Titration of virus in VERO cells – a plate stained with 1% Crystal
violet in 70% ethanol

2.3.5.

Total RNA extraction
Total RNA from the stock viruses was extracted using TRIzol® reagent (Life

Technologies) and RNeasy® mini kit column (QIAGEN) according to a combined
modified protocol described below. A 375 µl volume of stock virus sample was mixed
with 1130 µl of TRIzol® reagent by vigorous pipetting for two minutes to allow
complete mixing followed by 10 minutes incubation at room temperature. A 300 µl
volume of chloroform (Fisher Scientific) was added, mixed vigorously for 15 seconds
and allowed to stand for 3 minutes at room temperature before centrifuging the sample
using an Eppendorf 5430 centrifuge at 12,000 rpm for 15 minutes. A 750 µl volume of
colorless upper aqueous phase was pipetted into a new 2 ml tube and immediately
mixed with an equal volume of 70% ethanol. A 750 µl volume of the subsequent
mixture was placed in an RNeasy® mini column (QIAGEN) placed in a 2 ml collection
tube and centrifuged for 30 seconds at 12,000 rpm. Flow-through was discarded and the
same procedure was repeated for the remaining volume of the mixture. A 700 µl
volume of buffer RW1 (QIAGEN) was added to the RNeasy® mini column and
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centrifuged for 30 seconds at 12,000 rpm to wash the column. The contents of the
RNeasy® mini column was transferred into a new 2 ml collection tube, 500 µl of buffer
RPE (QIAGEN) was added and centrifuged for 30 seconds at 10,000 rpm to wash the
column. The flow-through was discarded. Another 500 µl of buffer RPE was added and
the subsequent mixture was centrifuged for 2 minutes at 10,000 rpm. The collection
tube with the flow-through was discarded. The RNeasy® mini column was placed in a
new 2 ml collection tube and centrifuged at 14,000 rpm for 2 minutes to dry the
RNeasy® silica gel membrane. To elute the viral RNA, the RNeasy® mini column was
transferred to a new 1.5 ml collection tube and 30 µl of RNase-free water was directly
pipetted onto the RNeasy® silica gel membrane and centrifuged for 1 minute at 14,000
rpm. The extracted total RNA was stored at -80 oC for later use.

2.3.6.

Primer sequences used for conventional one-step RT-PCR
The following 2 pairs of primer sequences (Table 2.2), described by Bruhn et al.

(2005), which target orthoreovirus S2 and S4 genome segments, were utilized for the
conventional RT-PCR to identify the virus isolates from the American crow mortality
events as avian orthoreoviruses.

Table 2.2. PCR primer sequences used for identification of avian orthoreoviruses
Segment Primer sequence
Expected product size
/
S2
Forward 5’-CCC ATG GCA ACG ATT TC-3’
399 bp
Reverse 5’-TTC GGC CAC GTC TCA AC-3’/
S4
Forward 5’-GTG CGT GTT GGA GTT TC-3’/
437 bp
Reverse 5’ACA AAG CCA GCC AT(G/A) AT-3’/
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2.3.7. Conventional one-step RT-PCR protocol
Both cDNA synthesis and RT-PCR were performed using QIAGEN One-step
RT-PCR kit in 50 µl reaction volume containing 1x PCR buffer, 400 µM of each dNTP,
0.6 µM of each forward and reverse primer, 5 U of RNase inhibitor, 2 µl of RT-PCR
enzyme mix and 2 µl of RNA template. Conventional RT-PCR was performed at 50 oC
for 30 minutes for reverse transcription, followed by 95 oC for 15 minutes, and 35
cycles of 94 oC for 30 seconds, 54 oC for 30 seconds, and 72 oC for 1 minute with a
final extension at 72 oC for 10 minutes using thermal cycler (MyCyclerTM, BioRad).

2.3.8.

Agarose gel preparation, loading, running and imaging
To prepare 100 ml of 1% agarose gel, electrophoresis grade agarose (BioShop®)

was mixed with 0.5% TBE buffer and microwaved (Kenmore) to dissolve. After
cooling, 10 µl of SYBR® Safe DNA gel stain 10,000X concentrate in DMSO
(Invitrogen, Molecular probes) was added. The mixture was poured into gel casting tray
(Life Technologies) and allowed to solidify for 45 minutes before use.
To analyze the PCR products, 10 µl was pipetted out and mixed with 2 µl of 6X
gel loading buffer and loaded into the gel. Two µl of 1 Kb plus DNA ladder
(Invitrogen) was loaded into the gel as the molecular weight marker. Gels were run in
0.5% TBE buffer at 120 V (Bio Rad Power PAC 3000) for 1.5 hours. To visualize the
PCR product bands, gels were observed under UV trans-illuminator (Alpha Innotech
Corporation) and images were captured using a camera attached to gel documentation
system.

116

2.4.
2.4.1.

Results
Appearance of cytopathic effects (CPE)

2.4.1.1. Appearance of CPE in VERO cells
CPE appeared initially as a very few isolated areas in the cell monolayer. Cells
often fused to form large, pleomorphic, multinucleated giant cells (i.e., syncytia) in the
affected areas. Over time, numerous syncytia were observed, and they gradually
expanded in size (Fig. 2.2). Damaged, rounded cells with dark centered pyknotic nuclei
were observed in the middle of the foci of CPE. As time progressed, adjacent foci of
CPE fused together coalescing into larger areas of CPE. Some syncytia were
surrounded by a clear halo and remained fastened to the monolayer by a long
cytoplasmic process. Gradually the syncytia peeled off the flask surface, leaving empty
spaces in the monolayer and variable sized pieces of floating debris in the medium. Free
floating single cells were also observed.
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Figure 2.2. Development of avian orthoreovirus characteristic CPE in VERO cells

100 μm

100 μm

Con
Control Vero cell line.200X

Day 2 post infection, 200X

100 μm

100 μm

Day 6 post infection, 200X

Day 8 post infection, 200X

118

2.4.1.2. Appearance of CPE in QM 5 cells
Similar to the appearance of CPE in VERO cells, a few isolated areas of CPE
initially appeared in the cell monolayer. Multinucleated giant cells were observed in the
affected area, and as time progressed, the foci of CPE increased in size (Fig. 2.3).
Damaged, rounded cells with dark pyknotic nuclei were observed in the center of the
foci of CPE. Over time, adjacent foci of CPE coalesced into larger areas of CPE.
Gradually, some of the damaged areas in the cell line peeled off the flask surface,
leaving clear spaces in the cell monolayer and floating debris in the medium until the
entire monolayer was destroyed and detached from the substrate.

119

Figure 2.3. Development of CPE in QM 5 cells
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2.4.2. Time taken from initial appearance of CPE to complete CPE in VERO and
QM 5 cell lines.
Table 2.3. shows the number of days taken to first appearance of CPE, and to
complete CPE in the second and third passage of virus isolates on VERO cell line and
second passage of virus isolates on QM 5 cell line.

Table 2.3. Timeline for first appearance of CPE and completion of CPE with
second and third passage virus isolates in VERO cells and second passage isolates
in QM 5 cells.
VERO cell line

QM 5 cell line

First
CPE
P2 P3

Complete
CPE
P2
P3

First
CPE
P2

Complete
CPE
P2

Avian orthoreovirus positive controls
ARV SK 125
ARV SK 114a
ARV RV 50a
ARV SK 73a

71
3
1
1

7
1
1
1

12
7
5
10

10
5
5
5

2
1
1
1

4
2
2
2

American crow PEI isolates
A7512-09-1 Intestine
A1447-09-3 Intestine

2
2

1
1

12
12

6
7

1
1

2
2

1
1
2
2
1
1
1
5
7
6
-

1
1
1
1
1
1
1
4
5
5
-

5
5
5
5
11
9
9
11
>12
>12
-

5
5
5
5
9
7
7
8
10
10
-

1
1
1
1
1
1
1
1
2
2
1
2

2
2
2
2
2
2
2
2
3
3
3
4

Virus isolate

American crow Ontario isolates
04-21079 Kidney
04-21077 Kidney
04-19235 Intestine
04-21140 Liver
08-2278B-5 Spleen
09-92621-2 Spleen
09-93663-4 Spleen
08-2278B-6 Intestine
08-2201-1A Intestine
09-92621-4 Intestine
08-2218-2 Kidney
08-2201-5C Intestine
1
Days post inoculation.
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2.4.3.

Virus titres
Table 2.4. shows the virus titres used for infecting VERO cells.

Table 2.4. Virus titres used for infecting VERO cells (CCID50/50 µl)
Virus isolate

Titre

Avian orthoreovirus positive controls
ARV SK 114a
ARV RV 50a
ARV SK 73a
ARV SK 125

105.75
106
106
105.25

American crow PEI virus isolates
A7512.09.1 Intestine
A1447.09.3 Intestine

105
105.25

American crow Ontario virus isolates
04-19235 Intestine
04-21077 Kidney
04-21140 Liver
04-21079 Kidney
09-92621-2 Spleen
09-93663-4 Spleen
08-2278B-5 Spleen
08-2278B-6 Intestine
09-92621-4 Intestine
08-2201-1A Intestine

104.25
104.5
103.25
104.25
103.5
104.5
103.25
103.5
102.25
101.5

Two Ontario virus isolates, 08-2201-5C Intestine and 08-2218-2 Kidney, did not
produce CPE in 3 consecutive passages on the VERO cell line and were not titrated in
VERO cells. These isolates produced CPE only in QM 5 cells but were not titrated.

2.4.4.

One-step RT-PCR results
Figure 2.4. shows a gel image where one positive control avian orthoreovirus,

one PEI virus isolate and one Ontario virus isolate were tested using avian orthoreovirus
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S2 and S4 genome segments specific primers. All 3 isolates yielded PCR products of
expected sizes (399 bp for S2 and 437 bp for S4) whereas the “no template control” did
not give any PCR products.

Figure 2.4. PCR gel image showing S2 and S4 genome segment PCR bands
1 2 3 4 5 6 7 8 9
437 bp
399 bp

Lane 1 - 1Kb plus molecular weight marker ladder
Lane 2 - Positive control ARV RV 50a virus, S2 segment primers
Lane 3 - Positive control ARV RV 50a virus, S4 segment primers
Lane 4 - A7512-09-1 Intestine PEI isolate, S2 segment primers
Lane 5 - A7512-09-1 Intestine PEI isolate, S4 segment primers
Lane 6 - 04-19235 Intestine Ontario isolate, S2 segment primers
Lane 7 - 04-19235 Intestine Ontario isolate, S4 segment primers
Lane 8 - No template control, S2 segment primers
Lane 9 - No template control, S4 segment primers

Table 2.5. shows the RT-PCR results together with the CPE results on VERO
and QM 5 cell lines. Both PEI virus isolates were PCR positive with the PCR primers
for S2 and S4 genome segments. Nine of ten Ontario virus isolates that had CPE in
VERO cells and both Ontario virus isolates that had CPE only on QM 5 cells were PCR
positive with the PCR primers for S2 and S4 genome segments. The 12 Ontario samples
that were CPE negative on QM 5 cells and VERO cells were also RT-PCR negative
with the PCR primers for S2 and S4 genome segments.
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Table 2.5. CPE and conventional RT-PCR results
Virus isolate

CPE in
VERO cells

CPE in
QM 5 cells

Conventional
RT-PCR

Avian orthoreovirus positive controls
ARV SK 125
ARV SK 114a
ARV RV 50a
ARV SK 73a

+
+
+
+

+
+
+
+

+
+
+
+

American crow PEI virus isolates
A7512-09-1 Intestine
A1447-09-3 Intestine

+
+

+
+

+
+

American crow Ontario virus isolates
04-21079 Kidney
04-21077 Kidney
04-19235 Intestine
04-21140 Liver
08-2278B-5 Spleen
09-92621-2 Spleen
09-93663-4 Spleen
08-2278B-6 Intestine
08-2201-1A Intestine
09-92621-4 Intestine
08-2218-2 Kidney
08-2201-5C Intestine
07-13063
07-13065
07-13066
07-13067 Kidney
07-13068 Kidney
08-14546-5 Kidney
09-15386-5 Liver
09-15386-6 Intestine
08-4727-5 Intestine
08-4727-6 Kidney
08-2218-1 Intestine
08-2201-3B Intestine

+
+
+
+
+
+
+
+
+
+
-

+
+
+
+
+
+
+
+
+
+
+
+
-

+
+
+
+
+
+
+
+
+
+
+
-
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2.5.
2.5.1.

Discussion
Virus isolation and propagation in VERO cells and QM 5 cells
VERO and QM 5 cell cultures were successfully used to isolate avian

orthoreoviruses from suspect orthoreovirus samples, which was followed by
confirmation of identification by RT-PCR targeting S2 and S4 genome segments of
avian orthoreovirus. The viral growth characteristics of the avian orthoreovirus isolates
in cell culture were established. The four positive control chicken orthoreovirus isolates
and both PEI isolates showed characteristic CPE in the first passage in VERO cells. Out
of 24 samples received from Ontario, only 10 showed characteristic CPE in the first
passage in VERO cells. Fourteen Ontario samples did not give CPE in three blind
passages in VERO cells. Subsequently, when tested in QM 5 cells all positive control
chicken orthoreoviruses, the 2 PEI virus isolates and the 10 Ontario virus isolates which
were CPE positive in VERO cells caused CPE in the first passage. Interestingly, two
Ontario samples, 08-2218-2 kidney and 08-2201-5C intestine, which did not cause CPE
in VERO cells, caused characteristic CPE in QM 5 cells in the first passage. The
remaining 12 Ontario samples were negative for CPE in three consecutive blind
passages in QM 5 cells and were therefore not considered to be avian orthoreoviruses.
When considering the infection results in both cell lines and the RT-PCR data, avian
orthoreovirus was confirmed 2 out of 2 of PEI virus isolates (100%) and 11 out of 12
Ontario virus isolates (91.67%). The avian orthoreovirus isolates from PEI were from
winter crow mortality in Year 2009 and isolated from intestines. The isolates from
Ontario were from winter crow mortalities in Years 2004, 2008 and 2009 and they were
obtained from various organs including intestines, spleen, kidneys and liver.

125

Two Ontario samples, 08-2218-2 kidney and 08-2201-5C intestine, produced
CPE only in the QM 5 cell line and were negative in three blind passages in VERO
cells. This may be due to the fact that the VERO cells are not as sensitive as the QM 5
cell line for virus propagation and isolation. VERO cells were considered unsuitable for
primary isolation of avian orthoreoviruses from field material (Nwajei et al., 1988).
Although Wheeler et al. (2014) observed the presence of reovirus particles by direct
electron microscopy in the feces of American crows, virus isolation attempts on VERO
cell line was unsuccessful. Moreover, with certain avian orthoreovirus strains, 5 to 7
blind passages were required before CPE was observed in virus isolation attempts using
primary chicken kidney, lung and testicular cell cultures (Guneratne et al., 1982).
Present samples were subjected to three blind passages before they were considered
negative for virus isolation in VERO cells. The fact that these two samples were CPE
positive within the first passage in QM 5 cells demonstrates that the QM 5 cell line is
more sensitive for virus isolation from samples of orthoreovirus-associated wild avian
mortality events. Another possibility is that the 2 orthoreovirus isolates made only on
QM 5 cells are in fact different from the other 11 orthoreovirus that grew in VERO
cells. This may be due to the differences in their virus attachment proteins. The S1
genome segment σC gene mediates virus attachment to the host cell (Martínez-Costas et
al., 1997; Shapouri et al., 1996), determines tissue tropism and contributes to host
restriction (Bodelón et al., 2001). S1 sequence comparisons between the two virus
groups would rule out or confirm this hypothesis.
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According to Wilcox et al. (1985), avian orthoreoviruses are highly cell
associated in VERO cells, requiring up to 10 days PI to obtain maximum CPE and
several freeze-thaw cycles to release virus from infected cells. In contrast, in avian cell
cultures, avian orthoreoviruses required only 4 days of incubation to produce CPE and
one freeze-thaw cycle to release virus from infected cells (Robertson and Wilcox,
1984). Our results are comparable to these previous studies because in general, the
majority of the samples positive for orthoreoviruses reached complete CPE in QM 5
cells more quickly (2-4 days) than that observed in VERO cells (5->12 days).
Virus-induced syncytium formation is the CPE of fusogenic reoviruses like
avian orthoreoviruses (Duncan, 1996). Duncan et al. (1996) showed that avian
orthoreovirus is capable of inducing cytopathogenicity in a syncytial-independent
manner and syncytium formation contributed to a more rapid induction of CPE.
Syncytium formation was nonessential for avian orthoreovirus replication, release, or
cell-killing but it significantly enhanced the rate of the lytic infection, thereby
contributing to accelerated virus egress (Duncan et al., 1996). The conservation of the
avian orthoreovirus syncytial phenotype may reflect a fortuitous aspect of virus
replication, which has evolved independent of other aspects of virus replication, and it
may have been conserved due to advantages associated with rapid virus dissemination
within an infected host (Duncan et al., 1996).
When the virus isolates were passaged further in VERO cells, initial CPE
appeared more rapidly and the time taken to complete CPE was shortened compared to
the previous passage (Table 2.3). A possible explanation for this finding could be that
the virus increasingly adapts to the cell line with each passage, leading to more rapid
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manifestation of its cytopathic effects. This observation is consistent with Islam et al.
(2003) who found wild type avian orthoreovirus strain Uchida did not produce any CPE
on VERO cells in the first passage, began to develop some changes in the second
passage but rapid, consistent, characteristic CPE developed in the third passage.
Similarly Hussain and Rasool (2005) described that complete CPE of indigenous very
virulent infectious bursal disease virus on VERO cells was not developed until the third
passage.
All the positive control chicken avian orthoreovirus samples gave virus titres
ranging from 105.25 to 106.0 CCID50/50 µl in VERO cells. PEI virus isolates had
comparable titres 105.0 CCID50/50 µl and 105.25 CCID50/50 µl. The high virus titres in
PEI isolates correlate with severe intestinal and splenic lesions seen in both PEI cases.
There was a high variation in titres of Ontario virus isolates ranging from 101.5
CCID50/50 µl to 104.5 CCID50/50 µl, and they were relatively lower compared to PEI
virus isolates. Again Ontario isolates with high virus titres of 104.25 CCID50/50 μl or
more (04-19235 intestine, 04-21079 kidney and 09-93663-4 spleen) were isolated from
crows with comparatively severe intestinal lesions and splenic lesions. In a previous
study, when 13 avian orthoreovirus isolates obtained from domestic poultry (4 reference
strains and 9 local isolates) were propagated in VERO cells, Drastini et al. (1994) was
able to obtain virus titres ranging from 104.0 to 106.5 CCID50/ml. According to our
knowledge, the present study is the first American crow orthoreovirus titration carried
out in VERO cells. According to our results QM 5 cell line is highly suitable for virus
isolation from American crow mortality events. VERO cells were useful and gave high
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virus titres especially when the affected crows showed comparatively severe lesions in
the intestine and spleen.

2.5.2.

Identification of American crow avian orthoreoviruses
Appearance of CPE in cell culture should not be used as the sole criterion to

identify an avian orthoreovirus because avian rotaviruses are also capable of producing
CPE in cell cultures (Villarreal et al., 2006). However, many avian rotaviruses cannot
grow in cell cultures without trypsin treatment, but trypsin independent CPE producing
avian rotaviruses are not uncommon (Takase et al., 1986). McNulty et al. (1980)
isolated a trypsin independent avian rotavirus in chicken embryo liver cell cultures that
demonstrated ill-defined CPE and Takase et al. (1986) isolated five strains of trypsin
independent avian rotaviruses from ducks producing clear CPE in chicken kidney cell
cultures. Therefore, a confirmatory test is required to distinguish CPE producing avian
orthoreovirus from an avian rotavirus. The confirmatory test chosen for this study was
the conventional one-step RT-PCR tests targeting avian orthoreovirus genome segments
S2 and S4. The two genome segments were selected for the RT-PCR because they are
conserved genome segments (Hou et al., 2001; Zhang et al., 2006) and not expected to
vary among orthoreoviruses from different avian species. Confirmation that the
American crow isolates had avian orthoreovirus S2 and S4 genome segments was
achieved using primers designed for chicken avian orthoreoviruses S2 and S4 genome
segments (Bruhn et al., 2005). The S2 genome segment codes for highly conserved
major inner capsid protein σA located in the inner core of the virion (Martínez-Costas et
al., 1997). It stabilizes λA shell while seated on top of λA and acts as a bridge between
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the inner core and the outer capsid. It binds to dsRNA in a sequence dependent manner
(Martínez-Costas et al., 2000; Yin et al., 2000) and elicits anti-interferon activity by
preventing the activation of the dsRNA dependent protein kinase (PKR) via competing
with it for dsRNA (Gonzalez-Lopez et al., 2003; Martínez-Costas et al., 2000). The S4
genome segment expresses a highly conserved major non-structural protein termed σNS
which is readily detected in the cytoplasm of infected cells (Schnitzer, 1985; Varela and
Benavente, 1994). It binds to ssRNA in a nucleotide sequence non-specific manner in
morphogenesis and displays RNA chaperone activity, which augments specific RNA–
RNA interactions between different segment precursors and facilitates efficient
selection and assortment of multiple genome segments, destined for encapsidation (Yin
and Lee, 1998).
Using the conventional RT-PCR tests, 13 of 26 putative viral isolates from
American crow winter mortality events in eastern Canada were identified as avian
orthoreoviruses. One of the American crow isolates from Ontario (04-21077 Kidney)
gave typical syncytial type CPE in both VERO and QM 5 cell lines, but was negative in
the RT-PCR assays for avian orthoreovirus S2 and S4 genome segments. This isolate
was not considered an avian orthoreovirus and was later identified as a crow rotavirus
by real time RT-PCR (Dr. Davor Ojkic, personal communication). The twelve
remaining putative viral isolates were negative by virus isolation on both VERO and
QM 5 cell lines and were also negative by RT-PCR for avian orthoreovirus S2 and S4
genome segments. Therefore, none of these isolates were considered to be viruses in
the family Reoviridae.
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Some of the avian orthoreoviruses identified from the American crow mortality
events in this study were isolated from severe intestinal lesions (7 isolates) that were of
sufficient severity to cause the death of the affected birds. In addition, orthoreoviruses
were also isolated from other organs in affected birds, including spleen (3 isolates),
kidneys (3 isolates) and liver (1 isolate). In some instances, the isolation of
orthoreovirus from an organ was associated with lesions in that organ (e.g., necrotizing
splenitis with isolates 08-2278B-5 Spleen, 09-92621-2 Spleen and 09-93663-4 Spleen).
In other cases, orthoreovirus was isolated from a particular organ without gross or
microscopic lesions in its parenchyma (e.g., kidney with isolates 04-21079 Kidney and
08-2218-2 Kidney). Crow orthoreoviruses were isolated from multiple organs of the
same bird on 3 occasions (08-2278B-6 Intestine and 08-2278B-5 Spleen, 09-92621-4
Intestine and 09-92621-2 Spleen, 04-19235 Intestine and 04-21079 Kidney). In each
case, these 3 birds had severe intestinal lesions that were of sufficient severity to have
caused their death, and an orthoreovirus was isolated from the lesions. In addition, virus
was isolated from at least one other organ in the same bird (spleen in 2 occasions 082278B-5 Spleen and 09-92621-2 Spleen and kidney in one occasion 04-21079 Kidney).
Isolates 08-2278B-5 Spleen and 09-92621-2 Spleen were associated with necrotizing
splenic lesions. There were no lesions identified in the kidney associated with the
presence of the virus in this tissue. Therefore, it is possible to suggest that the
orthoreovirus infection in these cases was potentially systemic. This hypothesis is
supported by the fact that avian orthoreovirus infection in chickens is a well-described
systemic infection that affects many body systems concurrently. The proof for this is
found in previous studies on the distribution of avian orthoreoviruses in the chicken that
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have shown their widespread distribution in many tissues in the early stages after
infection (Kibenge et al., 1985; Menendez et al., 1975). In addition, using one day old
SPF chickens Jones et al. (1989) demonstrated that within 12 h after oral infection,
there was a rapid and pantropic distribution of virus which reached most tissues within
24 to 48 h after infection.

2.6. Conclusions
When compared to VERO cell line, QM 5 cell line is more suitable for virus
isolation from samples of orthoreovirus-associated American crow mortality events.
Superior suitability of a cell line is based on producing CPE within a shorter time after
infection, providing the greatest chance of virus recovery.
Production of syncytial type characteristic CPE in cell culture should not be used
as the sole criterion to identify an avian orthoreovirus because avian rotaviruses are also
capable of producing syncytial type CPE. The conventional RT-PCR described here can
be used to distinguish American crow orthoreoviruses from crow rotaviruses or other
avian viruses producing similar CPE.
Because orthoreoviruses are frequently recovered from asymptomatic birds,
further characterization of viral pathogenicity and pathology by experimental infectivity
studies is required to assess the significance of these findings in relation to the disease
these American crow avian orthoreoviruses cause. However, since these viruses were
found in tissues that had significant necrotizing lesions without the presence of other
avian pathogens that could produce such lesions, it is reasonable to suggest the
orthoreoviruses isolated from the lesions were causative.
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Similar to multisystemic avian orthoreovirus infection in domestic poultry, avian
orthoreovirus infection in American crows is possibly a systemic infection capable of
producing lesions in intestines, spleen, and liver.
Avian orthoreovirus should be considered as a differential diagnosis for corvid
disease and mortality incidents, particularly when necrotizing intestinal or splenic
lesions are identified. Finally, investigation of mortality events in wild birds,
particularly those that occur at stressful periods such as during the winter, should
include previously unrecognized avian orthoreoviruses as one possible etiological agent
responsible for the die off events. This is especially true when typical lesions identified
as the cause of death in these cases include necrotizing enteritis and splenitis.
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3. GENOME SEQUENCING AND PHYLOGENY OF AMERICAN CROW
ORTHOREOVIRUS

3.1. Summary
The partial nucleotide sequences of genome segments S2 and S4 of two
American crow (Corvus brachyrhynchos) orthoreovirus isolates, the cause of American
crow winter mortality events in the two eastern Canadian provinces of Ontario and
Prince Edward Island (PEI), were analysed, described and compared to each other and
with other orthoreoviruses. Following Basic Local Alignment Search Tool N
(BLASTN) analysis of the S2 sequences it was discovered that the PEI and Ontario
isolates respectively had 92% and 93% sequence similarity to avian orthoreovirus
isolates of commercial poultry. Similar analysis of the S4 sequences revealed that both
American crow orthoreovirus isolates had the highest sequence similarity (91%) with
Tvärminne avian virus (TVAV), a recently described virus within the genus
Orthoreovirus, and much lower sequence similarity with avian orthoreovirus isolates
described in poultry, 72% and 76%, respectively. S2 and S4 genome segments of the
two isolates had 99.8% and 95.2% sequence similarity respectively with each other. The
S2 segment had one point mutation but no insertions or deletions, and the S4 segment
had 6 point mutations, and a deletion of 14 nucleotides was present in the Ontario
isolate.
Phylogenetic analysis of S2 sequences of the two American crow isolates placed
these viruses in the same clade as that of avian orthoreoviruses and Nelson Bay viruses,
and in the same cluster with avian orthoreoviruses of commercial poultry. However,
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phylogenetic analysis of S4 sequences demonstrated that while the two American crow
isolates were located in the same clade as that of avian orthoreoviruses and Nelson Bay
viruses, they were in a different cluster to that of avian orthoreoviruses of commercial
poultry and the recently proposed wild bird orthoreovirus species. Most importantly, the
S4 phylogenetic tree established that these American crow orthoreovirus isolates have a
closer relationship to the TVAV isolated from the brain of a wild hooded crow (Corvus
corone) in Finland that was experiencing central nervous system clinical signs.
Therefore, these American crow isolates are genetically distinct from most other avianorigin orthoreoviruses and have a reassorted S4 segment which has been acquired from
the TVAV, a pathogenic orthoreovirus affecting species of the family Corvidae.
Complete genome sequence analysis is required to determine if the American
crow orthoreovirus isolates in this study represent a novel avian reovirus that shares
limited genomic sequence identity with commercial poultry orthoreoviruses belonging
to the species Avian orthoreovirus and if it should be considered as a new species
within the genus Orthoreovirus similar to that proposed for TVAV.

3.2. Introduction
The avian orthoreovirus genome consists of 10 segments of double-stranded
RNA (dsRNA) (L1, L2, L3, M1, M2, M3, S1, S2, S3, and S4), and has been
demonstrated to encode at least 10 structural proteins (λA, λB, λC, μA, μB, μBC, μBN,
σC, σA, and σB), and 4 nonstructural proteins (μNS, P10, P17, and σNS) (Bodelón et
al., 2001; Varela and Benavente, 1994). The avian orthoreovirus genome segment S2 is
one of the most conserved among various avian orthoreovirus strains (Liu and Huang,
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2001; Liu et al., 2003; Su et al., 2006) and it encodes the highly conserved major inner
capsid (core) protein σA (Yin et al., 2000). The σA protein stabilizes the λA shell while
seated on top of λA and acts as a bridge between the inner core and the outer capsid (Xu
et al., 2004). Protein σA has been identified as a dsRNA binding protein which binds
dsRNA in a sequence dependent manner (Guardado-Calvo et al., 2008; Martínez-Costas
et al., 2000; Yin et al., 2000). Avian orthoreovirus can strongly resist the pressure of
interferon due to σA protein, which is able to inhibit activation of dsRNA dependent
protein kinase (PKR), the cellular response pathways dependent on dsRNA by
competing for dsRNA (Gonzalez-Lopez et al., 2003; Martínez-Costas et al., 2000). In
addition, σA possesses nonspecific nucleotidyl phosphatase (NTPase) activity that may
be important for generating energy that is used for transcription and replication of the
viral genome (Yin et al., 2002). It has been reported that σA partially cleaves into two
small fragments, indicating it might be a multifunctional protein (Ji et al., 2010).
The small 367 amino-acid avian orthoreovirus σNS protein, encoded by the S4
genome segment (Chiu and Lee, 1997), is relatively conserved among other genome
segments (Guo et al., 2011). Hou et al. (2001) reported that protein σNS contains three
epitopes which are highly conserved among virus strains as demonstrated by the
competitive binding assays using monoclonal antibodies to σNS. Protein σNS has been
reported to have single-stranded RNA (ssRNA) binding activity in a nucleotide
sequence independent fashion and is believed to play a role in the initial stage of avian
orthoreovirus morphogenesis (Yin and Lee, 1998; Yin et al., 2000) by forming
nucleoprotein complexes soon after transcription. Protein σNS was reported to be
accumulated in the viral factories of avian orthoreovirus infected cells (Touris-Otero et
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al., 2004). According to Hou et al. (2001), the ssRNA binding activity may play a role
in viral mRNA assortment and packaging, and therefore, σNS is important in the initial
stage of avian orthoreovirus replication.
According to Lawson et al. (2015), it is plausible that wild birds may act as a
reservoir of orthoreovirus infection for poultry or vice versa, but further interpretation is
currently limited since the coverage and representativeness of available avian
orthoreovirus sequences is not systematic in space or time or by avian species.
Therefore, additional sequence data of avian orthoreoviruses from both poultry and wild
birds are required to elucidate the dynamics and risk pathways of avian orthoreovirus
transmission between captive and free-living birds (Lawson et al., 2015).
The purpose of this study is to sequence the S2 and S4 genome segments of
American crow (Corvus brachrhynchos) orthoreoviruses isolated from mortality events
in eastern Canada in order to document new sequence data and use these data to
compare with available gene sequences of other orthoreoviruses to better understand the
genetic relationship of the American crow orthoreovirus isolates to other avian
orthoreoviruses. This will be accomplished through the construction of phylogenetic
trees to determine the evolutionary relationships that American crow orthoreoviruses
share with other members of the Genus Orthoreovirus.

3.3. Materials and Methods
3.3.1. American crow orthoreovirus isolates used in the study
This study used two orthoreoviruses isolated from lesions in American crows
involved in winter mortality events that occurred in the eastern Canadian provinces of
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Ontario (ON) and Prince Edward Island (PEI) in 2009. Specifically, a splenic isolate
from an ON American crow (09-93663-4) and intestinal isolate from a PEI American
crow (A1447-08-3) were selected for sequence analysis of their S2 and S4 segments.

3.3.2. Total RNA extraction, One-step Reverse Transcriptase Polymerase Chain
Reaction (RT-PCR) assays and analysis of Polymerase Chain Reaction
(PCR) products
Total RNA from the ON and PEI virus isolates were extracted using TRIzol®
reagent (Life Technologies) and RNeasy® mini kit column (QIAGEN) using a
combined modified protocol described in Chapter 2, Section 2.3.5. Two pairs of primer
sequences described in Chapter 2, Table 2.2., which target orthoreovirus S2 and S4
genome segments, were utilized for the conventional one-step Reverse TranscriptasePolymerase Chain Reaction (RT-PCR) assays. Both complementary DNA (cDNA)
synthesis and RT-PCR were performed using QIAGEN One-step RT-PCR kit as
described in Chapter 2, Section 2.3.7. Resultant RT-PCR products were analyzed in
agarose gels as described in Chapter 2, Section 2.3.8.

3.3.3. Purification of cDNA fragments from agarose gels
Purification of S2 and S4 segment specific cDNA bands from agarose gels was
done using a High Pure PCR product purification kit (Roche) using the following
procedure. The agarose gel that analyzed the PCR products was visualized under an UV
trans-illuminator (Alpha Innotech Corporation) and the desired cDNA band was excised
from the gel using an ethanol cleaned scalpel taking care to minimize the gel volume.
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The excised gel piece was weighed, and three hundred micro liters of Binding buffer
(Roche) was added for each 100 mg of gel weight and vortexed (Genie2TM Fisher
Scientific) for 30 seconds. The tube containing the gel piece and the binding buffer was
incubated at 56 oC for 10 minutes. During incubation there was brief vortexing every 23 minutes to dissolve the gel piece. When the gel piece was completely dissolved 150 µl
of isopropanol for every 100 mg of gel weight was added to the same tube and
thoroughly vortexed. A volume of 700 µl of the mixture was inserted to a high pure
filter tube on a collection tube and centrifuged (Eppendorf centrifuge 5417C) for 60
seconds at 13,000 rpm, and the flow through was discarded. Five hundred micro liters
of Wash buffer (Roche) was added to the filter tube and centrifuged for 1 minute at
13,000 rpm, and the flow through was discarded. Another 200 µl volume of wash buffer
(Roche) was added to the filter tube and centrifuged for 1 minute at 13,000 rpm. The
filter tube was recombined with a clean 1.5 ml micro centrifuge tube, and 30 µl of
elution buffer (Roche) was added to the filter tube and centrifuged for 1 minute at
13,000 rpm. The filter tube was discarded and the micro centrifuge tube containing
purified cDNA was stored at -80 oC until required for analysis.

3.3.4. The vector
Plasmid vector pCR®11-TOPO® (Invitrogen) was used for the cloning of S2
and S4 segment specific PCR products.
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3.3.5. Cloning PCR products into the plasmid vector
Initial cloning of PCR products into the plasmid vector was performed using
TOPO TA Cloning® kit (Invitrogen). The cloning reaction mixture was prepared by
mixing 4 µl of purified cDNA with 1 µl of salt solution (Invitrogen) and 1 µl of the
plasmid vector pCR®11-TOPO® (Invitrogen). The cloning reaction mixture was
incubated at the room temperature for 30 minutes.

3.3.6. Competent cells
One Shot® TOP 10 chemically competent E.coli (Invitrogen) was used for the
transformation.

3.3.7. Transformation
A 2 µl volume of cloning reaction mixture was added to a vial of chemically
competent One Shot® TOP 10 Escherichia coli (Invitrogen) thawed on ice, and mixed
by gently tapping the tube. This transformation reaction mixture was incubated on ice
for 30 minutes. The transformation reaction mixture was heat shocked by transferring it
quickly from the ice to a 42 oC water bath for 30 seconds. Subsequently, the
transformation reaction mixture was immediately transferred back to the ice where it
remained for 2 minutes. After this, a volume of 250 µl of SOC medium (Invitrogen)
was added to the mixture and shaken horizontally at 37 oC for 1 hour in a 200 rpm
shaker (LAB-LINE –Shaker bath ‘orbit’).
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3.3.8. Preparation of the selective plates (ampicillin, YT, X-Gal plates)
Eight grams of BactoTM tryptone (Becton Dickinson and Company, Sparks, MD
21152, USA), 5 g of BactoTM yeast extract (Becton Dickinson and Company, Sparks,
MD 21152, USA), 5 g of sodium chloride (Fisher scientific, USA) and 15 g of
solidifying agent BactoTM Agar (Becton Dickinson and Company, Sparks, MD 21152,
USA) were measured into a sterile 2 L bottle. The volume was brought to 1 L with
double distilled water. This solution was autoclaved and allowed to cool to 55 oC,
before adding 20 ml of 5 mg/ml ampicillin (Sigma) and 2.5 ml of 20 mg/ml X-gal
solution in dimethyl formamide (BioShop® Canada Inc. Burlington, Ontario).
Approximately 20 ml of the above mixture was poured into each 100 mm x 15 mm
sterile disposable polystyrene petri dish (Fisherbrand) inside a biosafety cabinet and
allowed to cool and solidify. The plates were packed in plastic bags and stored in a
refrigerator at 4 oC until use.

3.3.9. Plating on the selective plates (ampicillin, YT, X-Gal plates)
A 100 µl volume of the transformation reaction, SOC mixture was spread on the
ampicillin, YT, X-Gal selective plate stabilized at room temperature and subsequently
incubated at 37 oC for 18 hours to allow for E. coli colony development.

3.3.10. Sub culture of transformed colonies
The selective plates in the 37 oC incubator were allowed to stabilize at room
temperature and examined for the appearance of blue, light blue and white colonies.
Only the white colonies suspected of containing an insert were used for sub culturing in
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tubes with 5 ml of 2xYT broth containing 100 µg/ml of ampicillin (Sigma). One white
colony was picked closer to the flame using a sterile disposable colony picker (Sarstedt
AG & Co, D51588 Numbrecht). The selected colony was agitated in ampicillin 2xYT
broth culture medium and subsequently incubated at 37 oC overnight while shaking at
200 rpm. The overnight bacterial broth culture was used for plasmid DNA isolation.
Excess bacterial broth culture was stored at -80 oC after mixing with an equal volume of
glycerol freezing media. The Ampicillin, YT, X-Gal selective plates with additional
colonies were stored at 4 oC for future use.

3.3.11. Plasmid DNA isolation
A High Pure plasmid isolation kit (Roche) was used for the isolation of plasmids
from the transformed bacteria on the overnight grown broth culture by the following
method. A 5 ml volume of overnight bacterial broth culture in a test tube was pelleted
by centrifuging (Beckman GS-6R table top centrifuge) at 9000 rpm for 1 minute. The
supernatant was discarded and the pellet was re-suspended in 250 µl of suspension
buffer with RNase (Roche). A 250 µl volume of lysis buffer (Roche) was added and the
liquid was gently mixed by inverting the microcentrifuge tube 6 times followed by
incubation at room temperature for 5 minutes. A 350 µl of chilled binding buffer
(Roche) was added to the liquid and gently mixed by inverting the microcentrifuge tube
6 times and subsequently incubated on ice for 5 minutes. Following this, the contents
were centrifuged at 14,000 rpm for 10 minutes and the supernatant was transferred to a
high pure filter tube (Roche) on a collection tube (Roche) that was centrifuged at 14,000
rpm for 1 minute. The flow through was discarded. A 500 µl volume of wash buffer 1
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(Roche) was added to the high pure filter tube followed by centrifugation at 13,000 rpm
for 1 minute. The flow through was discarded and 700 µl of wash buffer 2 (Roche) was
added to the high pure filter tube followed by centrifugation at 13,000 rpm for 1 minute.
The flow through was discarded and the filter tube was again centrifuged for 2 minutes
at 13,000 rpm to remove the residual wash buffer. The filter tube was connected to a
new 1.5 ml sterile micro centrifuge tube and 60 µl of elution buffer (Roche) was added
directly into the filter tube and left 2 minutes for the buffer to enter the filter. The micro
centrifuge tube with the connected filter tube was centrifuged at 13,000 rpm for 1
minute to collect the purified plasmid DNA. A portion of the plasmid DNA was kept on
ice until restriction digestion and the remainder was stored at -80 0C for later use.

3.3.12. Restriction enzyme digestion
The identity of cDNA clones was confirmed by restriction enzyme analysis. A 4
µl volume of plasmid DNA isolated from the overnight bacterial broth culture, 13 µl of
RNase, DNase free sterile water, 2 µl of 10x Fast Digest ® green buffer (Fermentas life
sciences), and 1 µl of Fast Digest® ECoR1 restriction enzyme (Fermentas life sciences)
was pipetted into a sterile micro centrifuge tube on ice. The contents were mixed by
pipetting and incubated in a 37 oC water bath for 30 minutes to obtain a restriction
enzyme digest that was subsequently electrophoresed in a 1% agarose gel to determine
if the expected product size was present. All 20 µl of the reaction mixture was directly
loaded into the gel. A 1Kb plus DNA ladder (Invitrogen) was loaded into the gel as the
molecular weight marker. After detection of the expected product size in the restriction
digest, the relevant plasmid DNA was sent for DNA sequencing.
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3.3.13. Plasmid DNA sequencing
Plasmid DNAs were sequenced at the ACGT Corporation, 700 Bay Street, Suite
1100, Toronto, Ontario, M5G 1Z6. These DNA sequences were deposited in the
National Center for Biotechnology Information (NCBI), GenBank database (Bethesda,
Maryland, USA) and their accession numbers were recorded.

3.3.14. Basic Local Alignment Search Tool N analysis
Initial S2 and S4 partial genome segment sequences of American crow
orthoreovirus isolates A1447-09-3 Intestine from the PEI and 09-93663-4 Spleen from
the Ontario province were analysed by Basic Local Alignment Search Tool N
(BLASTN) (Altschul et al., 1990) against sequences in the GenBank database.

3.3.15. Pairwise and multiple sequence alignment
The pairwise sequence comparison of initial S2 and S4 partial genome segment
sequences of American crow orthoreovirus isolates obtained from the two provinces
were done by European molecular biology open software suite (EMBOSS)-Needle
(Rice et al., 2000) software analysis package (European Molecular Biology Laboratory,
European Bioinformatics Institute). The multiple sequence alignment for each genome
segment was done using ClustalW (Larkin et al., 2007) (Lasergene, DNAStar,
Madison,WI). Available nucleotide sequences of the orthoreovirus genome S2 and S4
segments were downloaded from the GenBank databases to study the multiple sequence
alignment and the phylogenetic relationships among orthoreoviruses. The GenBank
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accession numbers and the description of orthoreovirus σA and σNS gene sequences
used in the study are given in table 3.1. and 3.2. respectively.

Table 3.1. Accession numbers and description of GenBank S2 genome sequences
used in the multiple sequence alignment and the phylogenetic study.
Accession
numbers
AJ278102.1
L19774.1
AF368036.1
L19776.1
L19775.1
AF059717.1
AF059716.1
AF059718.1
EU448335.1
EF026044.1
AY357731.1
AB521794.1
JF803296.1
EU170365.1
JF803297.1
JN641887.1
AF294770.1
AF293773.1
DQ198857.1
AB435371.1

Description
Muscovy duck reovirus RNA for sigma A protein, genomic
RNA, strain 89026
Mammalian orthoreovirus 1 major core protein sigma 2 (S2)
gene, complete cds
Ndelle virus segment S2, complete sequence
Mammalian orthoreovirus 3 major core protein sigma 2 (S2)
gene, complete cds
Mammalian orthoreovirus 2 major core protein sigma 2 (S2)
gene, complete cds
Avian orthoreovirus strain 138 segment S2 major inner capsid
protein sigma 1 gene, complete cds
Avian orthoreovirus strain 176 segment S2 major inner capsid
protein sigma 1 gene, complete cds
Nelson Bay virus segment S2 major inner capsid protein sigma
1 gene, complete cds
Kampar orthoreovirus segment S2, complete sequence
Melaka orthoreovirus segment S2, complete sequence
Pulau reovirus segment S2, complete sequence
Reovirus sp. miyazaki gene for sigma 1, partial cds
Orthoreovirus HK46886/09 major inner capsid protein gene,
partial cds
Reovirus strain HK23629/07 sigma 1 gene, partial cds
Orthoreovirus HK50842/10 major inner capsid protein gene,
partial cds
Avian orthoreovirus isolate T-98 major inner capsid protein
sigma 1 gene, complete cds
Avian orthoreovirus strain OS161 sigma A mRNA, complete
cds
Avian orthoreovirus strain 1733 sigma A mRNA, complete cds
Muscovy duck reovirus strain YJL major inner capsid protein
sigma A gene, complete cds
Ostrich orthoreovirus Ost1 S2 gene for core protein sigma A,
partial cds
148

KP288834.1
FR694198.1
EU189200.1
KF692096.1
AB914767.1

Avian orthoreovirus isolate HB10-1 segment S2 sigma 1 gene,
partial cds
Avian orthoreovirus segment S2, strain AVS-B, genomic RNA
Psittacine orthoreovirus SRK/Germany/2007 segment S2,
complete sequence
Tvärminne avian virus segment S2, complete sequence
Avian orthoreovirus genomic RNA, segment S2, complete
sequence, strain: Pycno-1

Table 3.2. Accession numbers and description of GenBank σNS gene sequences
used in the multiple sequence comparison and the phylogenetic analysis.
Accession
numbers
EF026045.1
GU188275.1
AY357732.1
EU448336.1
JF803298.1
JF803299.1
EU170366.1
AB521795.1
AF059726.1
AF059724.1
AF059725.1
AF406787.1
EU189202.1
NC_014244.1
JN641885.1
FJ858377.1
AY303992.1
AF294777.1

Description
Melaka orthoreovirus segment S3, complete sequence
Xi river reovirus segment S3, complete sequence
Pulau reovirus segment S3, complete sequence
Kampar orthoreovirus segment S3, complete sequence
Orthoreovirus HK46886/09 non-structural protein gene, partial
cds
Orthoreovirus HK50842/10 non-structural protein gene, partial
cds
Reovirus strain HK23629/07 sigma NS gene, partial cds
Reovirus sp. miyazaki gene for sigma NS, complete cds
Nelson Bay virus segment S3 nonstructural protein sigma NS
gene, complete cds
Avian orthoreovirus strain 176 segment S4 nonstructural
protein sigma NS gene, complete cds
Avian orthoreovirus strain 138 segment S4 nonstructural
protein sigma NS gene, complete cds
Baboon reovirus segment S4, complete sequence
Psittacine orthoreovirus SRK/Germany/2007 segment S4,
complete sequence
Broome virus segment S3, complete genome
Avian orthoreovirus isolate C-98 nonstructural protein sigma
NS gene, complete cds
Duck reovirus strain HC/China sigma NS gene, partial cds
Avian orthoreovirus strain 1733 sigma NS gene, complete cds
Avian orthoreovirus strain OS161 segment S4 sigma NS
mRNA, complete cds
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EF122838.1
DQ325536.1
DQ198858.1
EU400282.1
EU400283.1
KF692098.1
AB914769.1
HM222971.1

Avian orthoreovirus strain S1133 non-structural protein (sigma
NS) gene, complete sequence
Muscovy duck reovirus strain S12 sigma NS gene, complete
cds
Muscovy duck reovirus strain YJL nonstructural protein sigma
NS gene, complete cds
Avian orthoreovirus turkey/MO/SEP-828/05 nonstructural
protein sigma NS gene, partial cds
Avian orthoreovirus turkey/NC/SEP-832/05 nonstructural
protein sigma NS gene, complete cds
Tvärminne avian virus segment S4, complete sequence
Avian orthoreovirus genomic RNA, segment S4, complete
sequence, strain: Pycno-1
Steller sea lion orthoreovirus segment S4, complete sequence

3.3.16. Phylogenetic analysis
The publicly available sequence data of the genus Orthoreovirus segments S2
and S4 used in the analysis reported in this study were obtained from National Center
for Biotechnology Information (NCBI)-Nucleotide GenBank, Bethesda, Maryland,
USA.
The phylogenetic trees for Genus Orthoreovirus genome segments S2 and S4
were constructed using the maximum likelihood method implemented in the molecular
evolutionary genetics analysis version 6.0 (MEGA6) software program (Tamura et al.,
2013).
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3.4. Results
3.4.1. Analysis of PCR products
Both American crow orthoreovirus isolates, PEI isolate A1447-09-3 Intestine
and ON isolate 09-93663-4 Spleen, yielded the expected S2 and S4 segment specific
products in the conventional one-step RT-PCR assay (Figure 3.1.).

Figure 3.1. PCR gel image showing S2 and S4 genome segment specific bands.
1

2

3

4

5

6

437 bp
399 bp

Lane 1 - 1Kb plus molecular weight marker ladder
Lane 2 - PEI isolate A1447-09-3 Intestine, S2 segment primers
Lane 3 - PEI isolate A1447-09-3 Intestine, S4 segment primers
Lane 4 - Ontario isolate 09-93663-4 Spleen, S2 segment primers
Lane 5 - Ontario isolate 09-93663-4 Spleen, S4 segment primers
Lane 6 - No template control

3.4.2. Appearance and sub culture of transformed colonies
Blue, light blue and white colonies of E.coli appeared on ampicillin, YT, X-Gal
selective plates after incubating at 37 oC for 18 hours (Figure 3.2.). Only the white
colonies suspected of containing an insert were used for sub culturing in tubes with 5 ml
of 2xYT broth containing 100 µg/ml of ampicillin (Sigma).
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Figure 3.2. Colony development on ampicillin, YT, X-Gal plates.

3.4.3. S2 genome segment sequences and BLASTN analysis
The S2 partial genome segment sequences of American crow orthoreovirus
isolates, PEI isolate A1447-09-3 Intestine and Ontario isolate 09-93663-4 Spleen, were
deposited in the NCBI GenBank database; PEI isolate A1447-09-3 Intestine (GenBank
Accession number MF350293) and Ontario isolate 09-93663-4 Spleen (GenBank
Accession number MF350294).
BLASTN analysis of aligned initial S2 sequences identified both these
sequences as avian orthoreovirus S2 genome segments. American crow orthoreovirus
isolate PEI A1447-09-3 Intestine had 92% sequence similarity to avian orthoreovirus
isolates HB10-1 (KP288834.1), 1733 (KF741713.1), T-98 (JN641887.1), 176
(AF059716.1), and 91% sequence similarity to avian orthoreovirus strain S1133
(KF741773.1). American crow orthoreovirus isolate Ontario 09-93663-4 Spleen had
93% sequence similarity to avian orthoreovirus isolates HB10-1 (KP288834.1), 1733
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(KF741713.1), T-98 (JN641887.1), 176 (AF059716.1) and 92% genetic similarity to
avian orthoreovirus strain S1133 (KF741763.1).

3.4.4. Pairwise sequence alignment for S2 genome segment sequences
Pairwise nucleotide sequence analysis of the 400 bp partial S2 genome segments
revealed that the two American crow orthoreovirus isolates, PEI isolate A1447-09-3
Intestine and Ontario isolate 09-93663-4 Spleen, have 99.8% sequence similarity to
each other (Figure 3.3.). There is a point mutation at the 339th position of the two
sequences but no insertions and deletions were found in the nucleic acid sequences of
the two isolates (Figure 3.3.).

Figure 3.3. Pairwise sequence alignment for partial S2 genome segments of
American crow orthoreoviruses (each nucleotide sequence on the figure is identified
by the isolate name).
#
#
#
#
#
#
#
#
#
#
#

1: A1447.09.3
2: 09.93663.4Sp
Matrix: EDNAFULL
Gap_penalty: 10.0
Extend_penalty: 0.5
Length: 400
Identity:
399/400 (99.8%)
Similarity:
399/400 (99.8%)
Gaps:
0/400 ( 0.0%)
Score: 1991.0

A1447.09.3
9.93663.4Sp
A1447.09.3
9.93663.4Sp

1 CCCATGGCAACGATTTCTaTCATCAATGACTCCACTAACAGCGCCAGGTA
||||||||||||||||||||||||||||||||||||||||||||||||||
1 CCCATGGCAACGATTTCTATCATCAATGACTCCACTaACAGCGCCAGGTA

50
50

51 TCGTCTCAACACCTGAAGCACCTTATCCAGGCTCGTTAATGTATCAAGAG 100
||||||||||||||||||||||||||||||||||||||||||||||||||
51 TCGTCTCAACACCTGAAGCACCTTATCCAGGCTCGTTAATGTATCAAGAG 100

A1447.09.3

101 TCTATGCTCCACAGTGCCACTGTCCCTGGAGTGCTCGGTAATCGTGACGC 150
||||||||||||||||||||||||||||||||||||||||||||||||||
9.93663.4Sp 101 TCTATGCTCCACAGTGCCACTGTCCCTGGAGTGCTCGGTAATCGTGACGC 150
A1447.09.3

151 TTGGCGTACATTTAATGTCTTCGGGCTTTCATGGACTGATGAAGGGTTGT 200
||||||||||||||||||||||||||||||||||||||||||||||||||
9.93663.4Sp 151 TTGGCGTACATTTAATGTCTTCGGGCTTTCATGGACTGATGAAGGGTTGT 200
A1447.09.3

201 CAGGATTGGTAACTGCCCAGGATCCTCCTCCCGCCGCCCCGTATCAGCCA 250
||||||||||||||||||||||||||||||||||||||||||||||||||
9.93663.4Sp 201 CAGGATTGGTAACTGCCCAGGATCCTCCTCCCGCCGCCCCGTATCAGCCA 250
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A1447.09.3

251 GCCTCTGCTCAGTGGTCGGATCTCCTCAACTACCCTAGATGGGCGAATAG 300
||||||||||||||||||||||||||||||||||||||||||||||||||
9.93663.4Sp 251 GCCTCTGCTCAGTGGTCGGATCTCCTCAACTACCCTAGATGGGCGAATAG 300
A1447.09.3

301 ACGTCGTGAGCTGCAATCTAAATATCCGCTTCTGCTTCTATCTACGCTAC 350
||||||||||||||||||||||||||||||||||||||.|||||||||||
9.93663.4Sp 301 ACGTCGTGAGCTGCAATCTAAATATCCGCTTCTGCTTCGATCTACGCTAC 350
A1447.09.3

351 TTTCTGCTATGCGAGCTGGTCCTGTTCTATATGTTGAGACGTGGCCGAAA 400
||||||||||||||||||||||||||||||||||||||||||||||||||
9.93663.4Sp 351 TTTCTGCTATGCGAGCTGGTCCTGTTCTATATGTTGAGACGTGGCCGAAA 400
= site of point mutation.

3.4.5. Multiple sequence alignment for S2 genome segment sequences
The multiple sequence alignment for S2 genome segment coded σA gene
sequences of orthoreoviruses was compared (Figure 3.4.). In the multiple sequence
alignment, the two American crow orthoreovirus isolates, PEI A1447-09-3 Intestine and
Ontario 09-93663-4 Spleen, have closely aligned with the known avian orthoreoviruses
of chickens (138, HB10-1, 1733, 176, T98, AVS-B, OS161), Muscovy ducks (YJL,
89026) and ostrich (Ost1).

Figure 3.4. The multiple sequence alignment for S2 genome segment sequences of
American crow orthoreoviruses (sequence on the figure is identified by the isolate
name).
A1447.09.3
Mus.duck-YJL
Avian-138
09.093663.4
Avian-HB10-1
Avian-1733
Avian-176
Ostrich-Ost1
Avian-OS161
Avian-T98
Avian-AVS-B
Mus.duck89026
Pulau
HK50842/10
HK46886/09
HK23629/07
Miyazaki
Nelson-Bay
Melaka
Kampar
Psittacine

---CCCATGGCA---ACGAT---TTCTATCATCA--ATGACTCCACTAACAGCGCCAGGT
TTCCCCATGGCA---ACGAT---TTCTATCATCA--ATGACTCCATTGACAGCGCCAGGT
TTCCCCATGGCA---ACGAT---TTCTATCATCA--CTGACTCCATTGACGGCGCCAGGT
---CCCATGGCA---ACGAT---TTCTATCATCA--ATGACTCCACTAACAGCGCCAGGT
TTCCCCATGGCA---ACGAT---TTCTATCATCA--ATGACTCCATTGACAGCGCCAGGT
TTCCCCATGGCA---ACGAT---TTCTATCATCA--ATGACTCCATTGACAGCGCCAGGT
TTCCCCATGGCA---ACGAT---TTCTATCATCA--ATGACTCCATTGACAGCGCCAGGT
TTCCCCATGGCA---ACGAT---TTCTATCATCA--ATGACTCCATTGACAGCGCCAGGT
TTCCCCATGGCA---ACGAT---TTCTATCATCA--ATGACTCCATTGACAGCGCCAGGT
TTCCCCATGGCA---ACGAT---TTCTATCATCA--ATGACTCCATTGACAGCGCCAGGT
TTCCCCATGGCA---ACGAT---TTCTATCTTCA--ATGACTCCATTGACGGCGCCAGGT
TTCGCCATGGCA---ACGCT---TTTTGTCTGCT--TTAACTCCGCTGACTGCTCCAGGC
CTCACCATGGCAGAAGCAATATAGTCCATTGGCT--TTGAGC---TTAACGTCCTCCACT
CTCACCATGGCAGAAACAGTATAGTCCGTTGGCT--TTAAGC---TTAACGTCTTCCACT
CTCACCATGGCAGAAACAATATAGTCCGTTGGCT--TTAAGC---TTAACGTCTTCCACT
CTCACCATGGCAGAAACAATATAGTCCGTTGGCT--TTAAGC---TTAACGTCTTCCACT
CTCACCATGGCAGAAACAATATAGTCCGTTGGCT--TTAAGC---TTAACGTCTTCCACT
CTCACCCTGGCAGAAACAATATAGCCCATTAGCC--CTAAGT---TTAACATCTTCTACC
CTCTCCATGGCAGAAGCAATACAGTCCATTGTCT--TTGAGC---TTAACGTCCTCCACT
CTCACCATGGCAGAAACAATACAGTCCATTGGCT--TTGAGC---TTAACGTCCTCCACT
TTCGCCATGGCAGCTGCAA--CAATC-GCCATCG--TACAGT---TCAATGTCACCAGGT
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Avian-Pycno-1
Tvärminne
Mammalian-1
Ndelle
Mammalian-2
Mammalian-3

CTCGCCATGGCAGTTACAA--CAATC-ACCGTCA--TACAGC---TCAATGTCGCCGGGT
CTCCCCTTGGCAAGCGCAAAATAATC--CTTTGT--TTCAGA---ACGTTGCCCCTGGGT
TTCGCCATGGCAGC--TGACTCAGTTCTTAGATTGGATAAGTCTTGGAAGAGGATTAGCT
TTCTCCATGGCAAC--TGACTCAGTTTTTAGATTGGGTAAGTCTTGGGAGAGGACTAGCC
TTCTCCATGGCAGC--TGACGCAATTCCTTGACTGGATTAGTCTCGGGAGAGGATTGGCT
TTCACCATGGCAGT--TAACACAGTTTTTAGACTGGATAAGCCTTGGGAGGGGTTTAGCT
** *****
*

A1447.09.3
Mus.duck-YJL
Avian-138
09.093663.4
Avian-HB10-1
Avian-1733
Avian-176
Ostrich-Ost1
Avian-OS161
Avian-T98
Avian-AVS-B
Mus.duck89026
Pulau
HK50842/10
HK46886/09
HK23629/07
Miyazaki
Nelson-Bay
Melaka
Kampar
Psittacine
Avian-Pycno-1
Tvärminne
Mammalian-1
Ndelle
Mammalian-2
Mammalian-3

ATCGTCTCAACACCTGAAGCACCTTATCCAGGCTCGTTAATGTATCAA--GAGTCTATGATCGTTTCAACGCCTGAAGCACCCTATCCAGGTTCGTTGATGTATCAA--GAGTCTATGATCGTCTCAACACCTGAAGCACCCTATCCAGGTTCGTTGATGTATCAG--GAGTCTATGATCGTCTCAACACCTGAAGCACCTTATCCAGGCTCGTTAATGTATCAA--GAGTCTATGATCGTTTCAACGCCTGAAGCACCCTATCCAGGTTCGTTGATGTATCAA--GAGTCTATGATCGTTTCAACGCCTGAAGCACCCTATCCAGGTTCGTTGATGTATCAA--GAGTCTATGATCGTTTCAACGCCTGAAGCACCCTATCCAGGTTCGTTGATGTATCAA--GAGTCTATGATCGTCTCAACACCTGAAGCACCTTATCCAGGCTCATTGATGTATCAA--GAATCTATGATCGTTTCAACGCCTGAAGCACCCTATCCAGGTTCGTTGATGTATCAA--GAGTCTATGATCGTTTCAACGCCTGAAGCACCCTATCCAGGTTCGTTGATGTATCAA--GAGTCTATGATTGTCTCAACACCTGAAGCACCCTATCCGGGCTCACTGATGTATCAA--GAGTCCATGACTGTTTCAACACCTGAGGCACCTTATCCGGGCTCATCGTTATACCAG--GAGTCCATG---ATCTCAACGCCTCAGCAGCCTTTTCCAGGTTCTGCATGGTATCAA--GAGTCAATG---ATCTCGACGCCTCAGCAACCTTTTCCGGGTTCTGCATGGTATCAA--GAGTCAATG---ATCTCGACGCCTCAGCAACCTTTTCCGGGTTCTGCATGGTATCAA--GAGTCAATG---ATCTCGACGTCTCAGCAACCTTTTCCGGGTTCTGCATGGTATCAA--GAGTCAATG---ATCTCGACGCCTCAGCAACCTTTTCCGGGTTCTGCATGGTATCAA--GAGTCAATG---ATTTCAACACCTCATCAGCCCTTTCCAGGCTCAACATGGTATCAG--GAATCGATG---ATATCAACGCCTCAGCAACCTTTTCCAGGTTCCGCATGGTACCAG--GAGTCAATG---ATCTCAACGCCTCAGCAACCTTTTCCAGGTTCCGCATGGTACCAG--GAGTCAATGCTAATTTCTACTGAGGCTCATCCATTTCCCGGATCTAAATGGTTCCAG--GAGTCGATGCTGATTTCTACTGAAGCTCATCCCTTCCCCGGATCTAAGTGGTTCCAG--GAGTCCATG-TAGTGGTGACCTCGTCGCAACCTTTCCCCGGCAGTAGATGGTATCAG--GAGGCCATG---ACATCAGCTCTTGTTCCAACCG---CTGGTTCAAGATATTATCAGATGAGT---TGT
---ACGTCGGCTCTGGTGCCAACAG---CTGGTTCAAGATACTATCAGATGAGT---TGT
---ACCTCTGCATTAGTGCCTACGG---CGGGATCGCGTTACTATCAAATGAGT---TGC
---ACATCGGCTCTCGTTCCGACGG---CTGGGTCAAGATACTATCAAATGAGT---TGC
*
*
* **
* **
**
**

A1447.09.3
Mus.duck-YJL
Avian-138
09.093663.4
Avian-HB10-1
Avian-1733
Avian-176
Ostrich-Ost1
Avian-OS161
Avian-T98
Avian-AVS-B
Mus.duck89026
Pulau
HK50842/10
HK46886/09
HK23629/07
Miyazaki
Nelson-Bay
Melaka
Kampar
Psittacine
Avian-Pycno-1
Tvärminne
Mammalian-1
Ndelle
Mammalian-2
Mammalian-3

CTCCACAGTGCCACTGTC---CCTGGAGTGCTCGGTAATCGT-GACGCTTGGCGTACATT
CTCCACAGTGCTACTGTC---CCTGGAGTACTCGGTGGTCGT-GATGCTTGGCGTACATT
CTCCACAGTGTTACTGTT---CCCGGAGTACTCGGTAATCGT-GATGCTTGGCGTACATT
CTCCACAGTGCCACTGTC---CCTGGAGTGCTCGGTAATCGT-GACGCTTGGCGTACATT
CTCCACAGTGCTACTGTC---CCTGGAGTACTCGGTAGTCGT-GATGCTTGGCGTACATT
CTCCACAGTGCTACTGTC---CCTGGAGTACTCGGTAGTCGT-GATGCTTGGCGTACATT
CTCCACAGTGCTACTGTC---CCTGGAGTACTCGGTAGTCGT-GATGCTTGGCGTACATT
CTCCACAGTGCTACCGTC---CCTGGAGTACTTGGCAATCGT-GATGCTTGGCGTACATT
CTCCACAGTGCTACTGTC---CCTGGAGTACTCGGTAGTCGT-GATGCTTGGCGTACATT
CTCCACAGTGCTACTGTC---CCTGGAGTACTCGGTAGTCGT-GATGCTTGGCGTACATT
CTTCACAGTGCCACTGTC---CCTGGAGTACTTGGTAATCGT-GATGCTTGGCGTACGTT
CTTCACAGCGCTACTATC---CCTGGGATCTTAGGTAATCGA-GACGCGTGGCGCAATCT
CTATTTAGTGC-ACTGTTA--CCTCCAGTTTTGGTGAATCAG-GACGCCTGGCGTGATGC
TTATTTAGTGC-ACTGTTA--CCTCCAGTTTTGGTGAATCAG-GACGCCTGGCGTGATGC
TTATTTAGTGC-ACTGTTA--CCTCCAGTCTTGGTAAATCAG-GACGCCTGGCGTGATGC
TTATTTAGTGC-ACTGTTA--CCTCCAGTCTTGGTAAATCAG-GACGCCTGGCGTGATGC
TTATTTAGTGC-ACTGTTA--CCTCCAGTCTTGGTAAATCAG-GACGCCTGGCGTGATGC
CTATTTAGTGC-ATTACTA--CCTCCAGTTCTTGTGAATCAA-GACGCCTGGCGCGATGC
CTATTCAGTGC-GCTGTTA--CCTCCAGTTCTCGTGAACCAG-GATGCATGGCGTGATGC
CTATTCAGTGC-GCTGTTA--CCTCCAGTTCTTGTGAATCAG-GATGCCTGGCGTGATGC
CTTTTCTCAGC-CTTCGTA--CCTCCAGTTCTAGCTGGTCGT-GAGGCGTGGAAAGATGC
CTCTTTTCGGC-TTTCGTG--CCTCCCGTTCTAGCTGGTCGT-GACGCATGGAGAGATGC
CTATTCAGCTC-TTTCGTC--CCCCCTATTCTGGTAAACGCC-GATGCTTGGCGTGACGT
TTATTGAGTGGTACCCTCCAGATTCCATTTCGTCCTAATCATCGA----TGGGGAGATAT
CTTTTAAGTGGTACTCTTCAGATTCCATTTCGTCCCAACCATCGA----TGGGGAGACAT
CTACTGAGTGGTACGCTGCAAATTCCTTTTCGACCAAATCATAGA----TGGGGAGACGT
CTTCTAAGTGGCACTCTCCAGATTCCGTTCCGTCCTAACCACCGA----TGGGGAGACAT
*
*
**
***

A1447.09.3
Mus.duck-YJL
Avian-138
09.093663.4
Avian-HB10-1

TAATGTCTTCGGGCTTTCATGGACTGATGAAGGGTTGTCAGGATTGGTAACTGCCCAGGA
TAATGTCTTCGGGCTTTCGTGGACTGATGAAGGATTGTCAGGACTAGTAGCTGCCCAAGA
CAATGTCCTCGGGCTTTCATGGACTGATGAAGGACTATCAGGACTAGTGGCTGCTCAAGA
TAATGTCTTCGGGCTTTCATGGACTGATGAAGGGTTGTCAGGATTGGTAACTGCCCAGGA
TAATGTCTTCGGGCTTTCGTGGACTGATGAAGGATTGTCAGGACTAGTAGCTGCCCAAGA
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Avian-1733
Avian-176
Ostrich-Ost1
Avian-OS161
Avian-T98
Avian-AVS-B
Mus.duck89026
Pulau
HK50842/10
HK46886/09
HK23629/07
Miyazaki
Nelson-Bay
Melaka
Kampar
Psittacine
Avian-Pycno-1
Tvärminne
Mammalian-1
Ndelle
Mammalian-2
Mammalian-3

TAATGTCTTCGGGCTTTCGTGGACTGATGAAGGATTGTCAGGACTAGTAGCTGCCCAAGA
TAATGTCTTCGGGCTTTCGTGGACTGATGAAGGATTGTCAGGACTAGTAGCTGCCCAAGA
TAATGTCTTTGGGCTTTCTTGGACTGACGAAGGATTGTCAGGACTAGTAGCTGCTCAAGA
TAATGTCTTCGGGCTTTCGTGGACTGATGAAGGATTGTCAGGACTAGTAGCTGCCCAAGA
TAATGTCTTCGGGCTTTCGTGGACTGATGAAGGATTGTCAGGACTAGTAGCTGCCCAAGA
TAATGTCTTCGGGCTTTCATGGACTGACGAAGGACTGTCAGGACTGGTGGCTGCTCAAGA
CAACGTCTTCGGCTTTTCATGGACAGATGAAGGTCTCTCTGGACTTGTCACCGCGCAGGA
TAATTACAAGCGTTTTTGCTGGACAGACTCTGCCTTGTCAGGTTTGGTTGCTGCTCCGGA
TAACTACAAGCGTTTTTGCTGGACAGACGCCGCCTTGTCGGGTTTGGTTGCTGCCCCGGA
TAATTACAAGCGTTTCTGTTGGACAGATGCCGCCTTGTCGGGTTTGGTTGCTGCCCCGGA
TAATTACAAGCGTTTCTGTTGGACAGATGCCGCCTTGTCGGGTTTGGTTGCTGCCCCGGA
TAATTACAAGCGTTTCTGTTGGACAGATGCCGCCTTGTCGGGTTTGGTTGCTGCCCCGGA
TAACTACAAACGTTTCTGTTGGACAGATGCTGCCTTATCAGGTTTAGTTGCTGCTCCGGA
TAATTACAAGCGTTTCTGCTGGACAGATGCTGCCTTGTCAGGTCTGGTCGCTGCTCCTGA
TAATTACAAGCGTTTCTGCTGGACAGATGCTGCCCTGTCAGGTCTGGTTGCTGCACCGGA
TAACTTCAGGCGACTGTGTTGGACTGACGAGGGATTGTCAGGATTAGTGACCACTCCTGA
TAACTTCAGGCGACTGTGTTGGACTGACGAGGGATTGTCAGGGTTAGTGACCACTCCTGA
GAATTTCCAGCGCTTATGTTGGACTGACCCAGGATTGACGGCTCTAGTTGTAGCGCGAGA
TAGGTTTCTGCGTCTAGTGTGGTCAGCTCCTACGCTTGACGGGTTGGTTGTTGCCCCA-CAGATTCCTGCGGCTAGTGTGGTCAGCTCCTACTCTCGACGGGTTAGTCATAGCTCCA-ACGATTTCTACGTCTGGTATGGTCTGCTCCTACCCTCGACGGTTTAGTTATTGCACCA-TAGGTTCTTACGCTTAGTGTGGTCAGCTCCTACTCTCGATGGATTAGTCGTAGCTCCA-* *
*** * *
*
*
* **
* *

A1447.09.3
Mus.duck-YJL
Avian-138
09.093663.4
Avian-HB10-1
Avian-1733
Avian-176
Ostrich-Ost1
Avian-OS161
Avian-T98
Avian-AVS-B
Mus.duck89026
Pulau
HK50842/10
HK46886/09
HK23629/07
Miyazaki
Nelson-Bay
Melaka
Kampar
Psittacine
Avian-Pycno-1
Tvärminne
Mammalian-1
Ndelle
Mammalian-2
Mammalian-3

TCCTCC--TCCCGCCGCCCCGTATCAGCCAGCCTCTGCTCAGTGG----TCGGATCTCCT
TCCTCC--CCCTGCCGCCCCGTATCAGCCAGCCTCTGCTCAGTGG----TCGGATCTCCT
TCCTCC--TCCCGCTGCCCCGTATCAGCCAGCCTCTGCTCAGTGG----TCAGATCTCCT
TCCTCC--TCCCGCCGCCCCGTATCAGCCAGCCTCTGCTCAGTGG----TCGGATCTCCT
TCCTCC--CCCTGCCGCCCCGTATCAGCCAGCCTCTGCTCAGTGG----TCGGATCTCCT
TCCTCC--CCCTGCCGCCCCGTATCAGCCAGCCTCTGCTCAGTGG----TCGGATCTCCT
TCCTCC--CCCTGCCGCCCCGTATCAGCCAGCCTCTGCTCAGTGG----TCGGATCTCCT
TCCTCC--TCCTGCTGCCCCGTACCAGCCAACCTCTGCTCAGTGG----TCGGATCTCCT
TCCTCC--CCCTGCCGCCCCGTATCAGCCAGCCTCTGCTCAGTGG----TCGGATCTCCT
TCCTCC--CCCTGCCGCCCCGTATCAGCCAGCCTCTGCTCAGTGG----TCGGATCTCCT
TCCTCC--TCCCGCCGCCCCGTATCAGCCAGCCTCTGCTCAGTGG----TCAGATCTCCT
TCCTCC--TCCAGCTCCACCATACCAACCAGTTTCGGGACAGTGG----TCCGACCTGCT
TCCACC--TCGTGCGCCTCCCTACGTCCCAGTTTCCGGTGCCTGG----TTTGACCTCAC
TCCACC--TCGTGCACCTCCCTATGTCCCAGTTTCTGGTGCCTGG----TTTGACCTCAC
TCCACC--TCGTGCGCCTCCTTACGTCCCAGTTTCTGGTGCCTGG----TTTGACCTCAC
TCCACC--TCGTGCGCCTCCCTACGTCCCAGTTTCTGGTGCCTGG----TTTGACCTCAC
TCCACC--TCGTGCGCCTCCCTACGTCCCAGTTTCTGGTGCCTGG----TTTGACCTCAC
TCCACC--TCGTGCGCCTCCCTACGTCCCAGTCTCTGGTGCCTGG----TTCGATCTCAC
TCCACC--TCGTGCGCCTCCCTACGTCCCAGTCTCTGGTGCCTGG----TTCGACCTCAC
TCCACC--TCGTGCGCCTCCTTATGTTCCAGTCTCTGGTGCCTGG----TTCGATCTCAC
TCCTCC--ACGCGCACCAGAATATCAGCCGGTCTCGGGTCAATGG----TTTGACCTGCT
TCCTCC--ACGCGCACCGGAATATCAGCCAGTTTCAGGTCAATGG----TTTGATTTGTT
TCCACC--TCCCGCACCACCCTATACGCCAGTGTCAGGTCAATGG----TTTGATTTGCT
-CCGCAGGTCTTAGCTCAGCCAGCGTTACAGGCGCAGGCAGATCGAGTGTATGATTGTGA
-CCGCGAGTGTTGGCGCAGCCAGCTTTGCAGGCGCAAGCAGATCGGGTGTACGACTGTGA
-CCGCCCATTCTTGCGCAACCTGCGATACAGGCGCAAGCGGATAGAGCTTACGACTGTGA
-CCACAAGTTTTGGCTCAGCCCGCTTTGCAAGCACAGGCAGATCGAGTGTACGACTGCGA
** *
*
*
*
* *
* **

A1447.09.3
Mus.duck-YJL
Avian-138
09.093663.4
Avian-HB10-1
Avian-1733
Avian-176
Ostrich-Ost1
Avian-OS161
Avian-T98
Avian-AVS-B
Mus.duck89026
Pulau
HK50842/10
HK46886/09
HK23629/07
Miyazaki
Nelson-Bay

CAACTACCCTAGATGGGCGAATAGACGTCGTGAGCTGCAATCTAAATATCCGCTTCTGCT
CAACTACCCTAGATGGGCAAACAGACGTCGTGAGCTGCAGTCTAAATACCCACTTCTGCT
CAACTACCCTAGATGGGCAAACAGACGTCGTGAGCTGCAATCTAAATACCCGCTTCTGCT
CAACTACCCTAGATGGGCGAATAGACGTCGTGAGCTGCAATCTAAATATCCGCTTCTGCT
CAACTACCCTAGATGGGCAAACAGACGTCGTGAGCTGCAATCTAAATACCCACTTCTGCT
CAACTACCCTAGATGGGCAAACAGACGTCGTGAGCTGCAATCTAAATACCCACTTCTGCT
CAACTACCCTAGATGGGCAAACAGACGTCGTGAGCTGCAATCTAAATACCCACTTCTGCT
CAACTACCCTAGATGGGCGAACAGACATCGCGAGCTGCAATCTAAGTACCCTCTCCTGCT
CAACTACCCTAGATGGGCAAACAGACGTCGTGAGCTGCAATCTAAATACCCACTTCTGCT
CAACTACCCTAGATGGGCAAACAGACGTCGTGAGCTGCAATCTAAATACCCACTTCTGCT
CAACTACCCCAGATGGGCGAACAGACGTCGTGAGTTACAATCAAAATACCCGCTTCTGCT
CCAGTATCCTCGATGGGCTAATCGTCAACGCGAGCTACAGTCCAAATATCCCATCCTTCT
TCAGTATCCACGTTGGGCGAATCGTCGTAGAGAGCTTGAGACCAAATACCCATTGCTGCT
TCAGTATCCGCGTTGGGCGAATCGTCGTAGAGAACTTGAGACTAAATATCCACTGCTGCT
TCAGTATCCGCGTTGGGCGAATCGTCGTAGAGAACTTGAGACCAAATATCCACTGCTGCT
TCAGTATCCGCGTTGGGCGAATCGTCGTAGAGAACTTGAGACCAAATATCCACTGCTGCT
TCAGTATCCGCGTTGGGCGAATCGTCGTAGAGAACTTGAGACCAAATATCCACTGCTGCT
TCAGTACCCTCGTTGGGCCAATCGTCGCAGAGAGCTCGAAACTAAATATCCACTACTGTT
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Melaka
Kampar
Psittacine
Avian-Pycno-1
Tvärminne
Mammalian-1
Ndelle
Mammalian-2
Mammalian-3

TCAATATCCCCGTTGGGCGAATCGCCGTAGAGAACTTGAAACCAAGTACCCATTGCTGCT
TCAATATCCACGTTGGGCGAATCGTCGTAGGGAACTTGAAACCAAGTACCCATTGCTGCT
GCAGTACCCAAGGTGGGCGAACCGTCAGCGTGAGCTTGAAGTAAAATATCCACTGTTGCT
GCAGTACCCAAGATGGGCGAACCGTCAGCGTGAACTTGAGGTAAAATACCCGCTGTTGCT
CCGATACCCTAGGTGGGCTAATAGGCGTAGGGAGTTGCAAGTTAAGTATCCGATCTTGCT
TGATTACCCATTCTTAGCACGTGACC--CGAGATTTAAGCATCGAGTGTAT-CAACAATT
TGATTATCCCTTCCTTGCACGTGACC--CAAGATTTAAGCATCGGGTATAT-CAGCAATT
TGACTATCCTTTCCTTGCACGTGATC--CCCGCTTCAAACATAGAGTATAT-CAGCAACT
TGATTATCCATTTCTAGCGCGTGATC--CAAGATTCAAACATCGGGTGTAT-CAGCAATT
** **
**
*
*
*
*

A1447.09.3
Mus.duck-YJL
Avian-138
09.093663.4
Avian-HB10-1
Avian-1733
Avian-176
Ostrich-Ost1
Avian-OS161
Avian-T98
Avian-AVS-B
Mus.duck89026
Pulau
HK50842/10
HK46886/09
HK23629/07
Miyazaki
Nelson-Bay
Melaka
Kampar
Psittacine
Avian-Pycno-1
Tvärminne
Mammalian-1
Ndelle
Mammalian-2
Mammalian-3

TCTATCTA---CGCTACTTTCTGCTATGCGAGCTGGTCCTGTTCTATATGTTGAGACGTG
TCGGTCCA---CGCTGCTTTCTGCCATGCGAGCTGGTCCTGTTCTCTACGTTGAGACGTG
TAGATCCA---CGCTGCTTTCCGCCATGCGAGCTGGTCCTGTTCTTTATGTTGAGACGTG
TCGATCTA---CGCTACTTTCTGCTATGCGAGCTGGTCCTGTTCTATATGTTGAGACGTG
TCGGTCCA---CGCTGCTTTCTGCCATGCGAGCTGGTCCTGTTCTCTACGTTGAGACGTG
TCGGTCCA---CGCTGCTTTCTGCCATGCGAGCTGGTCCTGTTCTCTACGTTGAGACGTG
TCGGTCCA---CGCTGCTTTCTGCCATGCGAGCTGGTCCTGTTCTCTACGTTGAGACGTG
TCGATCCA---CGTTGCTTTCTGCCATGCGAGCTGGTCCTGTTCTCTATGTTGAGACGTG
TCGGTCCA---CGCTGCTTTCTGCCATGCGAGCTGGTCCTGTTCTCTACGTTGAGACGTG
TCGGTCCA---CGCTGCTTTCTGCCATGCGAGCTGGTCCTGTTCTCTACGTTGAGACGTG
TCGATCCA---CGCTGCTTTCTGCCATGCGAGCTGGTCCTGTTCTTTATGTTGAGACGTG
AAGATCCA---CTTTGCTTTCAGCTATGCGCGCTGGCCCGGTATTGTACGTTGAAACCTG
ACGCATTA---CTCTGCTGAACATGATGCAGAACGGTCCTCTCGTCTATGTGGAGACGTG
GCGCATCA---CTCTGTTGAACATGATGCAGAACGGTCCTCTCGTCTATGTGGAGACGTG
GCGCATCA---CTCTGCTGAACATGATGCAGAACGGTCCTCTCGTCTATGTGGAGACGTG
GCGCATCA---CTCTGCTGAACATGATGCAGAACGGTCCTCTCGTCTATGTGGAGACGTG
GCGCATCA---CTCTGCTGAACATGATGCAGAACGGTCCTCTCGTCTATGTGGAGACGTG
ACGCATTA---CTTTGCTGAATATGATGCAGAATGGTCCTCTCATATATGTTGAGACGTG
GCGTATCA---CTCTGCTGAACATGATGCAGAACGGTCCTCTAATCTATGTGGAGACGTG
GCGTATCA---CTCTACTAAACATGATGCAGAATGGTCCTCTCATCTATGTGGAGACGTG
TAA-GTCAT--CCCTTCTTAACATGATGATTCACGGCCCGATTCTTTATGTCGAGACCTG
CAA-GTCAT--CTCTTCTCAACATGATGACTCACGGCCCAATTCTTTATGTCGAAACCTG
ACG-CTCAT--CGTTGCTCAACGTGATGCGAGCTGGTCCGTTGCTTTATGTCGAGACGTG
GAGCGCCGTAACTCTGCTTAACTTGACGGGGTTTGGTCCAATTTCCTATGTTCGA--GTA
GAGCGCCGTCACTCTGCTTAATCTGACAGGCTTCGGTCCGATCTCTTACGTTCGC--GTG
TAGTGCGATTACCCTGCTTAATCTGACTGGCTTCGGTCCGATATCATACGTGCGG--GTT
GAGTGCTGTAACTCTACTTAACTTGACAGGTTTTGGCCCGATTTCCTACGTTCGA--GTG
* * *
*
** ** *
** **
*

A1447.09.3
Mus.duck-YJL
Avian-138
09.093663.4
Avian-HB10-1
Avian-1733
Avian-176
Ostrich-Ost1
Avian-OS161
Avian-T98
Avian-AVS-B
Mus.duck89026
Pulau
HK50842/10
HK46886/09
HK23629/07
Miyazaki
Nelson-Bay
Melaka
Kampar
Psittacine
Avian-Pycno-1
Tvärminne
Mammalian-1
Ndelle
Mammalian-2
Mammalian-3

GCCGA--AA--------------------------------------------------GCCGA--ATATGATCTCAGGACGATTAG---CTGACTGGTTCATGT-TCCCATATGGCAA
GCCGA--ATATGATTTCAGGACGACTAG---CCGACTGGTTCATGT-CCCAATATGGTAA
GCCGA--AA--------------------------------------------------GCCGA--ATATGATCTCAGGACGATTAG---CTGATTGGTTCATGT-CCCAATATGGCAA
GCCGA--ATATGATCTCAGGACGATTAG---CTGATTGGTTCATGT-CCCAATATGGCAA
GCCGA--ATATGATCTCAGGACGATTAG---CTGACTGGTTCATGT-CCCAATATGGCAA
GCCGA--ATATGATTTCAGGACGACTAG---CTGACTGGTTCATGT-CCCAATATGGCAA
GCCGA--ATATGATCTCAGGACGATTAG---CTGATTGGTTCATGT-CCCAATATGGCAA
GCCGA--ATATGATCTCAGGACGATTAG---CTGACTGGTTCATGT-CCCAATATGGCAA
GCCGA--ATATGATCTCAGGACGGCTAG---CCGACTGGTTCATGT-CCCAATATGGCAA
GCCCA--ACACGATTTCCGGTCGACTTG---CTGACTGGTTCATGT-CACAGTATGGAAA
GCCTA--ATATGTTATCGGGCTCCTTGG---TCAATTTCGCTATGT-CGTGTTATGGTAA
GCCTA--ATATGTTGTCCGGCGCTTTGG---TCAATTTCGCCATGT-CGTGTTATGGCAA
GCCTA--ATATGTTGTCCGGCGCCTTGG---TCAATTTCGCTATGT-CGTGTTATGGTAA
GCCTA--ATATGTTGTCCGGCGCCTTGG---TCAATTTTGCTATGT-CGTGTTATGGTAA
GCCTA--ATATGTTGTCCGGCGCCTTGG---TCAATTTCGCTATGT-CGTGTTATGGTAA
GCCTA--ACATGTTGTCTGGTGCTTTGG---TCAACTTCGCCATGT-CGTGTTACGGTAA
GCCTA--ATATGTTGTCCGGCGCCTTGG---TCAATTTCGCTATGT-CATGTTATGGTAA
GCCTA--ATATGTTGTCCGGCGCCTTGG---TCAATTTCGCTATGT-CATGTTATGGTAA
GCCCA--GGATGTGCACCGGC--GTCGAATCTC-AATTTATGATGTCCATATTG-GGTCA
GCCCA--GGATGTGCACTGGA--GTTGAATCTC-AATTCATGATGTCCATATTA-GGCAA
GCCAA--ACATGATCTCCGGCCGATTGGCTGACTGGTTTATGCAGTGC-TAT---GGTAA
GACGAGGATATGTGGAGTGGGGATGTGAA--CCAGCTTC-TCATGAAC-TACTTCGGGCA
GACGAAGATATGTGGAGTGGAGATGTAAA--TCAGCTTC-TCATGAAC-TACTTTGGGCA
GATGAGGACATGTGGAGTGGTGACGTGAG--CCAGTTAC-TCATGAAT-TATTTTGGTCA
GATGAAGATATGTGGAGTGGAGATGTGAA--CCAGCTTC-TCATGAAC-TATTTCGGGCA
*
*

The * denotes conserved nucleotides
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3.4.6. Phylogenetic analysis for S2 genome segment sequence
The phylogenytic tree constructed for partial nucleic acids sequences of S2
genome segment coded σA gene is shown in Figure 3.5. The phylogenetic analysis
showed that the American crow S2 gene clusters closely with sequences of avian
orthoreoviruses that have been isolated from commercial poultry species.
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Figure 3.5. Phylogenetic trees based on 399 bp nucleotide sequences (position 117
to 515) of the σA-encoding gene of Genus Orthoreovirus (each sequence on the tree is
identified by the isolate name).
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3.4.7. S4 genome segment sequences and BLASTN analysis
The S4 partial genome segment sequences of American crow orthoreovirus
isolates were deposited in the NCBI GenBank database; PEI isolate A1447-09-3
Intestine (GenBank Accession number MF350295) and Ontario province isolate 0993663-4 Spleen (GeneBank Accession number MF350296).
BLASTN analysis of aligned initial S4 sequences identified both these
sequences as avian orthoreovirus S4 genome segments. American crow orthoreovirus
isolate PEI A1447-09-3 Intestine had a 91% sequence similarity to Tvärminne avian
virus (KF692098.1), a 72% sequence similarity to avian orthoreovirus isolates S1133
(KF741695.1), C-98 (JN641885.1), T-98 (JN641884.1), and a 72% sequence similarity
to Muscovy duck orthoreovirus strain YJL (DQ198858.1). American crow
orthoreovirus isolates Ontario 09-93663-4 Spleen had a 91% sequence similarity to
Tvärminne avian virus (KF692098.1), a 76% sequence similarity to avian orthoreovirus
isolates S1133 (KF741765.1), C-98 (JN641885.1), a 76% sequence similarity to
Muscovy duck orthoreovirus strain YJL (DQ198858.1) and a 75% sequence similarity
to avian orthoreovirus strain AVS-B (FR694200.1).

3.4.8. Pairwise sequence alignment for S4 genome sequence
Pairwise nucleotide sequence analysis of the 441 bp partial S4 genome segments
revealed that the two American crow orthoreovirus isolates had 95.2% sequence
similarity to each other (Figure 3.6.). There are 6 point mutations in the nucleic acid
sequences of the two isolates. Also a deletion of 14 nucleotides is present between
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positions 410 and 423 in the American crow orthoreovirus isolate Ontario 09-93663-4
Spleen (Figures 3.6. and 3.7.).

Figure 3.6. Pairwise sequence alignment for partial S4 genome segments of
American crow orthoreoviruses (sequence on the figure is identified by the isolate
name).
1: 1447.09.3
# 2: 9.93663.4Sp
# Matrix: EBLOSUM62
# Gap_penalty: 10.0
# Extend_penalty: 0.5
#
# Length: 441
# Identity:
420/441 (95.2%)
# Similarity:
420/441 (95.2%)
# Gaps:
15/441 ( 3.4%)
# Score: 2598.5
#
#=======================================
A1447.09.3
9.93663.4Sp
A1447.09.3
9.93663.4Sp

1 GTGCGTGTTGGAGTTTCCCGCAACACCGCCAACGCTGCTCAGCAGCAGAT
||||||||||||||||||||||||||||||||||||||||||||||||||
1 GTGCGTGTTGGAGTTTCCCGCAACACCGCCAACgCTGCTCAGCAGCAGAT

50
50

51 TCTGAGGAACTTCTACTTGCTACGTTGTACTATCTCCGCAGATGCTCGTC 100
||||||||||||||||.|||||||.|||||||||||||||||||||||||
51 TCTGAGGAACTTCTACCTGCTACGATGTACTATCTCCGCAGATGCTCGTC 100

A1447.09.3

101 AAGCAACCAAAGCCGTTCAAGCGTATTTTCCGTTCCTTCAACGTGTGGTT 150
||||||||||||||||||||||||||||||||||||||||||.|||||||
9.93663.4Sp 101 AAGCAACCAAAGCCGTTCAAGCGTATTTTCCGTTCCTTCAACATGTGGTT 150
A1447.09.3

151 AAAATGTTATCTCCTTTGGCGTCGCTCACGGCTGAACGAACACTTCGTCC 200
||||||||.|||||||||||||||||||||||||||||||||||||||||
9.93663.4Sp 151 AAAATGTTGTCTCCTTTGGCGTCGCTCACGGCTGAACGAACACTTCGTCC 200
A1447.09.3

201 CACCCCGGTTCGCCAAATGATGTCCCGTGATACAAGAACTCTAGCTGATT 250
||||||||||||||||||||||||||||||||||||||||||||||||||
9.93663.4Sp 201 CACCCCGGTTCGCCAAATGATGTCCCGTGATACAAGAACTCTAGCTGATT 250
A1447.09.3

251 ACGCCAACAGTGTTCACCACCCCTCTGACCTGCCGTCTTGTATGACTGCC 300
||||||||||||||||||||||||||||||||||||||||||||||||||
9.93663.4Sp 251 ACGCCAACAGTGTTCACCACCCCTCTGACCTGCCGTCTTGTATGACTGCC 300
A1447.09.3

301 TCCGGACTTGATGCCGCTAAGTTTCTTGTCGACAACATCCTGGATGGAGA 350
||||||||||||||||||||||||||||||||||||||||||||||||||
9.93663.4Sp 301 TCCGGACTTGATGCCGCTAAGTTTCTTGTCGACAACATCCTGGATGGAGA 350
A1447.09.3

351 GAACCTCGACCACGTTCTGCCTGCTGGTGCTACGACTTATTCTCCCGCCG 400
|||||||||||||||||||||||||||.||||||||||||||||||||||
9.93663.4Sp 351 GAACCTCGACCACGTTCTGCCTGCTGGCGCTACGACTTATTCTCCCGCCG 400
A1447.09.3

401 TTGTGGCTAATCTAATCGCGCGCATCATGGCTGGCTTTGT|||||||||
||.||||||||||||||
9.93663.4Sp 401 TTGTGGCTA--------------ATTATGGCTGGCTTTGTA

-

Point mutations
Deletion
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440
427

3.4.9. Multiple sequence alignment for σNS gene
Multiple sequence alignment for σNS gene of Genus Orthoreovirus was given in
Figure 3.7. In the multiple sequence alignment, the two American crow orthoreovirus
isolates, PEI A1447-09-3 Intestine and Ontario 09-93663-4 Spleen, have not closely
aligned with the known avian orthoreoviruses of commercial poultry, instead they
closely aligned with Tvärminne avian virus isolated from a wild hooded crow.

Figure 3.7. The multiple sequence alignment for σNS-encoding gene of Genus
Orthoreovirus (each nucleotide sequence on the figure is identified by the isolate
name).
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GCTTAATTTTTCCTGTTGAGACGTGATCATGGAGCGTTCTATGCGTGTCGGTGTCTCGAG
GCTTAATTTTTCCTGTTGAGACGTGATCATGGAGCGTTCTATGCGTGTCGGTGTCTCGAG
----------------------------------------------------------------------------------------------------------------------GCTTAATTTTTCCTGTTGAGACGTGATCATGGAGCGTTCTATGCGTGTCGGTGTCTCGAG
GCTTAATTTTTCCTGTTGAGACGTGATCATGGAGCGTTCTATGCGTGTCGGTGTCTCGAG
------------------------------------------------------------------------------------ATCATGGAACGTTCTATGCGTGTCGGTGTCTCGAG
GCTTAATTTTTCCTGTTGAGACGTGATCATGGAACGTTCTATGCGTGTCGGTGTCTCTAG
---------------------------------------------------------------------------------------------------GTGCGTGTTGGAGTTTCCCG
-----GCCTTTCGACCCCTGGCGTAA-GATGGAAGGATCCGTCCGTGTTGGAGTTTCCCG
----------------------------------------GTGCGTGTTGGAGTTTCCCG
-----GCTTTTCGAACCCTAGCGTGACAATGGAGCGTACTCTGCGTGCCGGAGTTTCGAG
-----GCTTTTCGAACCCTAGCGTGACAATGGAGCGTACTCTGCGTGCCGGAGTTTCGAG
-----GCTTTTTGAGTCCTTGTGCAGCCATGGACAACACCGTGCGTGTTGGAGTTTCCCG
----------------------------ATGGACAACACCGTGCGTGTTGGAGTTTCCCG
----------------------------ATGGACAACACCGTGCGTGTTGGAGTTTCCCG
-----GCTTTTTGAGTCCTTGTGCAGCCATGGACAACACCGTGCGTGTTGGAGTTTCCCG
-----GCTTTTTGAGTCCTTGTGCAGCCATGGACAACACCGTGCGTGTTGGAGTTTCCCG
-----GCTTTTTGAGTCCTTGTGCAGCCATGGACAACACCGTGCGTGTTGGAGTTTCCCG
------------------------------------------------------------------------------------------------------------------TCT----------------------------TATGGACAACACAGTGCGTGTTGGAGTTTCTCG
-----GCTTTTTGAGTCCTTGTGCAGCCATGGACAACACCGTGCGTGTTGGAGTTTCCCG
-----GCTTTTCGAACCCTAGCGTGACAATGGAGCGTACTCTGCGTGCCGGAGTTTCGAG
---------GTCAAAAATTTGTGGCACGATGGCTACTCTCAGGCTTCCTG---TTGCGCG
-----GCTTTTTGAGTCCTTGTGCAGCCATGGACAACACCGTGCGTGTTGGAGTTTCCCG

Pulau
Kampar
HK46886/09
HK50842/10
Xi-river
Melaka
HK23629/07
miyazaki
Nelson-Bay
Baboon
A1447.09.3
Tvärminne
09.093663.4Sp

AAACGCTGCGGGT----ACTGGGTCCCAGACCATACTACGTGGGTTTGCTCTCTTACGTT
AAACGCTGCGGGT----ACTGGGTCCCAGACCATACTACGTGGGTTTGCTCTTTTACGTT
------------------------------CCATACTACGTGGGTTTGCTCTCTTACGTT
------------------------------CCATACTACGTGGGTTTGCTCTCTTACGTT
AAACGCTGCGGGT----ACTGGGTCTCAGACCATACTACGTGGGTTTGCTCTCTTACGTT
AAACGCTGCGGGT----ACTGGGTCTCAGACCATACTACGCGGGTTTGCTCTCTTACGGT
------------------------------CCATACTACGTGGGTTTGCTCTTTTACGTT
AAACGCTGCGGGT----ACTGGGTCTCAGACCATACTACGTGGGTTTGCTCTTTTACGTT
GAACGCTGCGGGT----ACTGGTTCCCAGACCATACTACGTGGGTTCGCTCTCTTGCGTT
---------------------------------------GTAAATT---TTTCTCGCGAT
CAACACCGCCAAC----GCTGCTCAGCAGCAGATTCTGAGGAACTTCTACTTGCTACGTT
CAACACCGCCAAC----GCTGCTCAGCAGCAGATTCTGAGGAATTTTTACTTGTTACGTT
CAACACCGCCAAC----GCTGCTCAGCAGCAGATTCTGAGGAACTTCTACCTGCTACGAT
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Psittacine
S.sea-lion
Avian/C-98
Avian-S1133
Avian-OS161
Avian-1733
Mus.duck-YJL
Avian-176
Duck-HC/China
Turkey-828/05
Turkey-832/05
Avian-138
Avian-Pycno-1
Broome
Mus.duck/S12

GAACACCGCTGTC----AATGCCTCTCAGCAGATATTGCGAGGCTTTTACTTACTAAGAT
GAACACCGCTGTC----AATGCCTCTCAGCAGATATTGCGAGGTTTTTACTTACTAAGAT
CAACACATCCGGC---GCA-GCTGGTCAGACACTCTTTAGAAACTTCTATTTACTACGAT
CAACACATCCGGC---GCA-GCTGGTCAGACACTCTTTAGAAACTTCTATTTACTACGAT
CAACACATCCGGC---GCA-GCTGGTCAGACACTCTTTAGAAACTTCTATTTACTACGAT
CAACACATCCGGC---GCA-GCTGGTCAGACACTCTTTAGAAACTTCTATTTACTACGAT
CAACACATCCGGC---GCA-GCTGGTCAGACACTCTTTAGAAACTTCTATTTACTACGAT
CAACACATCCGGC---GCA-GCTGGTCAGACACTCTTTAGAAACTTCTATTTACTACGAT
----ACATCCGGC---GCA-GCTGGTCAGACTGTTTTCAAGAATTTCTACTTACTCCGAT
---------------------------------TTTTC-GAAACTTCTACTTACTGCGAT
TAACACATCCGGC---GCA-GCTGGTCAGACACTTTTCAGGAATTTTTACTTGTTGCGAT
CAACACATCCGGC---GCA-GCTGGTCAGACTGTCTTCAGAAACTTTTATTTACTACGAT
GAACACCGCTGTCAATGCA-TCTCAGCAGATT--CTGC-GAGGATTCTACTTATTACGCT
TGCTA-ATCAGGT---GAATAGGAGTGAAAATGTGTTTACAAATTTATATTTATT--GAA
CAACACATCCGGC---GCA-GCTGGTCAGACCGTCTTCAGGAATTTCTACTTACTCCGAT
**
*
*

Pulau
Kampar
HK46886/09
HK50842/10
Xi-river
Melaka
HK23629/07
miyazaki
Nelson-Bay
Baboon
A1447.09.3
Tvärminne
09.093663.4Sp
Psittacine
S.sea-lion
Avian/C-98
Avian-S1133
Avian-OS161
Avian-1733
Mus.duck-YJL
Avian-176
Duck-HC/China
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Turkey-832/05
Avian-138
Avian-Pycno-1
Broome
Mus.duck/S12

GTGTACTATCAG--CTGATTCACGTCAAGCTACTCGCGCTGTTCAATCC-CACTTTCCAG
GTGTACTATCAG--CTGATTCACGTCAAGCTACTCGCGCTGTTCAATCC-CACTTTCCAG
GTGTACTGTCAG--CTGATTCACGTCAGGCTACTCGCGCTGTTCAATCC-CACTTTCCAG
GTGTACTGTCAG--CTGATTCACGTCAGGCTACTCGCGCTGTTCAATCC-CACTTTCCAG
GTGTACTATCAG--CTGATTCACGTCAAGCTACTCGCGCTGTTCAATCC-CACTTTCCAG
GTGTACTATCAG--CTGATTCACGTCAAGCTACTCGCGCTGTTCAATCC-CACTTTCCAG
GTGTACTATCAG--CTGATTCACGTCAAGCTACTCGCGCTGTTCAATCT-CATTTCCCAG
GTGTACTATCAG--CTGATTCACGTCAAGCTACTCGCGCTGTTCAATCT-CATTTCCCAG
GTGTACTATCAG--CTGATTCACGTCAAGCAACTCGTGCTGTCCAGTCC-CATTTTCCAG
AAGTACA--------TGGGTCA----AAGACATTCA-ATAGTTCAA--C-CA----CCAG
GTACTATCTCCG--CAGATGCTCGTCAAGCAACCAAAGCCGTTCAAGCG-TATTTTCCGT
GTACTATCTCCG--CGGATGCTCGTCAAGCTACCAAAGCCGTTCAAGCA-TATTTTCCGT
GTACTATCTCCG--CAGATGCTCGTCAAGCAACCAAAGCCGTTCAAGCG-TATTTTCCGT
GCAACATCTCCG--CTGACGCTCGCCAAGCTACGAAGGCTGTTCAGTCA-CACTTCCCAA
GCAACATCTCCG--CCGACGCTCGTCAAGCCACGAAGGCTGTTCAGTCA-CACTTCCCAA
GTAATATTTCAG--CTGATGGCCGTAATGCAACGAAGGCGGTACAATCC-CACTTTCCAT
GTAATATTTCAG--CTGATGGCCGTAATGCAACGAAGGCGGTACAATCC-CACTTTCCAT
GTAATATTTCAG--CTGATGGCCGTAATGCAACGAAGGCGGTACAATCC-CACTTTCCAT
GTAATATTTCAG--CTGATGGCCGTAATGCAACGAAGGCGGTACAATCC-CACTTTCCAT
GTAATATTTCAG--CTGATGGCCGTAATGCAACGAAGGCGGTACAATCC-CACTTTCCAT
GTAATATTTCAG--CTGATGGCCGTAATGCAACGAAGGCGGTACAATCC-CACTTTCCAT
GCAACATTTCAG--CTGACGGTCGAAATGCCACGAAAGCGGTCCAGTCT-CACTTCCCAT
GCAACATTTCAG--CTGACGGTCGTAACGCTACGAGGGCGGTGCAAGCA-CATTTCCCTT
GTAATATTTCAG--CTGACGGTCGTAACGCTACGAGGGCAGTGCAGGCA-CATTTCCCTT
GCAATATCTCAG--CTGATGGTCGCAATGCAACAAAAGCGGTGCAATCT-CACTTTCCAT
GTAATATATCCG--CGGACGCTCGCCAGGCAACTAAAGCAGTGCAGTCC-CATTTTCCAA
GGGGGCTGTTAGTGCGGAGGGGCAGCGAGTCTTAAAGGCGGCT-AATGTGTATTTTGGTG
GCAACATCTCAG--CTGACGGTCGTAACGCCACGAAGGCGGTTCAATCT-CACTTTCCTT
*
*
*
*
*
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GCTTAGGGCGCATGACCAA-ATGTTTGTCTCCGCTGACTGCCTTATCCGCAGACCGTACT
GCTTAGGGCGCATGACCAA-ATGTTTGTCTCCGCTGACTGCCTTATCTGCAGACCGTACT
GCTTAGGGCGCATGACTAA-ATGTCTGTCTCCGCTGACTGCCTTATCCGCGGACCGCACT
GCTTAGGGCGCATGACTAA-ATGTCTGTCTCCGCTGACTGCCTTATCCGCGGACCGCACT
GTTTAGGGCGCATGACTAA-ATGCCTGTCTCCGCTGACTGCATTATCCGCAGATCGGACT
GTTTAGGGCGCATGACTAA-ATGTCTGTCTCCGTTGACTGCCTTATCCGCAGATCGGACT
GTTTGGGACGCATGACTAA-ATGTCTGTCACCGCTGACTGCCCTATCCGCAGACCGTACT
GTTTGGGACGCATGACTAA-ATGTCTGTCACCGCTGACTGCCCTATCCGCAGACCGTACT
GTTTGGGTCGCATGACTAA-ATGTCTCTCACCCCTGACTGCATTGTCTGCTGACCGTACT
CTC-------CACCGCCAA-ATGCTTTT----GTTGAA---ATTGTGAGCAGTTC-TACT
TCCTTCAACGTGTGGTTAAAATGT-TATCTCCTTTGGCGTCGCTCACGGCTGAACGAACA
TCCTTCAGCGTGTGGTTAAAATGC-TATCTCCTCTGGCGTCGCTCACGGCTGAACGAACA
TCCTTCAACATGTGGTTAAAATGT-TGTCTCCTTTGGCGTCGCTCACGGCTGAACGAACA
TGCTGCAGCGTGTGACACGTATGC-TATCCCCTCTCTCGGCCCTTTCGGCAGATAGAACC
TGCTGCAGCGTGTGACACGTATGC-TATCCCCTCTCTCGGCCCTTTCGGCAGATAGAACC
TCCTTTCACGTGCTGTGCG-ATGCCTATCGCCTCTTGCCGCTCACTGTGCTGATAGAACC
TCCTTTCACGTGCTGTGCG-ATGCCTATCGCCTCTTGCCGCTCACTGTGCTGATAGAACC
TCCTTTCACGTGCTGTGCG-ATGCCTATCGCCTCTTGCCGCTCACTGTGCTGATAGAACC
TCCTTTCACGTGCTGTGCG-ATGCCTATCGCCTCTTGCCGCTCACTGTGCTGATAGAACC
TCCTTTCACGTGCTGTGCG-ATGCCTATCGCCTCTTGCCGCTCACTGTGCTGATAGAACC
TCCTTTCACGTGCTGTGCG-ATGCCTATCGCCTCTTGCCGCTCACTGTGCTGATAGAACC
ACTTGTCTCGCGCTGTCCG-TTGCTTGTCCCCGCTTGCTGCTCACTGTGCTGATAGAACT
TCCTTTCTCGCGCTGTGCG-TTGTCTATCTCCTCTTGCCGCTCATTGTGCTGATCGGACT
TCCTTTCTCGCGCTGTACG-TTGTCTCTCTCCTCTCGCCGCTCATTGTGCTGATCGGACT
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Avian-138
Avian-Pycno-1
Broome
Mus.duck/S12

TCCTCTCTCGTGCTGTCCG-ATGTTTATCTCCTCTAGCTGCTCATTGCGCTGATAGGACC
TGCTTCAACGCGCCACTCGCATGCT-GTCCCCGCTCTCCGCTCTCTCTGCTGATCGCACC
GCTTACGGGGTGCTATGCG-CTATTTGAATCCAATGAATGC-CACTGCTAAGGAACGAAT
ACTTGTCTCGCGCTGTTCG-TTGCTTGTCTCCGCTCGCTGCTCACTGTGCTGATAGGACT
*
*
*
*
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GTC--CGCCATGTTAATGT-GTCTAC------CGTGCTCTCACGTGACGTCAAGGTGCTG
GTC--CGCCATGTTAATGT-GTCTAC------CGTGCTCTCACGTGACGTCAAGGTGCTG
GTC--CGTCATGTTAATGT-ATCTAC------CGTGCTCTCACGTGACGTCAAGGTGTTG
GTC--CGTCATGTTAATGT-ATCTAC------CGTGCTCTCGCGTGACGTCAAGGTGTTG
GTC--CGCCATGTTAACGT-ATCTAC------TGTGCTCTCACGTGACGTTAAGGTGTTG
GTC--CGCCACGTTAACGT-ATCTAC------CGTGCTTTCACGTGATGTCAAGGTGCTG
GTC--CGCCACGTTAACGT-ATCTAC------TGTGCTCTCACGTGACGTTAAGGTGCTG
GTC--CGCCACGTTAACGT-ATCTAC------TGTGCTCTCACGTGACGTTAAGGTGCTG
GTT--CGTCATGTTAGTGT-GGCCAC------CGTGCTCTCACGTGACGCTAAAGTGCTG
G--------GCATTA---T-AATCGC------TGT---------TGGCA------TATTT
CTT--CGTCCCACCCCGGTTCGCCAA-------ATGATGTCCCGTGATACAAGAACTCTA
CTT--CGCCCCACCCCGGTTCGCCAA-------ATGATGTCTCGTGAGACCAGAACCCTG
CTT--CGTCCCACCCCGGTTCGCCAA-------ATGATGTCCCGTGATACAAGAACTCTA
CTC--CGACCAGTCGATGTCAAGAAC-------ACTCTGTCTCGTGATATCAAGACGATT
CTT--CGACCAGTCGATGTCAAGAAC-------ACTCTGTCTCGCGATATCAAGACGATT
CTT--CGCCGTGACAACGTGAAACAG-------ATTCTTACTCGTGA-ACTG---CCATT
CTT--CGCCGTGACAACGTGAAACAG-------ATTCTTACTCGTGA-ACTG---CCATT
CTT--CGCCGTGACAACGTGAAACAG-------ATTCTTACTCGTGA-ACTG---CCATT
CTT--CGCCGTGACAACGTGAAACAG-------ATTCTTACTCGTGA-ACTG---CCATT
CTT--CGCCGTGACAACGTGAAACAG-------ATTCTTACTCGTGA-ACTG---CCATT
CTT--CGCCGTGACAACGTGAAACAG-------ATTCTTACTCGTGA-ACTG---CCATT
ATT--CGTCGTGATAACGTCAAGAAC-------ATTTTGACTCGTGA-TCTG---CCCTT
CTC--CGTCGTGACAATGTGAAGCAA-------CTCTTAACTCGTGA-TTTA---CCCTT
CTT--CGTCGTGACAATGTAAAGCAG-------CTTTTGACTCGCGA-TTTA---CCTTT
CTA--CGTCGTGACAACGTAAAGCAG-------ATTCTTACGCGTGA-GTTG---CCCTT
CTC--AGGCCTGTTGATGTCAAGAAC-------ACGCTGGCTCGCGACATTAAAACCATT
CTTGATGCCG-GTTAATGTGGCGAAATTGCGTCAGCGTAAC---CAA--TTGA--GCTTA
CT--GCGTCGCGACAACGTCAAGAA-------CATCCTGACTCGCGA--TTTA--CCCTT
*
*
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GCCGACTATGCTC-TGACTTGCCAT---CATCCGGGTGACTTGCCTGCTACTTTGACTCGCTGACTATGCTC-TGACTTGCCAT---CATCCGGGTGGCTTGCCTGCTACTTTGACTCGCTGATTACGCTC-TGACTTGCCAT---CATCCGGGTGACTTGCCTGCTACTCTGACTCGCTGATTACGCTC-TGACTTGCCAT---CATCCGGGTGACTTGCCTGCTACTCTGACTCGCTGATTATGCTC-TGACTTGCCAT---CATCCAGGTGATTTGCCTGCTACTCTGACTCGCTGATTATGCTC-TGACTTGTCAT---CATCCGGGTGACTTGCCTGCTACTCTGACTCGCTGATTACGCTC-TGACCTGTCAT---CATCCGGGTGACTTGCCTGCTACTCTGACTCGCTGATTACGCTC-TGACCTGTCAT---CATCCGGGTGACTTGCCTGCTACTCTGACTCGCTGACTACGCTC-TAACTTGCCAT---CATCCTGGTGACTTGCCCGCTACTCTGACTCGC-ATTTATATTC-TCATTT----T---TATATAAGT--------TGCTGCAGTGGTACA
GCTGATTACGCCAACAGTGT-TCAC---CACCCCTCTGACCTGCCGTCTTGTATGACTGGCTGATTACGCCAACAGTGT-TCAT---CACCCTTCTGACTTGCCGTCCTGCATGACTGGCTGATTACGCCAACAGTGT-TCAC---CACCCCTCTGACCTGCCGTCTTGTATGACTGTCAGACTACGCTT-TAGTGTGCCAT---CACCCGATCGATTTGCCGTCCACCATGACTGTCGGACTACGCTT-TAGTGTGCCAT---CACCCGATCGATTTGCCGTCCACCATGACTGTTC-CTCG-GATC-TAATCAACTATGCACACCATGTCAATTCATCATCCCTTACTACCTTTC-CTCG-GATC-TAATCAACTACGCACACCATGTCAATTCATCATCCCTTACTACCTTTC-CTCG-GATC-TAATCAACTACGCACACCATGTCAATTCATCATCCCTTACTACCTTTC-CTCG-GATC-TAATCAACTACGCACACCATGTCAATTCATCATCCCTTACTACCTTTC-CTCG-GACC-TAATCAACTACGCACACCATGTCAATTCATCATCCCTTACTACCTTTC-CTCG-GATT-TAATCAACTATGCACACCATGTCAATTCATCATCCCTTACTACCTTCC-ATCC-GATC-TCATCAACTACGCTCACCACGTGAACTCGTCCTCCCTCACCACTTTCC-CTCG-GACT-TGATCAACTACGCCCATCACGTGAATTCGTCATCTCTTACCACATCCC-CTCG-GACT-TGATCAATTACGCCCATCACGTGAATTCTTCGTCTCTTACCACGTTCC-ATCG-GATC-TAATTAATTACGCGCATCATGTAAATTCATCCTCTCTCACCACTTTCGGATTACGCTT-TGATTTGCCAT---CATCCCGTCGACCTGCCCTCAACGATGACGGTTT-GACA-GAGC-T--TTGATAATGATG--CATGTGGATGG------TCAAACTATGTCCC-ATCC-GACC-TCATCAACTATGCTCACCACGTGAATTCCTCCTCTCTTACTACTT-

Pulau
Kampar
HK46886/09
HK50842/10
Xi-river

-CTGTTGGCC----TCGA---AGCT-GCCAG---------ATTGGTTATTGCG----AAG
-CTGTTGGCC----TCGA---AGCT-GCCAG---------ATTAGTTATTGCG----AAG
-CCGTTGGCC----TCGA---AGCT-GCCAG---------ATTGGTCATTGCG----AAG
-CCGTTGGCC----TCGA---AGCT-GCCAG---------ATTGGTCATTGCG----AAG
-CTGTTGGCC----TCGA---AGCT-GCAAA---------ACTGGTCATCGCG----AAG
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Melaka
HK23629/07
miyazaki
Nelson-Bay
Baboon
A1447.09.3
Tvärminne
09.093663.4Sp
Psittacine
S.sea-lion
Avian/C-98
Avian-S1133
Avian-OS161
Avian-1733
Mus.duck-YJL
Avian-176
Duck-HC/China
Turkey-828/05
Turkey-832/05
Avian-138
Avian-Pycno-1
Broome
Mus.duck/S12

-CTGTTGGCC----TCGA---AGCT-GCCAA---------ACTGGTCATCGCG----AAG
-CCGTCGGTC----TCGA---AGCT-GCCAG---------ATTGGTCATTGCG----AAG
-CCGTCGGTC----TCGA---AGCT-GCCAG---------ATTGGTCATTGCG----AAG
-CCGTTGGTC----TCGA---AGCT-GCTAG---------GTTGGTCATCGCG----AAG
ATCGTAAGTC-------A---A-------AG---------AATAAGAAACGTA----AAG
-CCTCCGGA-----CTTG---ATGCCGCTAA---------GTTTCTTGTCGAC----AAC
-CTTCCGGA-----CTTG---ACGCTGCTAG---------GTTTCTCGTTGAC----AAC
-CCTCCGGA-----CTTG---ATGCCGCTAA---------GTTTCTTGTCGAC----AAC
-CGACTGGC-----CTGG---AACGTGCTCG---------CTTCGTCGTTGAC----AAT
-CGACTGGC-----CTGG---AGCGTGCTCG---------CTTCGTCGTTGAC----AAT
-CTCAAGGC----GTCGA---AGCG-GCTCG---------TTTGGTAGCTCA-----AGT
-CTCAGGGC----GTCGA---AGCG-GCTCG---------TTTGGTAGCTCA-----AGT
-CTCAAGGC----GTCGA---AGCG-GCTCG---------TTTGGTAGCTCA-----AGT
-CTCAAGGC----GTCGA---AGCG-GCTCG---------TTTGGTAGCTCA-----AGT
-CTCAGGGC----GTCGA---AGCG-GCTCG---------TTTGGTAGCTCA-----AGT
-CTCAAGGC----GTCGA---AGCG-GCTCG---------TTTGGTAGCTCA-----AGT
-CCCAGGGT----GTTGA---AGCC-GCTCG---------TCTCGTGTCTCA-----GGT
-CTCGAGGT----GTTGA---GGCA-GCGCG---------TTTGGTAGCTCA-----AGT
-CTCGGGGC----GTCGA---GGCG-GCGCG---------TTTGGTAGCCCA-----AGT
-CTCAGGGT----GTTGA---AGCG-GCACG---------TCTAGTGGCTCA-----AGT
-CT-ACTGG----GTTGG---ATCGCGCTAG---------ATTCGTAGTCGAT----AAC
-GTTGTGGTCGGCATGGATTAAGTA-ACTTGAGAGAGGTTCTAAGTGACGTAACGAATGA
-CTCAGGGT----GTGGA---AGCC-GCTCG---------CCTTGTGGCTCAA-----GT
*
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Mus.duck/S12

TTCTCAGAACGTGGTATGGATCTGTCTCATGTCCTTCCTCCAGACGCTTCTTCCTACTCG
TTCTCGGAACGTGGTATGGATCTGTCTCATGTCCTTCCTCCAGACGCTTCTTCCTACTCG
TTCTCAGAACGTGGTATGGATTTGTCTCATGTCCTTCCTCCAGACGCTTCTTCCTACTCG
TTCTCAGAACGTGGTATGGATTTGTCTCATGTCCTTCCTCCAGACGCTTCTTCCTACTCG
TTTTCAGAACGTGGTATGGATTTGTCTCACGTCCTCCCTCCAGATGCTTCTTCCTACTCG
TTTTCAGAACGTGGTATGGATTTGTCTCATGTCCTCCCTCCAGATGCTTCTTCCTACTCG
TTCTCAGAACGCGGTATGGATCTGTCTCATGTACTCCCCTCAGACGCTTCCTCATACTCG
TTCTCAGAACGCGGTATGGATCTGTCTCATGTGCTCCCCTCAGACGCTTCCTCATACTCG
TTTTCAGAACGCGGTATGGACTTGGCTCATGTTCTCCCTCCAGATGCTTCTTCCTACTCA
AG--CAAATTAGAGAACAAATTGAGCTTG----------------GTTT------------ATCCTGGATGGA-GAGAACCTCGACCACGTTCTGCCTGCTGGTGCTACGACTTATTCT
--ATCTTGGATGGA-GAGAACCTTGATCACGTTTTGCCCGCTGGCGCTACGACTTACTCT
--ATCCTGGATGGA-GAGAACCTCGACCACGTTCTGCCTGCTGGCGCTACGACTTATTCT
CTATCTAAGCTGGGCGCTGATTTGACTCACGTGTTGCCAGCGAGTGCGGCTACTTACTCA
CTATCTAAGCTGGGCGCTGATCTGACTCACGTGTTGCCAGCGAGTGCGGTTACTTATTCA
TTATGGGGAACAAGTAC-CGTTCGA-TCACATTTATCCTACTGGTTCAGCGACATACTGT
TTATGGGGAACAAGTAC-CGTTCGA-TCACATTTATCCTACTGGTTCAGCGACATACTGT
TTATGGGGAACAAGTAC-CGTTCGA-TCACATTTATCCTACTGGTTCAGCGACATACTGT
TTATGGGGAACAAGTAC-CGTTCGA-TCACATTTATCCTACTGGTTCAGCGACATACTGT
TTATGGGGAACAAGTAC-CGTTCGA-TCACATTTATCCTACTGGTTCAGCGACATACTGT
TTATGGGGAACAAGTAC-CGTTCGA-TCACATTTATCCTACTGGTTCAGCGACATACTGT
TTACGGGGAGCAAGTTC-CTTTCGA-CCACGTTTATCCATCTGGTTCAGCAACCTACTGT
TTACGGTGAGCAA-TACTCCCTTGA-TCATGTTTATCCATCAGGATCGTTGACATATTGC
TTATGGTGAACAG-TACTCCCTTGA-TCACGTTTACCCATCGGGATCGGCCACATACTGT
TTATGGGGAGCAACTGTCG-TTTGA-TCACGTCTATCCCACTGGTTCTGCAACATACTGC
CTGTCTAAATCCGGTGCTGACTTGACTCATGTGCTCCCAGCTAATGCTACCACTTACTCA
CAATGATGAATACATC-----TTGA---AGATTTTGCCTACGGATGTTGCATATTATCAC
TTATGGTGAACAGGTCC-CCTTCGA-TCACATCTACCCGTCTGGCTCTGCAACTTACTGT

Pulau
Kampar
HK46886/09
HK50842/10
Xi-river
Melaka
HK23629/07
miyazaki
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A1447.09.3
Tvärminne
09.093663.4Sp
Psittacine
S.sea-lion
Avian/C-98

CCAATTGTCATATGTCACCTGAT----TGCTCGTGTAATGTCTGGTTTCGTGCCA-ATGC
CCAATTGTCATGTGTCACCTGAT----TGCTCGTGTAATGTCTGGCTTCGTGCCA-ACGC
CCAATTGTCATGTGTCACTTGAT----TGCTCGTGTAATGTCTGGATTCGTGCCA-ATGC
CCAATTGTCATGTGTCACTTGAT----TGCTCGTGTAATGTCTGGATTCGTGCCA-ATGC
CCAATTGTCATGTGTCACTTGAT----TGCTCGTGTAATGTCTGGGTTCGTGCCA-ATGC
CCAATTGTCATGTGTCACTTGAT----TGCTCGTGTAATGTCTGGGTTCGTGCCA-ATGC
CCAATCGTCATGTGTCATTTGAT----TGCTCGCGTGATGTCAGGTTTCGTACCA-ATGC
CCAATCGTCATGTGTCATTTGAT----TGCTCGCGTGATGTCAGGTTTCGTACCA-ATGC
CCAATTGTCATGTGTCATCTGAT----TGCTCGCGTTATGTCAGGTTTTGTCCCG-ATGC
---ATTATCATATGGTGCTGGAG----TA---GCATCACTTC---CTTTGC-TCA-ACGT
CCCGCCGTTGTGGCTAATCTAAT----CGCGCGCATCATGGCTGGCTTTGT--------CCCGCCGTTGTGGCTAATTTAAT----AGCGCGCGTGAYGGCTGGCTTCGTTCC--GGTC
CCCGCCGTTGTGGCTAATT------------------ATGGCTGGCTTTGTA-------CCTGCCGTGTTAGCGAACACCAT----CGCGCGGATGATGGCCGGTTTCGTGCC--TGTT
CCTGCCGTGTTAGCGAACACCAT----CGCGCGGATGATGGCCGGTTTCGTGCC--TGTT
CCTGGTGCAATCGCAAATGCTAT----TTCTCGCATTATGGCTGGCTTTGTACC--TCGT
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Avian-S1133
Avian-OS161
Avian-1733
Mus.duck-YJL
Avian-176
Duck-HC/China
Turkey-828/05
Turkey-832/05
Avian-138
Avian-Pycno-1
Broome
Mus.duck/S12

CCTGGTGCAATCGCAAATGCTAT----TTCTCGCCTTATGGCTGGCTTTGTACC--TCGT
CCTGGTGCAATCGCAAATGCTAT----TTCACGCATTATGGCTGGCTTTGTACC--TCGT
CCTGGTGCAATCGCAAATGCTAT----TTCTCGCATTATGGCTGGCTTTGTACC--TCGT
CCTGGTGCAATCGCAAATGCTAT----TTCTCGCATTATGGCTGGCTTTGTACC--TCGT
CCTGGTGCAATCGCAAATGCTAT----TTCTCGCATTATGGCTGGCTTTGTACC--TCGT
CCCGGTGCCGTCGCCAACGCTAT----CTCTCGGCTTATGGCAGGTTTTGTGCC--TCAG
CCCGGCGCAATCGCTAATGCTAT----ATCTCGCATCATGGCTGGGTTTGTGCC--TCGT
CCCGGCGCGATCGCCAACGCCAT----ATCTCGCATCATGGCTGGGTTTGTGCC--TCGT
CCTGGAGCGATCGCGAATGCGAT----TTCCCGCATCATGGCTGGTTTCGTACC--CCAT
CCTGCTGTCTTGGCTAATACGAT----CGCTAGAATGATGGCCGGATTTATCCCAATCCC
CCGGTTGCGGTGGTGCGTGCTTTGGCGTTGTCAAGCTGCGGTATGCTTT-TGTC--TGAG
CCCGGTGCTGTCGCCAATGCTAT----TTCTCGGCTTATGGCGGGCTTCGTGCC--GCAG
*
**

The * denotes conserved nucleotides

3.4.10. Phylogenetic tree for σNS gene sequences of Genus Orthoreovirus
The phylogenytic tree constructed based on 412 bp nucleotide sequences
(position 35 to 446) of the σNS-encoding gene of Genus Orthoreovirus in Figure 3.8.
Phylogenetic analysis of genome segment S4 sequences showed that avian origin
orthoreoviruses can be grouped into 3 distinct clusters, commercial poultry
orthoreovirus cluster, Wild bird orthoreoviruses cluster and corvid orthoreoviruses
cluster.
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Figure 3.8. Phylogenetic tree of σNS gene (each nucleotide sequence on the tree is
identified by the isolate name).
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3.5. Discussion
Genes that are critical for basic functions of organisms are not under heavy
immune selection and therefore, are often highly conserved (Wellehan et al., 2009).
Avian orthoreovirus S2 genome segment encodes σA protein, a major inner capsid
protein found on the inner core of the virion (Yin et al., 2000) so it is less exposed to
the immune response. Similarly, avian orthoreovirus σNS protein, encoded by the S4
genome segment (Chiu and Lee, 1997), is a conserved protein with ssRNA binding
activity that plays a role in the initial stage of avian orthoreovirus morphogenesis (Yin
and Lee, 1998; Yin et al., 2000). Due to their important functions, the S2 and S4
genome segments are likely to be highly conserved among avian orthoreovirus strains.

3.5.1. S2 and S4 genome segment sequences and BLASTN analyses
The availability of sequence information published over the past decade permits
analysis of the overall genetic architecture of avian orthoreovirus strains and
performance of molecular evolutionary studies. American crow orthoreovirus S2 and S4
genome segment sequences from two Eastern Canadian isolates were compared to those
in NCBI GenBank database.
The S2 genome segment sequence of American crow orthoreovirus isolate PEI
A1447-09-3 Intestine had 92% sequence similarity to avian orthoreovirus isolates
HB10-1, 1733, T-98 and 176. The S2 genome segment sequence of American crow
orthoreovirus isolate ON 09-93663-4 Spleen had 93% sequence similarity to these same
avian orthoreovirus isolates. Therefore, the S2 genome segment sequences indicate that
both American crow orthoreovirus isolates are closely related to the avian orthoreovirus
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strains to which they were compared. However, the S4 genome segment of American
crow orthoreovirus isolate PEI A1447-09-3 Intestine had 91% sequence similarity to
Tvärminne avian virus and only 72% sequence similarity to avian orthoreovirus strains
S1133, C-98, T-98, and Muscovy duck orthoreovirus strain YJL. Similarly, the
American crow orthoreovirus isolate ON 09-93663-4 Spleen had 91% sequence
similarity to Tvärminne avian virus, and only 76% sequence similarity to avian
orthoreovirus isolates S1133, C-98, T-98, and Muscovy duck orthoreovirus YJL. These
findings indicate that the S4 genome segment sequences of both the ON and PEI
American crow orthoreovirus isolates were more closely related to Tvärminne avian
virus (GenBank accession no. KF692098.1) than to the other avian orthoreoviruses
isolated from chickens, Muscovy ducks, ducks and turkeys to which they were
compared. Tvärminne avian virus was first isolated from a wild hooded crow in Finland
with nerurological disease (Dandár et al., 2014).
Using cell culture and one-step RT-PCR assays, the research described in
Chapter 2, provided confirmation that the two isolates, PEI A1447-09-3 Intestine and
ON 09-93663-4 Spleen, from American crows involved in winter mortality events were
orthoreoviruses. Additionally, the BLASTN analysis of these same American crow
orthoreovirus isolates provided further support for this identification.

3.5.2. Pairwise sequence alignment for genome segments S2 and S4
The pairwise nucleotide sequence analysis indicated that two American crow
orthoreoviruses isolates, PEI isolate A1447-09-3 Intestine and ON isolate 09-93663-4
Spleen, that came from American crow mortality events that occurred in the same year
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(2009) in two different provinces in eastern Canada are closely related and have 99.8%
and 95.2% sequence similarity to each other in their S2 and S4 genome segment
sequences respectively.
Comparison of the same two American crow orthoreovirus isolates to each other
revealed one point mutation in their S2 genome segment sequences and 6 point
mutations in their S4 genome segment sequences. Even a single point mutation can be
considered significant in molecular epidemiological studies of avian orthoreovirus (Liu
and Huang, 2001). The genomes of avian orthoreoviruses were shown to be extremely
polymorphic (Clark et al., 1990), and the variations resulting in evolutionary changes
are both a consequence of modifications in the genome and the result of environmental
pressures placed on the virus (Huang et al., 2005). Factors determining genetic
variability of avian orthoreovirus include point mutations (Liu et al., 2003; Ni and
Kemp, 1995). In addition, RNA viruses which lack proofreading and post-replicative
error correction mechanisms are expected to have a high mutation rate and to evolve
rapidly (Steinhauer and Holland, 1987). Frequent emergence of new avian orthoreovirus
serotypes worldwide (Giambrone and Solano, 1988) indicates the rapid initial rate of
evolution seems to have not slowed in avian orthoreoviruses. Conversely, mammalian
orthoreovirus gene segments seem to be well-adapted to their mammalian hosts and
have reached equilibrium (Goral et al., 1996). According to some reports, the genetic
diversity reported in avian orthoreoviruses may be attributed to widespread use of
modified live vaccines that has mutated and is cycling among poultry flocks (Rekik and
Silim, 1992).

170

Our work demonstrates that while the PEI isolate A1447-09-3 Intestine and ON
isolate 09-93663-4 Spleen American crow orthoreovirus isolates are not identical, they
share enough genetic similarity to be considered as merely two isolates of the same
virus. Additionally, phylogentic analysis provided evidence to support this fact because
these 2 isolates clustered together in the S2 and S4 phylogenetic trees which suggests
that these are multiple variants of the same virus co-circulating in the eastern Canadian
American crow population. Lastly, these same isolates produced a similar clinical
presentation and pathology in chickens that were infected with them in the in-vivo
experimental study described in chapter 4.

3.5.3. Multiple sequence alignment and phylogenetic analysis for S2 genome
segment sequences
The partial sequences of S2 genome segments were aligned with 25 published
orthoreovirus sequences. Phylogenetic analysis was done on the basis of 399 bp
segment of S2 gene of the two American crow orthoreovirus isolates, PEI A1447-09-3
Intestine and ON 09-93663-4 Spleen. The phylogenetic analysis provides evidence that
the partial sequences of American crow S2 gene is distinct but clusters closely with
sequences of avian orthoreoviruses of chickens, Muscovy ducks and Ostrich, which
suggests that these American crow orthoreovirus isolates are avian in origin and closely
related to avian orthoreoviruses within the genus Orthoreovirus that have been isolated
from commercial poultry species.
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3.5.4. Multiple sequence alignment and phylogenetic analysis for S4 genome
segment sequences
The partial sequences of the S4 genome segments of American crow
orthoreovirus isolates were aligned with 26 published orthoreovirus σNS gene
sequences. Phylogenetic analysis was done on the basis of 412 bp segment of S4 gene
of the American crow orthoreovirus isolates, PEI A1447-09-3 Intestine and ON 0993663-4 Spleen. The phylogenetic analysis for σNS gene sequences is distinct from S2
gene segment analysis because the σNS gene phylogenetics revealed both American
crow orthoreovirus isolates are clustering with Tvärminne avian virus isolated from a
Finnish hooded crow with neurological disease (Dandár et al., 2014). Moreover, in the
phylogenetic analysis of the S2 genome segment, Tvärminne avian virus did not cluster
with orthoreoviruses isolated from commercial poultry, showing that Tvärminne avian
virus σA gene sequence is different from that of commercial poultry avian orthoreovirus
isolates. These results indicate that both of these American crow isolates are reassorted
orthoreoviruses. This leads to the question “How common are such reassortants among
American crows?” which could only be answered by gene sequencing of other corvid
orthoreovirus isolates. The fact that these two American crow orthoreovirus isolates
from American crows involved in winter mortality incidents in two Canadian provinces
had this reassortment, it is reasonable to suggest that all American crow orthoreovirus
isolates are reassortants but further research would be required to confirm this
hypothesis.
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Clearly, members of the various genera in the family Reoviridae are among the
most evolutionarily divergent of RNA viruses, and the orthoreoviruses are no exception
(Duncan, 1999). Inter-genotype and multiple-gene reassortments have occurred in
nature within avian and mammalian orthoreoviruses (Dermody et al., 1990; Liu and
Huang, 2001) and avian orthoreovirus reassortment has been documented in an
experimental setting (Liu et al., 2003; Ni and Kemp, 1995; Shen et al., 2007; Su et al.,
2006). The segmented nature of the orthoreovirus genome favors the genetic
reassortment of genome segments (Rekik and Silim, 1992). Increasing evidence of
avian orthoreovirus strains that are the result of interspecies or intergenotype
reassortment indicates that reassortment is a possible mechanism by which avian
orthoreoviruses rapidly evolve in nature (Liu and Huang, 2001). Insight into
mechanisms that result in diversity of avian orthoreovirus genomes is essential for a
better understanding of virus-host interactions (Liu et al., 2003). Presently, the
mechanism of orthoreovirus reassortment is not fully understood, and therefore,
Ogasawara et al. (2015) proposed to study the involvement of conserved 5/ ends in the
reassortment process of orthoreovirus genome segments.
Traditionally, all orthoreoviruses of avian origin are classified members of
Avian orthoreovirus species (Day, 2009). Recently, Ogasawara et al. (2015) proposed a
new species under the genus Orthoreovirus called Wild bird orthoreovirus, that consists
of three viruses namely Pycno-1 isolated from the haemorrhagic intestine of a dead
brown-eared bulbul in Japan (Ogasawara et al., 2015), Steller sea lion reovirus isolated
from an aborted fetus of a Steller sea lion (Eumetopias jubatus) in British Columbia,
Canada that was speculated to have infected the sea lion through virus-infected feces of
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a wild bird (Palacios et al., 2011; Ogasawara et al., 2015) and psittacine reovirus Ge01
isolated from a psittacine bird in Germany (de Kloet, 2008). Phylogenetic analysis of
genome segment S4 sequences in our study showed that avian origin orthoreoviruses
represent a major divergent clade that includes 3 distinct clusters. These three clusters
can be named as commercial poultry orthoreovirus cluster (that contains orthoreoviruses
of chickens, turkeys, ducks, and Muscovy ducks), recently proposed Wild bird
orthoreovirus species cluster (that consists of Pycno-1, steller sea lion reovirus and
psittacine reovirus Ge01) and a new cluster of corvid orthoreoviruses (which contained
the American crow orthoreovirus isolates and Tvärminne avian virus). However it is
interesting to note that in the S2 phylogenetic tree, Tvärminne avian virus did not
cluster with any avian origin or bat origin orthoreoviruses.
Although σNS gene sequences of American crow orthoreoviruse isolates, PEI
A1447-09-3 Intestine and ON 09-93663-4 Spleen, and Tvärminne avian viruses had a
high degree of sequence similarity that indicated a close phylogenetic relationship, the
geographical location of isolation (PEI, Canada, ON, Canada and Finland respectively)
and their hosts (American crow for the Canadian isolates and wild hooded crow for the
Finnish isolate) were different. Crows are non-migratory birds therefore, it is difficult to
suggest a mechanism to explain how a Canadian American crow orthoreovirus isolate
acquired a Tvärminne avian virus σNS gene segment. One possibility is the
involvement of other migratory wild birds in generating the reassorted virus observed in
American crows. The wader and shorebird flyways of Europe and eastern Canada are
included in the East Atlantic flyway and Atlantic Americas flyway, respectively (Boere
& Stroud, 2006). The common breeding grounds of these two flyways are in the Arctic.
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Therefore, there is a possibility that transmission of the virus to American crows in
eastern Canada and a wild hooded crow in Finland, Europe might have been the result
of contact with an infected migratory wild bird along these two migratory bird flyways.
Similarly, the Stellar sea lion reovirus was speculated to have potentially originated
from exposure to the feces of an infected wild bird (Ogasawara et al., 2015).
Further research should be directed to sequencing the σC gene of the American
crow orthoreovirus isolates because genetic reassortment is reported to be more
frequent in σC encoding genes than in other S class genes (Liu et al., 2003). Protein σC,
encoded by the S1 gene (Shapouri et al., 1995), has noticeably higher divergence and
rapid evolution than other σ-class proteins of avian orthoreoviruses (Liu et al., 2003).
The primary advantage of using minor outer capsid σC gene in orthoreovirus-related
phylogenetic studies is the higher availability of reference information in gene sequence
databases for comparison, and the availability of a more complete representation of
sequenced genes from existing species for comparison can result in greater phylogenetic
resolution (Flynn et al., 2005).
The scope of this investigation was limited due to the unavailability of sequence
data from other American crow orthoreovirus genome segments. In order to identify or
rule out further sequence similarities with Tvärminne avian virus, the remainder of the
American crow orthoreovirus genome should be sequenced. This would permit a
phylogenetic analysis which would provide the details to determine the phylogenetic
relationships between the American crow orthoreovirus isolates, avian orthoreoviruses,
and other members of the genus Orthoreovirus. The advent of high-throughput
sequencing technologies has facilitated full-genome sequencing. Palacios et al. (2011)
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noted, where feasible, complete genome sequence information should be obtained. This
data allows analyses of the evolution and relationships of all genome regions to be
accomplished which ultimately provides a greater understanding of virus ecology and
behavior.
In orthoreovirus, >75% nucleic acid sequence similarity of homologous
segments, indicates the same species and <60% nucleic acid sequence similarity
indicates a new species (Attoui et al., 2012). The nature of genome segment terminal
sequences is also useful for virus classification (Attoui et al., 2012). The 3/ TCATC
pentanucleotide sequence is common in all orthoreoviruses, and it is distinct from the
3/-terminal sequence of other genera in the Reoviridae family. Therefore, it has been
described to represent a signature for orthoreoviruses (Duncan, 1999). Similarly, a
unique 5/ terminal heptanucletide sequence is present in all the 10 genome segments of
a given species under the orthoreovirus genus, and these are 5/-GCUUUUU for avian
orthoreoviruses, 5/-GCUUUUC for wild bird orthoreoviruses, and 5/-GCCUUUC for
Tvärminne avian virus (Ogasawara et al., 2015). These terminal sequence differences
support the classification of orthoreovirus. Therefore, determining the 5/ heptanucletide
sequence of American crow orthoreoviruses would be essential to provide its proper
classification. However, based on the results of this study, it would be expected that
American crow orthoreoviruses would have a 5/-GCCUUUC terminus in the S4
segment and 5/-GCUUUUU termini in all other genome segments. If this were true, it
would provide convincing evidence to conclude that American crow orthoreovirus
isolates examined in this study are commercial poultry orthoreoviruses that have
undergone a genetic reassortment in their S4 segment with Tvärminne avian virus.
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3.6. Conclusions
Sequence analysis of the S2 genome segments of two Eastern Canadian
American crow orthoreovirus isolates, PEI A1447-09-3 Intestine and ON 09-93663-4
Spleen, provided the data to demonstrate that these isolates were closely related to avian
orthoreoviruses, possessing the highest sequence similarity to avian orthoreovirus
isolate HB10-1 from chicken (92%). Comparatively, a similar sequence analysis of σNS
gene demonstrated that both American crow orthoreovirus isolates possessed the
highest sequence similarity to Tvärminne avian virus isolated from a Finnish hooded
crow (91%).
S2 multiple sequence alignment and phylogenetic analyses of the same
American crow isolates placed these viruses in the same clade as that of avian
orthoreoviruses and Nelson Bay viruses, and in the same cluster with avian
orthoreoviruses of commercial poultry. However, similar analyses performed on the
σNS gene of these same American crow orthoreovirus isolates placed them in the same
clade as that of avian orthoreoviruses and Nelson Bay viruses but in a different cluster
to that of avian orthoreoviruses of commercial poultry and the recently proposed wild
bird orthoreoviruses. Specifically, they showed the closest phylogenetic relationship to
Tvärminne avian virus which was isolated from a Finnish wild hooded crow that had
neurological disease. Therefore, our data confirm that the eastern Canadian American
crow isolates are genetically distinct compared to most other avian orthoreoviruses, and
have a reassorted S4 segment which has been acquired from the Tvärminne avian virus,
another orthroreovirus isolated from a Corvid species.
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Studies of sequence diversity of American crow orthoreovirus and other related
viruses should increase our understanding of these pathogens and possibly a better
understanding of the pathogenesis of the disease they cause in American crows which
could contribute to the surveillance and control of this wild bird disease. This research
appears to be the first to report the genome sequence of an American crow
orthoreovirus because no sequences of orthoreovirus from an American crow have been
deposited in the sequencing databases. Therefore, this has provided the foundation that
could serve as a starting point for future comparative genomic studies of avian
orthoreovirus strains. Future research is indicated to screen wild birds for
orthoreoviruses

followed

by

complete

genome

sequencing

for

molecular

epidemiological characterization because it would ultimately lead to protection of the
domestic poultry industry. Additional studies of sequence diversity of avian
orthoreoviruses and other members of the Reoviridae family will reveal their genetic
reassortment processes, increasing our understanding of the evolution of viruses
containing segmented dsRNA genomes.
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EXPERIMENTAL INFECTION OF SPECIFIC PATHOGEN FREE WHITE
LEGHORN

CHICKENS

WITH

TWO

AMERICAN

CROW

(Corvus

brachyrhynchos) ORTHOREOVIRUS ISOLATES

4.1. Summary
One day old specific pathogen free (SPF) white leghorn chickens were infected
with one of two avian orthoreovirus isolates from winter American crow (Corvus
brachyrhynchos) mortality events that occurred in Prince Edward Island and Ontario,
Canada. Birds were infected either orally or by footpad injection. Both virus isolates
and methods of infection resulted in enteric disease with high morbidity and low
mortality. Clinical signs consisted of diarrhea while gross lesions were not apparent,
microscopic lesions included villus atrophy and crypt hyperplasia. Less consistent
findings were mild bursal atrophy and ulcerative and hemorrhagic ventriculitis. During
the acute phase of infection, orthoreovirus was re-isolated from many tissues of the
infected birds, but pooled intestinal tissue was the best clinical sample for virus
recovery. No virus could be isolated from cloacal swabs. This study confirms for the
first time that orthoreoviruses isolated from wild American crows can infect domestic
chickens and cause disease.

4.2. Introduction
Since 2002, mortality attributed to orthoreovirus infections has been
documented in American crow (Corvus brachrhynchos) populations in eastern North
America during the winter months (Campbell et al., 2004; Campbell et al., 2008;
Meteyer et al., 2009; Stone, 2008). Several pathogenic avian viruses, including avian
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orthoreoviruses, influenza A viruses, West Nile virus, infectious bursal disease virus,
and avian paramyxoviruses, have been recovered from wild birds and domestic poultry
(Adair et al., 1987; Kasanga et al., 2008; Meulemans et al., 1983), implicating wild
birds in the epidemiology of many avian viral diseases significant to the commercial
poultry industry. Therefore, the presence of mortality events in eastern Canadian
American crow populations due to avian orthoreovirus infections is a sufficient reason
to warrant further experimental work on the clinical significance of these viruses to
domestic poultry operations. The main objective of this study was to determine whether
the avain orthoreovirus isolates from wild birds are capable of producing disease in SPF
chickens, and if so, what lesions they cause and examine in greater detail the
pathogenicity and pathology of these orthoreoviruses. The present study has direct
relevance to the Canadian poultry industry because it will determine if enhanced
biosecurity measures specifically aimed at the American crow are warranted to mitigate
adverse economic impacts of orthoreovirus-associated disease on commercial poultry
farms.
Orthoreovirus diseases of domestic poultry have been well characterized in
scientific literature. Avian orthoreoviruses are an economically important group of
pathogens causing infections that may range from inapparent to lethal for day-old
chicks (Montgomery et al., 1985), depending on the virus strain, and age, type and
health status of the poultry. Economic losses caused by orthoreovirus infections are
frequently the result of lameness and poor performance, including diminished weight
gains, high feed conversion, and reduced marketability of affected birds (Dobson and
Glisson, 1992). Different avian orthoreovirus isolates are known to have different
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abilities to produce disease after experimental challenge (Gouvea and Schnitzer, 1982).
Significantly less information is available on orthoreoviruses as pathogens of wild birds
since only few reports associated with mortality events in wild birds have been
published (Campbell et al., 2004; Campbell et al., 2008; Docherty et al., 1994; Hollmén
et al., 2002; Huhtamo et al., 2007; Lawson et al., 2015; Meteyer et al., 2009; Mor et al.,
2014; Stone, 2008). Although orthoreoviruses have been isolated from many species in
several orders of birds, the host-range is likely to be much wider and is only restricted
by the limited number of studies conducted on free-ranging birds (Hollmén and
Docherty, 2007). Although experimental studies have shown that orthoreoviruses
isolated from wild birds can be infective to domestic poultry (Jones and Guneratne,
1984), nothing is known about their significance as poultry pathogens and the risk
posed by them to commercial poultry.
The present study was designed to assess the chick mortality rate, effects on
weight gain, pathogenesis and pathology of American crow orthoreoviruses in SPF
chickens.

4.3. Materials and methods
4.3.1. Source of specific pathogen free (SPF) fertile eggs
Forty-eight SPF layer type (white leghorn) eggs certified negative for avian
adenovirus, avian encephalomyelitis, avian influenza type A, avian reovirus, avian
rotavirus, fowl pox, infectious bronchitis, infectious bursal disease, infectious
laryngotracheitis, Marek’s disease, Mycoplasma gallisepticum, Mycoplasma synoviae,
Newcastle disease, Salmonella pullorum and Salmonella gallinarum were obtained
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from Canadian Food Inspection Agency (CFIA), Ottawa, to incubate and hatch in UPEI
facilities to obtain at least 30 SPF day old chicks for the experiment. Eggs were allowed
to stabilize at room temperature for 45 minutes before the commencement of
incubation.

4.3.2. Egg incubation and hatching
SPF eggs were placed in the Egg setter Incubator (Humidaire Incubator
Company) up to 18th day of incubation. The temperature was maintained at 100 oF (37.8
o

C) and the relative humidity inside the incubator was 50-55%. Eggs were placed in egg

trays at a 45⁰ angle, facing the broad air sac end up to facilitate gas exchange, and
turned 6 times per day. Egg candling was done on day 4, 10 and 18 of incubation. After
candling on day 18, the eggs were transferred to the egg hatcher incubator (Model 1502
circulated air incubator, G.Q.F. Manufacturing Co.) maintained at 101 0F (38.3 oC) and
relative humidity of 70-80%. Eggs were placed in an unaided position in the bottom
shelf of the incubator and turning was discontinued. Newly hatched chicks were left in
the incubator for at least 6 hours until they were fully dry and had fluffy plumage. They
were individually feather-sexed, weighed, and placed in the individual micro-isolators
(Figure 4.1.) labeled for individual bird identification.
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Figure 4.1. Individual micro-isolator

4.3.3. Virus isolates
Two virus isolates were used in this in vivo experimental infection. Isolate
A1447-09-3 Intestine was from an American crow that died in Prince Edward Island,
Canada orthoreovirus winter mortality incident and isolate 09-93663-4 Spleen was from
an American crow that died in an Ontario, Canada winter crow mortality incident . Both
crow orthoreovirus isolates were not plaque purified to reduce the possibility of
removing any associated virulence.

4.3.4. Experimental design
The day old birds were randomly divided into five groups, 4 experimental and
one control. Each group consisted of 6 birds, 3 males and 3 females. All experiments
carried out in birds were approved by the UPEI Animal Care Committee.

4.3.5. Infection
Virus isolate A1447-09-3 Intestine was used for first and second experimental
groups. First experimental group was orally infected with 103.5 CCID50 of virus per bird
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using a polypropylene disposable 22G 1", straight, soft bulb tip, oral gavage needle
(Instech Laboratories Inc.) inserted into the esophagus. The second experimental group
was injected with the same virus dose via the left footpad using 26G 1/2" needle
(PrecisionGlide® Becton Dickinson) inoculating the virus 2 mm deep into the
underlying dermis. The third experimental group was orally infected with virus isolate
09-93663-4 Spleen following the same procedure and the dose described for the first
experimental group above. The fourth experimental group was infected via the left
footpad with the virus isolate 09-93663-4 Spleen following the method and
concentration described for the second experimental group above. The fifth uninfected
control group was sham inoculated with saline via gavage and intradermal injection
following the same procedure described above.

4.3.6. Housing and management of experimental chickens under Biosafety Level 2
conditions
All five groups of birds were housed in the same environment (AVC Central
Animal Facility) utilizing two separate rooms, one for the uninfected control group and
another for the infected groups set up inside a Biobubble® (Colorado Clean Room
Company) for safe handling biosafety level 2 (BSL-2) pathogens. Individual day old
chicks after sham and virus inoculation were placed in labeled standard, micro isolator
rat cages verified to suit the caging recommendations of chicks. The micro isolator
cages were placed on static racks and the racks were placed in the Biobubble® (Figure
4.2.).
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Figure 4.2. Micro-isolators placed on static racks inside the Biobubble®

Chickens were reared up to 3 weeks of age according to Canadian Council on
Animal Care (CCAC) guidelines. Birds were provided ad libitum access to clean water
and Countryrite® chick starter med krums commercial feed (CO-OP Atlantic, Truro,
Nova Scotia) which was medicated with amprolium 125 mg/kg to prevent mortality
from coccidiosis. Water and feed, provided in separate glass containers, were changed
every day. The birds were bedded with four layers of newspaper sheets, which were
changed every other day. Room temperature was maintained at the lower level of the
recommended optimum brooding temperature for young chicks, i.e., 90 oF (32 oC) in
the first week, 85 oF (30 oC) in the second week, and 80 oF (27 oC) in the third week.
Maximum biosafety measures and bio-containment practices were implemented
to prevent the escape of the viruses to the environment. The Biobubble room isolator
was under negative pressure and the air was HEPA filtered which allowed safe handling
of virus without a Biosafety cabinet. All virus and animal manipulations were carried
out inside the Biobubble. The room itself was under negative pressure and fitted with
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HEPA filters in the exhaust system which gave twice the protection in the facility
suitable for BSL-2. Each individual micro isolator had a HEPA filter top as well.
Control birds were handled first before handling the infected groups to prevent
virus transmission from infected to control birds. All contaminated liquids and solids
were decontaminated before disposal using 6% bleach solution or 1% Virkon® (Antec
International limited, Suffok, UK). All plastic wares were autoclaved. Bench tops and
work surfaces were wiped down with 70% isopropanol. Personal protective equipment
(PPE) was worn in all of the procedures. PM tables were wiped down with 1% Virkon®
solution. Instruments used in PM were dipped in 1% Virkon® solution for 30 minutes.
Tissues remaining after the PM were incinerated. All waste materials were autoclaved.

4.3.7. Sampling procedure
4.3.7.1. Weighing
Birds were examined daily throughout the experiment. Any changes in behavior,
feeding, drinking, clinical signs or mortality were recorded. Each bird was weighed on
day 0, 3, 7, 10, 14, 17, and 21 post infection (PI).

4.3.7.2. Post mortem (PM)
Day 10, 14 and 21 PI, subject to availability (some birds died earlier and thus
not available for necropsy later in the experiment), 2 birds from each group were
euthanized by cervical dislocation and immediately a detailed PM examination was
performed aseptically, recording all abnormal findings. Birds that died during the
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experiment were autopsied immediately. The sexes of the birds were confirmed at PM
by direct inspection of gonads.

4.3.7.3. Collection of tissues for histologic examination
All tissues where orthoreoviruses have been reported to cause lesions were
collected in 10% neutral buffered formalin solution for histopathology, including
duodenum with pancreas, jejunum, ileum, caeca and colon as a single piece, left lung,
left liver, whole spleen, thymus, whole bursa of Fabricius, left hock joint, trachea and
esophagus attached together, left half of the heart with representation of both atria and
ventricles, left half of the brain, 5 mm sections from the left head and tail kidney and 5
mm sections of proventriculus-gizzard junction. Any other tissues with gross lesions
such as yolk sac and gonads were also collected.

4.3.7.4. Tissue collection for virologic testing
Right half of the heart, right lung, right half of the liver, whole right hock joint,
pooled sample of 2 cm segments from jejunum, ileum and caecum were collected and
stored at -80 oC until processed for virus isolation and total RNA extraction for
conventional RT-PCR assays. A cloacal swab was collected from each bird at the onset
of the post mortem examination.

4.3.8. Tissue processing for histologic examination
Hock joints were kept in a decalcification solution (Cal-Ex® II, Fisher Scientific,
Orangeburg, N.Y.) for 7-10 days for sufficient decalcification, sagittally sectioned at the
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midline and one half was processed in 10% neutral buffered formalin. All other tissues
were directly trimmed into the cassettes and fixed in 10% neutral buffered formalin
solution for a minimum of 72 hours. Subsequently, tissues were embedded in paraffin, 5
µm sections were cut, mounted on glass slides and stained with Hematoxylin and Eosin
(Luna, 1968).

4.3.9. Trypsin sensitivity assay
Trypsin sensitivity assay was carried out in VERO cells. Fifty microliters of
2.5% trypsin (GIBCO) was added to 100 µl of both virus samples (i.e. 0.83% overall
trypsin concentration) and incubated at 98.6 0F (37 oC) for 45 minutes in a CO2
incubator. Untreated control virus was also incubated in the same conditions.
Trypsinization was stopped with 100 µl of αMEM growth medium. A 10 fold serial
dilution of the virus sample was prepared in the αMEM growth medium. Fifty
microliters from each virus dilution was transferred to 4 wells located in a vertical
column of a 96 well microtitre plate. Fifty microliters of growth medium was added to
the last vertical column as cell controls. Fifty microliters of fresh VERO cell suspension
was added to each well. The plate was incubated at 98.6 0F (37 oC), in a humidified CO2
incubator for 7 days and examined for CPE under an inverted light microscope prior to
fixation and staining with 1% Crystal Violet in 70% ethanol. The virus titre of trypsin
treated and untreated virus (CCID50/50 µl) was determined from the CPE using the
Karber method (Lennette and Schmidt, 1979).

192

4.3.10. Virus isolation from experimental birds in VERO cells
Tissue samples collected during the post mortem were processed for virus
isolation using VERO cell monolayers on 24-well cell culture plates. Positive virus
isolation was based on presence of CPE characteristic of avian orthoreoviruses which is
syncytia formation (Barry and Duncan, 2009). Three blind passages were carried out in
VERO cells before any sample was recorded as negative by virus isolation. All the
tissue samples that were positive for virus isolation in VERO cells were also tested
using avian orthoreovirus S4 segment-specific conventional one-step RT-PCR
described in Chapter 2, Sections 2.3.6. and 2.3.7. to confirm the CPE resulted from
avian orthoreovirus.

4.4. Results
4.4.1. Egg fertility and hatching
At the first candling on the 4th day of incubation, 46 fertile eggs were identified,
those were pinkish in color against the candler light source and contained a dark mass
of yolk inside. Two infertile clear eggs were discarded. At the second candling on the
10th day of incubation there were two early embryonic deaths. Those eggs looked
almost clear without a developed embryo inside. There was one recent death (midembryonic mortality) which had leaky blood vessels and a developed embryo without
any embryo motility. These three eggs were discarded. The third candling on the 18th
day of incubation detected five late embryo mortalities with well developed, yet non
motile, embryos which were discarded. The 38 viable eggs were moved to the egg
hatcher incubator.
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Of 38 eggs, 36 healthy chicks hatched out on day 21 of incubation. There was
one late hatch with crooked legs which was humanely euthanized. There was one
pipped egg with mal-positioned embryo (dead in shell) which was discarded. Out of 48
total eggs, total of 37 chicks were hatched out giving a hatchability of 77.1%.

4.4.2. Clinical signs
All the birds were clinically normal and very active in the first 48 hours post
inoculation (PI), manifesting normal eating and drinking habits and full crops. The foot
pad inoculated chickens exhibited transitory lameness and a limp that persisted for 24
hours PI. On day 3 PI, all infected birds manifested anorexia, lethargy, reluctance to
move, and increased tendency to squat and had ruffled feathers. The control birds were
clinically normal and did not exhibit any of the clinical signs identified in the infected
groups. Severe watery diarrhea started on day 3 PI in all birds of 3 infected groups (i.e.,
isolate A1447-09-3 Intestine, footpad injection; isolate 09-93663-4 Spleen, orally
infected; and isolate 09-93663-4 Spleen, footpad injection) and continued for 48 hours.
In the isolate A1447-09-3 Intestine, orally infected group, severe watery diarrhea started
on day 4 PI and continued for 48 hours. Clinical signs of general disease pattern were
identical in all infected groups. Fifty percent of the birds in all four infected groups had
bloody diarrhea, consisting of passing reddish brown feces consistent with melena for
24-48 hours. During this period, there were 2 deaths and one moribund bird was
humanely euthanized. The surviving birds kept on consuming food, but passed bulky
undigested or improperly digested feed in feces for an additional 24-48 hrs. Later birds
had mucoid yellowish brown colored droppings. All infected birds had pasted vents
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(fecal material matting around the cloacal region and adhering to feathers surrounding
the vent area) up to the 7th day PI, followed by gradual recovery. By day 14 PI there was
complete recovery with normal feces and defecation. Table 4.1. summarizes the
appearance and prevalence of various forms of diarrhea in the experimental birds, their
mortality and euthanasia for sampling.

Table 4.1. Appearance and prevalence of various forms of diarrhea in the
experimental birds
Days
PI
1
2
3

Control
group
-

A1447-09-3
Intestine oral
-

4

(1 Killed)

6/6 SWD
3/6 BD

5

-

6
7
8
9
10

(2 Killed)
(2 Killed)
(1 Killed)

6/6 SWD
3/6 BD
6/6 PV
3/6 PV
3/6 PV
3/6 PV
3/6 PV
(2 Killed)
(2 Killed)
(2 Killed)

11
12
13
14
15
16
17
18
19
20
21

A1447-09-3
Intestine footpad
6/6 SWD
2/6 BD
6/6 SWD
3/6 BD
(1 Killed)
5/5 PV

09-93663-4
Spleen oral
6/6 SWD
3/6 BD
6/6 SWD
(1 Died)
5/5 PV

09-93666-4
Spleen footpad
6/6 SWD
1/6 BD
6/6 SWD
3/6 BD
(1 Died)
5/5 PV

5/5 PV
5/5 PV
4/5 PV
4/5 PV
4/5 PV
(2 Killed)
2/3 PV
2/3 PV
2/3 PV
(2 Killed)
(1 Killed)

5/5 PV
4/5 PV
3/5 PV
3/5 PV
3/5 PV
(2 Killed)
1/3 PV
1/3 PV
1/3 PV
(2 Killed)
(1 Killed)

5/5 PV
5/5 PV
4/5 PV
4/5 PV
3/5 PV
(2 Killed)
(2 Killed)
(1 Killed)

SWD – severe watery diarrhea, BD – bloody diarrhea, PV – pasted vent
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4.4.3. Mortality
One bird each from the isolate 09-93663-4 Spleen orally infected group and the
isolate 09-93663-4 Spleen footpad injection group was found dead on day 4 PI. One
bird in the isolate A1447-09-3 Intestine footpad injection group was very sick and
moribund, and humanely euthanized on day 4 PI according to CCAC guidelines.
Adhering to CCAC guidelines, one severely hypothermic control bird was also
euthanized on day 4 PI.

4.4.4. Weight gain
Table 4.2. shows average body weight of chickens at various time points during
the experiment.

Table 4.2. Average weight of birds (in grams)

0
Control
31.85
A1447-09-3 Intestine 33.28
oral
A1447-09-3 Intestine 35.19
footpad
09-93663-4
Spleen 33.43
oral
09-93663-4
Spleen 31.67
footpad

3
36.05
42.79

Days post infection
7
10
14
55.59 71.25 126.46
66.43 81.66 126.87

17
168.85
143.44

21
215.30
192.40

40.88

67.99 82.76

127.28

147.84

192.06

37.28

63.17 79.45

122.44

143.12

189.20

34.01

56.85 71.59

111.77

120.12

140.30
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4.4.5. Gross pathological changes
On those specimens examined from the experimental groups on day 4 PI there
was enlarged gall bladder, bile stained proventriculus and gizzard and empty digestive
tract consistent with anorexia in all experimental groups. On those specimens examined
from the experimental groups on day 10 PI there was frothy content in caeca and loose,
bulky feces in all experimental groups. However, no gross intestinal lesions were
observed. On days 14 and 21 PI there were no gross abnormalities or pathological
findings in the experimental groups. During the entire experiment, there were no
abnormal findings in control birds at necropsy. Specifically, gross abnormalities or
pathological changes consistent with avian orthoreovirus infection were not identified in
the control birds.

4.4.6. Histologic examination
The most consistent microscopic finding observed in all the experimental birds
was moderate crypt hyperplasia with heterophilic exocytosis in the duodenum.
Duodenum crypts of a control bird at day 10 PI were lined by a single layer of epithelial
cells (Figure 4.3.A.). In the aged matched bird orally infected with A1447-09-3
Intestine virus isolate (Figure 4.3.B.), there was crypt hyperplasia identified by
crowding of nuclei and multiple layers of epithelial cells lining the duodenal crypts. On
higher magnification, the duodenum of the affected bird had increased mitotic activity
in the crypt epithelium and the presence of intraepithelial heterophils (Figure 4.4.)
compatible with an acute infection.
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Microscopic findings similar to those observed in the duodenum were detected
in the jejunum of all experimental birds. Figure 4.5.A. shows jejunum of a control bird
at day 10 PI with normal crypt epithelium lined by a single layer of epithelial cells.
Figure 4.5.B. shows the jejunum of a bird infected orally with PEI A1447-09-3 Intestine
isolate, day 10 PI with mild to moderate hyperplasia of crypt epithelium identified by
crowding of nuclei and multiple layers of epithelial cells lining the crypt lumina. There
was also heterophilic exocytosis and increased mitotic activity identified in the crypt
epithelium.
The control bird at day 14 PI had normal tall and pointed jejunal villi (Figure
4.6.A.). In contrast a microscopic finding in seven out of eight experimental birds was
villus blunting consistent with varying degrees of villus atrophy. The microscopic
changes associated with this lesion included shortened villi with increased villus width
and sloughing of epithelial cells at the villi tips. Figure 4.6.B. shows these lesions in the
jejunum of a chicken orally infected with A1447-09-3 Intestine isolate 14 days PI.
Minimal inflammatory changes consisting of heterophilic exocytosis were also
observed.
Focal, erosive, ulcerative and hemorrhagic ventriculitis was detected as a
miscellaneous microscopic finding on day 4 PI in one bird infected with Ontario 0993663-4 Spleen isolate via the footpad route. Figure 4.7.A. shows an ulcer and erosion
in the koilin layer of the ventriculus. The presence of plant material and many nucleated
red blood cells in the ulcer is apparent in higher magnification (Figure 4.7.B.) which
could explain the bloody diarrhea and the presence of digested blood in the feces of this
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infected bird. Figure 4.7.C. shows the migrating heterophils beneath the ulcer in the
glandular area.
Figure 4.8.A. shows the normal developing bursa of Fabricius of a control bird
day 4 PI. In one bird infected with ON 09-93663-4 Spleen isolate via footpad injection,
there was atrophy or hypoplasia of the bursa at a day 4 PI (Figure 4.8.B.), which is
shown in a higher magnification to capture one complete bursal papilla. There are no
follicles in the infected bird (Figure 4.8.B.) compared to age matched control bird
(Figure 4.8.C.). With 20X magnification, only a part of the bursal papilla of the control
bird can be included in the field of view (Figure 4.8.C.), but in the age matched infected
bird (Figure 4.8.B.) the whole bursal papilla is included in the field of view due to its
smaller size, demonstrating the marked difference in size (atrophy) between the in the
control and infected birds. There was also infiltration of heterophils into the lamina
propria/submucosa of the infected bird’s bursa (Figure 4.8.D.).
No significant histopathological lesions were detected in other tissues of any
other birds included in this study.
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Figure 4.3. Normal duodenum of a control bird and moderate crypt hyperplasia
(arrow) with heterophilic exocytosis (arrow head) in the duodenum of an infected
bird, Day 10 PI

4.3.A. Control, 40X

4.3.B. A1447-09-3 Intestine, orally infected, 40X
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Figure 4.4. Crypt hyperplasia (arrow) with mitotic activity (arrow head) in the
duodenum in an infected bird, Day 10 PI

PEI A1447-09-3 Intestine, orally infected, 100X
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Figure 4.5. Normal jejunum of a control bird and hyperplasia of crypt epithelium
with mitotic activity (arrow) and heterophilic exocytosis (arrow head) in jejunum
of an infected bird, day 10 PI

4.5.A. Control, 100X

4.5.B. A1447-09-3 Intestine, orally
infected, 100X
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Figure 4.6. Normal jejunal villi in a control bird and villus blunting in jejunum of
an infected bird, Day 14 PI

4.6.A. Control, 20X

4.6.B. A1447-09-3 Intestine, orally infected, 20X
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Figure 4.7. Focal, erosive, ulcerative and hemorrhagic ventriculitis ON 09-93663-4
Spleen, footpad injection, infected bird, day 4 PI

erosion

ulcer

4.7.A. Proventricular gizzard junction, 1.25X

4.7.B. Plant material and inflammatory cells at site of ventricular ulcer, 20X

4.7.C. Heterophilic infiltration beneath the ventricular ulcer, 40X
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Figure 4.8. Normal bursa of a control bird and atrophy or hypoplasia &
heterophilic infiltration of a Bursa of Fabricious of an infected bird (day 4 PI)

4.8.A. Control whole bursa, 1.25X

4.8.C. Control bursal papillae, 20X

4.8.B. ON 09-93663-4 Spleen, footpad injected
bursal papilla, 20X

4.8.D. ON 09-93663-4 Spleen, footpad injected
bursal papilla and heterophilic infiltration,
20X
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4.4.7. Mitotic activity
The total number of mitotic figures in three random high power microscopic
fields of the crypt epithelium was counted for both duodenum and jejunum (table 4.3.).

Table 4.3. Mitotic activity in the duodenum and jejunum of infected and control
SPF chickens (an average of two birds)

Control
A1447-09-3 Intestine, oral
A1447-09-3 Intestine footpad
09-93663-4 Spleen, oral
09-93663-4 Spleen, footpad

Duodenum
Day
Day
Day
10 PI 14 PI 21 PI
10
18
17
21
15
12
21
20
16
42
19
12
42
18
15

Jejunum
Day
Day
10 PI 14 PI
7
12
18
18
39
11
22
19
23
12

Day
21 PI
9
4
6
5
8

4.4.8. Sensitivity of avian orthoreoviruses to trypsin
Table 4.4. shows the effects of trypsin treatment on the two American crow
orthoreovirus strains.

Table 4.4. Trypsin sensitivity of American crow orthoreoviruses (CCID50 titre/50
µl calculated at day 7 PI)

A1447-09-3 Intestine
09-93663-4 Spleen

Untreated virus
105.5
105.5
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Trypsin treated virus
103.25
103.5

4.4.9. Virus isolation on VERO cells
The distribution and localization of the virus in organs was determined by 3
consecutive passages on VERO cell line. Virus persistence in the various tissues in the
infected and control birds was shown in table 4.5.
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Table 4.5. Virus persistence in tissues of the infected and control birds (results were based on two birds for day 10 and 14 PI,
day 4 and 21 PI results were based on a single bird except for PEI A1447-09-3 Intestine, oral where two birds were available)
ht
nd

lu
nd

Day 4 PI
li
ho
nd
nd

pg
nd

cs
nd

ht
-

lu
-

Day 10 PI
li ho pg
- - +P2

cs
-

ht
-

Control
A144709-3
Intestine,
oral
A1447+P1 +P2 +P1 +P1 +P1 - +P1 09-3
Intestine,
footpad
09+P2 +P1 +P1 +P2 +P1 - +P1 93663-4
Spleen,
oral
09+P2 +P1 +P1 +P3 +P1 - +P1 93663-4
Spleen,
footpad
+P1 = CPE appeared on the first passage on VERO cells
+P2 = CPE appeared on the second passage on VERO cells
+P3 = CPE appeared on the third passage on VERO cells
- = No CPE after 3 consecutive passages on VERO cells hence considered negative
nd = not done because no bird died in this group
ht = heart, lu = lung, li = liver, ho = hock joint, pg = pooled gut, cs = cloacal swab
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lu
-

Day 14 PI
li ho pg
- - +P2

cs
-

ht
-

lu
-

Day 21 PI
li ho pg
- - -

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

cs
-

4.5. Discussion
Most experimental avian orthoreovirus infections have been conducted in chicks
soon after hatching as birds are most susceptible to pathogenic orthoreoviruses at 1 day
of age before developing an age-related resistance beginning as early as 2 weeks (Jones
and Georgiou, 1984; Kerr and Olson, 1964; van der Heide et al., 1976). Therefore, day
old SPF birds were used in the present study.
Islam et al. (1988) reported that orthoreovirus tenosynovitis was produced by
oral, subcutaneous, footpad, or intra-articular (into the hock joint) routes of infection
but enhancement of the disease process was observed following direct inoculation into
the hock joint or foot-pad than in birds infected orally or subcutaneously. Wood and
Thornton (1981) reported a greater pathological response in chickens following footpad
infection than with oral infection. Kibenge and Wilcox (1983) found avian
orthoreoviruses are more pathogenic following parenteral inoculation. Therefore,
footpad and intra-articular routes of infection are reported as the most effective means
for early experimental reproduction of the disease. Out of these 2 routes, the more
convenient footpad route was selected to increase the likelihood of pathogenic effects.
Although the footpad route may not be generally considered a natural mode of
infection, Al Afaleq and Jones (1990) showed that avian orthoreoviruses can enter
through broken skin on the planter surface of the foot and localize in the hock joint.
Additionally, the oral route of infection was also included to mimic the reported natural
route of infection described for field conditions. Lastly, since both virus strains used in
this study were originally isolated from American crows with intestinal lesions, it
supports the possibility of the fecal oral route of transmission as the natural mode of
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infection. The virus dose for this study was determined based on the trypsin sensitive
nature of these viruses and the virus doses used in similar experimental infection studies
carried out with chicken orthoreovirus strains.

4.5.1. Clinical signs
Birds in the experimental groups were anorectic acutely after being infected
with orthoreovirus. Also they failed to properly digest their food as shown by the
presence of undigested feed in the feces. Avian orthoreovirus enteritis is reported to
interfere with digestion and/or intestinal absorption, resulting in malabsorption
syndrome (van der Heide et al., 1981). Sterner et al. (1989) has observed transitory
malabsorption in the duodenum of birds infected with orthoreovirus. Lastly, Goodwin et
al. (1984) and Goodwin et al. (1985), described that there might be damage to the
function of digestive organs of orthoreovirus infected chicks without pathological
changes which can be reflected in growth inhibition and protein and mineral
metabolism.

4.5.2. Mortality
There was an unexpected power failure and the ambient temperature was
reduced ~10 oC for an 18 – 24 hour period starting in the night between 3rd and 4th day
PI. Due to the reduced temperature the control group was severely affected by
hypothermia, particularly because they did not have the additional insulation that the
biobubble provided for the birds in the experimental groups. One severely hypothermic
control bird had to be euthanized according to CCAC guidelines. As a result, the
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observed mortality in the infected groups was not a result of hypothermia because
severely sick and moribund birds were observed on the day prior to the power outage.
Therefore, a reasonable conclusion is that the American crow orthoreoviruses were
responsible for the observed mortality in the experimental groups.

4.5.3. Weight gain
Average weight of control birds was low on day 3 and 7 compared to infected
birds (table 4.2.). It is believed that this was a result of hypothermia caused by the
power failure because the control birds stopped eating completely for about 24 hours
and then gradually resumed feeding but at a lower volume for an additional 3 days.
They regained their normal feeding pattern approximately on day 8 and exceed the
average body weight of infected groups by day 17. According to previous studies, when
day old chicks were infected with avian orthoreovirus there was transient growth
retardation up to 2 weeks PI (Vertommen et al., 1980). In the present study, although
there is growth retardation in the infected birds by day 17 PI, the possible earlier effect
was not evident because of the control group’s hypothermia-related anorexia described
above. Moreover the growth retardation cannot be confirmed by a valid statistical
analysis as there was an inadequate number of birds in the present study. Therefore, the
long-term effects of American crow orthoreovirus on weight gain needs further
evaluation in a large scale experiment. Identification of a new orthoreovirus causing
stunting and non-uniform bodyweights in vaccinated broilers in France (Troxler et al.,
2013) further highlights the importance of this type of study. The possible pathogenesis
causing decreased weight gain in infected birds would be reduced nutrient assimilation
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due to impaired intestinal function caused by the intestinal lesions of the virus
combined with anorexia due to the systemic effects of the virus.

4.5.4. Histopathology
Most strains of orthoreoviruses are reported to have an arthropathogenic
potential to induce either macroscopic or microscopic lesions of tenosynovitis in
chickens (Gouvea and Schnitzer, 1982; Jones and Guneratne, 1984; Kibenge and
Wilcox, 1983; Sahu and Olson, 1975). Some authors have shown that isolates from field
conditions that caused pathology other than arthritis can still produce lesions typical of
tenosynovitis (Olson and Khan, 1972). Although prolonged incubation period is
required for the development of tenosynovitis from the non-footpad route of inoculation
of avian orthoreovirus, Kibenge and Wilcox (1983) have reported chickens inoculated
via the footpad route usually have edema and acute inflammatory cell infiltrates in the
peritendon sheath within 2-7 days PI. Contrary to these observations, in the present
study, none of the American crow isolates produced any gross or microscopic lesions in
hock bones, tendons or joint suggesting these strains have no arthropathogenic potential
in this anatomical location in SPF chickens.
Jones and Guneratne, (1984) tested five avian orthoreovirus strains in chickens
and found that they all caused early mortalities with hepatic necrosis. There are many
reports on the association of hepatic necrosis with parenteral inoculation of day old
chicks with avian orthoreovirus (Gouvea and Schnitzer, 1982; Hieronymus et al., 1983;
Mandelli et al., 1978). Avian orthoreovirus infection in a free-living magpie (Pica pica)
caused severe hepatomegaly with orange discoloration of the parenchyma and a miliary
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foci of hepatic necrosis (Lawson et al., 2015). Therefore, the liver appears to be a target
organ for viral damage caused by many strains of avian orthoreovirus. In contrast to
these observations, in the present study American crow orthoreovirus did not cause any
gross or microscopic hepatic lesions in SPF chickens.
Numerous authors described the immunosuppressive activity of orthoreovirus on
the avian immune system. Kerr and Olson (1969) noted lymphoid cell degeneration in
the bursa, Montgomery et al. (1985) demonstrated the ability to cause transient
alterations in bursal and splenic weights, and many authors have shown the atrophy of
bursa of Fabricius (Montgomery et al., 1986; Ni and Kemp, 1995; Page et al., 1982).
Roessler and Rosenberger (1989) noted avian orthoreovirus infection causes cell
damage in vivo in several organs including bursa, thymus and spleen, characterized by
lymphocyte depletion. Chenier et al. (2014) observed a generalized depletion of and
lymphocytolysis in lymphoid organs. But there is not unanimous agreement on the
immunosuppressive ability of avian orthoreovirus as some consider them to be highly
immunosuppressive (Montgomery et al., 1986; Moradian et al., 1990; Sharma et al.,
1994) whereas others consider their effect is relatively mild and associated with other
factors depressing the immune system such as transport and food (Meulemans et al.,
1983). Immunosuppression predisposes the host to the effects of other infectious agents.
The previous work of many has shown that infection with orthoreoviruses enhances
pathogenic effects of co-infecting pathogens such as chicken anemia virus (McNeilly et
al., 1995), infectious bursal disease virus (Springer et al., 1983), and coccidian (Ruff
and Rosenberger, 1985). In the present study, there were bursal lesions (i.e., lymphoid
atrophy or hypoplasia) that could potentially result in immunosuppression in affected
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individuals. However, it could not be confirmed because bursa was not selected as a
tissue for virus isolation in this case. In a future study, virus isolation from the bursa
should be attempted to determine whether bursa is infected by American crow
orthoreoviruses leading to possible immunosuppression.
The most consistent microscopic finding observed in duodenum and jejunum of
all the experimental birds was moderate crypt hyperplasia with heterophilic exocytosis,
increased mitotic activity in the crypt epithelium, villus blunting consistent with varying
degrees of villus atrophy including shortened villi with increased villus width and
sloughing of epithelial cells at the villi tips. Songserm et al. (2003) reported identical
lesions when SPF chickens and broilers were infected with Dutch and German avian
orthoreoviruses. In the current study, there was focal erosive ulcerative and
hemorrhagic ventriculitis in one infected bird day 4 PI, however past studies on avian
orthoreoviruses did not describe similar ventricular lesions.
Clinical signs and lesions caused by orthoreovirus depend on the virus strain
involved, on the route of entry, and the age of the host (Ni and Kemp, 1995). We may
have missed some gross and microscopic lesions produced by the virus in the peracute
and acute phase of the disease since we only started sampling at day 10 PI (except for a
few dead birds necropsied on day 4 PI). The few bird necropsied on day 4 PI had
enlarged gall bladders, bile stained proventriculi and gizzards, empty digestive tracts,
focal erosive, ulcerative and hemorrhagic ventriculitis, atrophy or hypoplasia and
heterophilic infiltration of bursa of fabricious and had viral persistence in the heart,
lung, liver, hock joint and pooled intestinal tissues. Therefore, ideally sampling should
have started when the first clinical signs appeared on day 3 PI and at regular intervals
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from that point onward. In a future study, for these particular viruses it would be
appropriate to limit the tissues collected for histopathology to the lymphoid organs and
proximal parts of the gastrointestinal tract i.e. ventriculus, duodenum and jejunum.

4.5.5. Mitotic activity
Mitotic figures were not counted for day 4 PI because birds from all groups were
not available for examination. On day 10 PI both duodenal and jejunal crypts of
infected birds had higher mitotic activity which was ≥ 2 times higher than that of their
age matched controls, however valid statistical analysis cannot be carried out because of
the low number of birds. By day 10 PI, birds were still experiencing diarrhea (as
evidenced by a pasted vent). They had histological lesions of duodenal and jejunal
villus blunting and crypt hyperplasia which would be indicative of epithelial damage
leading to a regenerative response in the crypt manifested by the higher mitotic activity
identified in the crypt epithelium. Uni et al. (1998) has shown that the cell proliferation
and differentiation in the chicken small intestine mainly occur in crypts and lower parts
of the villi. Our results suggest that the American crow orthoreovirus infection in SPF
chickens damages the superficial epithelium of the duodenum and jejunum resulting in
villus blunting and a regenerative response. However, by day 14 PI, infected birds were
completely recovered from the clinical disease with no difference in the mitotic activity
of both duodenum and jejunum in the control and infected groups. Similarly, by day 21
PI there was no difference in mitotic activity in control and infected groups.
These data cannot be statistically analyzed because of the low numbers of birds
in each data set.
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4.5.6. Sensitivity of avian orthoreoviruses to trypsin
A drop in titre of 102.0 CCID50/50 µl or more between untreated and trypsin
treated virus can be considered as significant virus inactivation. Therefore, both virus
isolates used in the present study can be considered as trypsin sensitive. Although there
was no wide variation in the degree of sensitivity to trypsin, PEI isolate A1447-09-3
Intestine was slightly more sensitive than 09-93663-4 Spleen Ontario isolate.
Historically, all avian orthoreoviruses were considered to be resistant to trypsin, but
later studies revealed that some strains of avian orthoreoviruses were sensitive to trypsin
(Afaleq and Jones, 1991; Drastini et al., 1994; Jones et al., 1994). Trypsin resistant
strains are well equipped to survive the harsh conditions in the gut (Jones et al., 1994).
Afaleq and Jones (1991) explained that trypsin sensitive strains would get partially
inactivated, reducing the actual size of the inoculum, or become completely inactivated
by trypsin and perhaps by other proteolytic enzymes in the intestine, reducing the
opportunity for the virus to enter and replicate in enterocytes to reach other tissues
unless the oral infective dose is extremely high. Therefore, since intestinal lesions were
identified with both viral isolates, the oral infective dose we chose to use for this
experiment must have exceeded the threshold that would have led to a nonproductive
infection.

4.5.7. Virus isolation on VERO cells
The purpose of this part of the experiment was to investigate whether American
crow orthoreoviruses could be recovered from infected SPF chickens to confirm the
causal relationship between the virus and any clinical signs and/or lesions observed in
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the infected SPF chickens. These results also help to determine which sites would be the
most appropriate for virus recovery at different times post infection. Success in
recovery of the causal agent may depend on the number of factors such as the
sensitivity of the isolation method, the period between infection and sampling, the age
of the birds, the nature of the sample taken and the number of samples (Jones and
Georgiou, 1985). At day 3 PI orthoreovirus was recovered from all the tissues tested
(heart, lung, liver, hock joint and pooled gut tissues) in both the footpad inoculated and
orally infected groups. This suggests that there was disseminated American crow
orthoreovirus infection in the 3 day old SPF chickens following oral or footpad
inoculation. Ni and Kemp (1995) showed that induction of avian orthoreovirus lesions
or pathogenicity is directly related to virus spread and replication. Early widespread
distribution of the virus is also consistent with viremia in American crow orthoreovirus
infection in SPF chickens. After oral infection Jones et al. (1989) has isolated the virus
from liver and kidney 6 hours PI and the explanation was that the virus is transported
directly across the surface epithelial barrier to reach distant organs via the lymph and/or
vascular systems. Kibenge et al. (1985) found early occurrence of viraemia within 30
hours PI in orally infected one day old SPF chickens. Gouvea and Schnitzer (1982) also
reported that avian orthoreovirus was able to produce a systemic infection within 3 days
post infection. Fan et al. (2006) demonstrated that arthrotropic orthoreovirus S1133 was
widely distributed in all tissues from days 2 to 6 PI. Our results with American crow
orthoreovirus infection are in general agreement with these findings because we were
able to isolate the virus from all tissues tested on day 4 PI. When virus isolation is
attempted it is natural to assume that tissues showing lesions would be the most likely
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to yield virus. However, our results showed that in the early stages of infection, the
virus could be isolated from tissues which were not showing any gross or microscopic
lesions i.e. heart, lung, liver, and hock joint.
Virus was recovered from pooled gut tissues from all four infected groups at
least up to day 10 PI. In PEI A1447-09-3 Intestine oral infected group, the virus was
recovered from pooled gut tissues up to day 14 PI. By day 21 PI, the virus was not
recovered from any tissue in any of the four infected groups. Throughout the duration of
the experiment virus was not recovered from any of the control bird tissues. All the
tissue samples that were positive for virus isolation in VERO cells were also positive
for S4 segment specific conventional one step RT-PCR for avian orthoreovirus
confirming them as avian orthoreoviruses. The isolation of American crow
orthoreovirus from the intestine and the intestinal lesions provide strong supporting
evidence that the orthoreoviruses were the cause of the clinical disease seen in the
experimental birds.
Previous studies showed that day old chicks stop shedding orthoreovirus 2 to 3
weeks after oral infection (Jones and Kibenge, 1984). When mature hens were infected
with an orthoreovirus via nasal, tracheal and esophageal routes, by day 14 PI the
infection had largely subsided (Menendez et al., 1975). Our findings on infection of one
day old SPF chickens with American crow orthoreovirus were in agreement with above
findings because the virus could not be recovered from infected birds after day 14 PI.
Our results demonstrated that by day 14 PI all the infected birds completely recovered
from the clinical disease and that by day 21 PI they were no longer harboring the virus
in their tissues. In the current study where SPF birds were infected soon after hatching,
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there was a decreasing isolation rate of orthoreovirus from tissues over time. This must
be anticipated because there should be a progressive decline in the level of infectious
virus, assuming an appropriate immune response in the infected individuals. It is also
interesting that in the current study infection by the oral route resulted in presence of
virus in the hock joints although the virus was unable to produce any lesions there.
After an acute virus infection has resolved, a virus may establish and maintain a
persistent infection in sites peripheral to the primary site of infection (Huang, 1995).
Avian orthoreoviruses are known to localize and persist in joint tissues of chickens
(Islam et al., 1988; Jones and Kibenge, 1984; Olson and Kerr, 1967). However, in our
study the American crow orthoreoviruses did not persist in the hock joints of the
infected birds because no virus was isolated from this anatomical site after 4 days PI.
From the practical standpoint, cloacal swabbing is less invasive for attempting
virus isolation than collecting tissues after post mortem. Jones and Kibenge (1984)
reported that SPF chickens orally infected at 1 day of age shed orthoreovirus via cloaca
for up to 2 weeks PI. However, according to our results, the American crow
orthoreovirus was unable to be isolated from cloacal swabs for all virus infected groups,
leading to the conclusions that for these viruses cloacal swabs are not suitable for virus
isolation and pooled intestinal tissue offers the best opportunity for recovery of the
virus. The absence of viral recovery from the cloacal swabs while virus was able to be
recovered from the pooled gut samples until day 14 PI was unexpected. Possible
explanations for these findings include that the small amount of the virus present may
have been diluted in the feces making it undetectable by swabbing or perhaps the
trypsin sensitive virus was protected while replicating in the intestinal tissue but
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subjected to hydrolysis by digestive enzymes after release into the intestinal lumen.
Previously, Afaleq and Jones (1991) also reported that trypsin sensitive avian
orthoreovirus strains showed limited fecal shedding following oral administration.
However, after footpad inoculation isolation of trypsin sensitive virus from cloacal
swabs should be possible at least during the early days after infection, and according to
Afaleq and Jones (1991), the explanation for this finding is that the virus gets excreted
into the intestine in high titers, especially during the early days after infection, enabling
some viruses to survive enzymatic destruction and thus be in sufficient quantity to be
detected in cloacal swabs. As time passes, subsequent lower titers of virus excreted into
the intestine would not survive the proteolytic destruction, resulting in an inability to
isolate virus from the cloacal swabs. Although these viruses may become inactivated by
the time they enter in the lower gastrointestinal tract due to their trypsin sensitive
nature, the microscopic lesions and virus isolation findings in this present study indicate
that American crow orthoreoviruses are capable of replicating in the upper
gastrointestinal tract of chickens.
Afaleq and Jones (1991) suggested that fecal spread is not the primary means of
dissemination of trypsin sensitive orthoreovirus, and the respiratory route may be
important in its transmission. According to Jones et al. (1994) infection of chicks with
trypsin sensitive strain via the respiratory route enabled the virus to spread throughout
the body and localize in the hock joint. Studies showed that trypsin sensitive virus
injected via the foot pad can localize in the hock joint after very low doses, but high oral
doses are necessary for similar localization (Jones et al., 1994). Previous research
indicated that the lung is a specific site of orthoreovirus replication (Subramanyam and
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Pomeroy, 1960) and the virus in this study was also detected in the lung tissue after
both footpad and oral infection. After intranasal infection of chicks with trypsin
sensitive virus, Jones et al. (1994) found high titers in both trachea and lung, especially
during the first 4 days PI. Therefore, the respiratory route of infection may be of greater
significance for spread of trypsin sensitive orthoreoviruses. After respiratory infection,
trypsin sensitive virus may disseminate to all parts of the body by viremia. Thus virus
can also reach the enterocytes in the intestine via the blood stream to replicate in the
villus epithelium without being exposed to digestive enzymes until excreted into the
intestinal lumen. Therefore, trypsin sensitivity of American crow isolates strongly
suggests possible involvement of respiratory route as an important route of exposure
and mode of transmission. In the present study, due to safety reasons and unavailability
of previous information regarding the pathogenicity of American crow orthoreoviruses,
respiratory route of infection with our virus isolates could not be done. Since the present
study provides more information about the infectivity of the American crow
orthoreovirus, the respiratory route of infection should be tested in a future study to
simulate the possible mode of natural exposure and transmission.
Many avian orthoreoviruses are species specific. Malkinson et al. (1981) found
orthoreovirus isolates that caused clinical disease in young Muscovy ducks were nonpathogenic for day old chickens, goslings or Pekin ducklings. But some avian
orthoreoviruses are capable of cross species infections. Some orthoreovirus isolates
from turkeys, commercial ducks and a Wedge-tailed Eagle (Aquila audax) have been
shown to be infectious to chickens, and an isolate from Common Eiders was found to be
infectious to Mallards (Anas platyrhyncos) (Hollmén et al., 2002; Jones and Guneratne,
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1984; Liu et al., 2011; Nersessian et al., 1986; van der Heide et al., 1980). Similarly,
this study has demonstrated that American crow orthoreovirus isolates are not species
specific and capable of cross species infection in SPF chickens.
In this recent experiment, infected chickens were provided optimum
management conditions and strict biosecurity measures, subjecting them to a
considerably reduced level of stress than might be experienced in field conditions.
Therefore, it is possible that actual the impact of American crow orthoreovirus on the
health of commercial poultry living under typical field circumstances could possibly be
much higher than that encountered under the ideal environmental conditions provided
during this experiment. Different physiology of chickens compared to the virus’s
natural host (i.e., American crow), a more supportive rearing condition than that found
in the natural environment (e.g., optimal temperature and food availability), reduced
competition among the birds provided by solitary housing, and lack of concurrent
infections that are often found in wild birds may all influence the pathogenesis of the
virus and possibly account for more severe lesions identified in wild, free-ranging
American crows than those observed in our experimental infection. Ruff and
Rosenberger (1985) have shown that coccidia and orthoreovirus can interact to produce
a more severe effect when present together than when either is present separately.
Further it should be noted that this experiment was undertaken with SPF layer type
chickens known to be less susceptible to orthoreovirus infection than broilers (Jones and
Kibenge, 1984). Therefore, an American crow orthoreovirus infection in broilers may
produce more lesions and comparatively more severe disease than what was observed in
the layer type chickens chosen for this experiment.
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When the following are all considered together: the similarity of clinical signs
and lesions in the SPF chicks to those previously described for orthoreovirus infections
in young chickens; the isolation of orthoreovirus from the infected SPF chickens,
specifically from tissues with lesions; and the confirmation of the virus in those tissues
with RT-PCR, they strongly support the hypothesis that the disease described in our
experimental birds was caused by the American crow orthoreoviruses used to infect
them. Therefore, the present study provides evidence that under the conditions provided
in this experiment the American crow orthoreoviruses are pathogenic and can cause
disease in young SPF chickens. Therefore, these findings justify further investigations
into the potential impact of American crow orthoreoviruses on commercial poultry
flocks under field conditions.

4.6. Conclusions
According to the present study, orthoreovirus isolated from American crows are
capable of producing enteric lesions in the lower gastrointestinal tract from ventriculus
to jejunum and these lesions are associated with diarrhea and decreased weight gain in
affected birds, compatible with a malabsorption syndrome type disease in SPF chickens.
To our knowledge, this is the first report providing evidence that American crow
orthoreoviruses can cross the species barrier and infect chickens to cause clinical
disease and lesions. Although 2 American crow orthoreoviruses isolated from 2
Canadian provinces were tested, there was no difference in the severity and distribution
of the lesions, and the results were similar regardless of the route of infection.
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Therefore, the conclusion of this study is that both are pathogenic enterotropic viruses,
causing an infection in SPF chickens with a 2-3 day incubation period and a clinical
course of disease that lasted for 7-11 days due to the virus induced lesions in the
ventriculus, duodenum and jejunum. Lastly, the best protection of commercial poultry
flocks, from exposure to American crow orthoreoviruses is good biosecurity measures
that separate poultry from wild birds and eliminate the possibility of virus transmission.
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5. APPLICATION OF A SPECIFIC CONVENTIONAL ONE-STEP RT-PCR
ASSAY

FOR

THE

DETECTION

OF

AMERICAN

CROW

ORTHOREOVIRUSES

5.1. Summary
The sensitivity and specificity of conserved S4 genome segment specific
conventional one-step reverse transcriptase-polymerase chain reaction (RT-PCR) assay
for American crow orthoreovirus was assessed. This RT-PCR was designed to be used
as a diagnostic test to detect American crow orthoreovirus in 44 intestinal tissue
samples taken from American crows that died as a result of hemorrhagic and
necrotizing enteritis. The assay had a 100% analytical specificity, however virus
isolation in VERO cells had 105 times higher detection limit than the RT-PCR.
Application of the RT-PCR assay for the detection of American crow orthoreovirus in
intestinal tissue of American crows with necrotizing and hemorrhagic enteritis
confirmed 9 positives out of 44 samples tested. In addition to the 9 RT-PCR positive
samples, another 5 samples of the 44 produced characteristic cytopathic effect (CPE) in
VERO cells. Infected first passage (P1) VERO cell lysate of these 5 samples yielded
orthoreovirus S4 segment specific PCR band confirming the CPE observed in VERO
cells was due to American crow orthoreovirus. One of the PCR bands was sequenced
and identified as an orthoreovirus S4 genome segment. Altogether, 14 of 44 samples
(31.82%) were positive for American crow orthoreoviruses, however only 9 of the 14
positive samples (64.29%) were detected by the RT-PCR without requiring additional
cell culture amplification. This present study demonstrates that the sensitivity of the
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conventional one-step RT-PCR assay can be increased by pre-amplification of the
orthoreovirus in an intestinal tissue sample by culture in VERO cells.

5.2. Introduction
Avian orthoreoviruses have been associated with mortality events in a wide
variety of wild avian species (Campbell et al., 2004; Campbell et al., 2008; Docherty et
al., 1994; Hollmén et al., 2002; Huhtamo et al., 2007; Lawson et al., 2015; Mast et al.,
2006; Meteyer et al., 2009; Mor et al., 2014; Stone, 2008). Diagnostic assays specific to
detect orthoreoviruses originating from wild avian species are not commercially
available because all diagnostic tests were developed to detect orthoreoviruses of
poultry origin. Therefore, it is very important for the animal health specialists to have
reliable, sensitive and specific diagnostic methods to rapidly detect avian
orthoreoviruses affecting wild avian species to ensure suitable control measures can be
implemented to protect domestic poultry should these viruses prove pathogenic to these
species.
Virus isolation and identification in cell culture, serology and histopathology are
the most common and traditional methods for diagnosis of avian orthoreoviruses
(Robertson and Wilcox, 1986). Although virus isolation and identification in cell
culture is a reliable way for detection of avian orthoreoviruses, it is laborious and time
consuming (Caterina et al., 2004; Meanger et al., 1995; van der Heide et al., 1976;
Wood et al., 1986), usually taking more than 7 days, and often needs SPF embryonated
eggs to prepare sensitive primary cell cultures (Zhang et al., 2006). While many
serological methods have been developed for laboratory diagnosis of avian
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orthoreoviruses (Adair et al., 1987; Endo-Munoz, 1990; Ide and Dewitt, 1979; Ide,
1982; Islam and Jones, 1988; Lin et al., 2006; Meanger et al., 1995; Robertson and
Wilcox, 1986; Shien et al., 2000; Slaght et al., 1978; Wickramasinghe et al., 1993; Xie
et al., 2010). Avian orthoreovirus exhibit considerable antigenic or genetic variations
(Rekik et al., 1990; Sterner et al., 1989; Takase et al., 1987; Wu et al., 1994), and
considerable cross-reactions among heterologous types (Robertson and Wilcox, 1986).
In addition, serology is often plagued by nonspecific reactions and problems with
reagent cross-reaction (Swayne et al., 1998). All these factors collectively make
diagnosis by serological means challenging and inconvenient.
Conventional reverse-transcriptase polymerase chain reaction (RT-PCR) based
molecular approaches for identification of avian orthoreoviruses are common and have
been described by several authors (Bruhn et al., 2005; Lee et al., 1998; Liu et al., 1999;
Liu et al., 2004; Xie et al., 1997). These molecular methods for detecting enteric viruses
offer several advantages over traditional methods as they are more sensitive and
specific, do not need time consuming virus propagation, can detect multiple viruses in
one sample, have the ability to test a large number of samples rapidly, and have a
reduced cost (Pantin-Jackwood et al., 2008). Due to these advantages, the detection of
viral RNA from clinical samples by conventional RT-PCR is still the first choice in
early diagnosis (Zhang et al., 2006). Conventional RT-PCR also holds the additional
advantage over real-time RT-PCR in that the identity of the virus can be confirmed and
further characterized through sequencing.
Fatal hemorrhagic and necrotizing enteritis in American crows (Corvus
brachyrhynchos) associated with avian orthoreovirus was first diagnosed in 2002 in the
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USA (Meteyer et al., 2009). Crow mortality associated with orthoreovirus has since
recurred repeatedly in the USA since it was first reported, and similar mortality events
have been identified in eastern Canada since 2004 (Campbell et al., 2004). The main
purpose of the work described in the present study was to assess the suitability of avian
orthoreovirus S4 genome segment specific conventional one-step RT-PCR technique
described by Bruhn et al., (2005) for the detection of avian orthoreovirus in the
intestinal tissue samples of American crows that died of hemorrhagic and necrotizing
enteritis and had avian orthoreovirus isolated from the affected tissue. After evaluating
the sensitivity and specificity of this assay, it was used for the detection of orthoreovirus
in the intestinal tissue of American crows that died from hemorrhagic and necrotizing
enteritis in Eastern Canadian mortality events.

5.3. Materials and methods
5.3.1. Sources of virus isolates
Thirteen American crow orthoreovirus isolates from Eastern Canadian winter
mortality events in American crows were used for this study. Two isolates were from
the province of Prince Edward Island (PEI) and 11 isolates were from the province of
Ontario (ON). These American crow orthoreovirus isolates were positively identified as
orthoreoviruses (Chapter 2) previously based on conventional RT-PCR and cytopathic
effects (CPE) produced in two continuous cell lines (VERO and QM 5), where they
produced large, multinucleated giant cells (syncytia), the characteristic CPE of
reoviruses (Barry and Duncan, 2009; Duncan et al., 1996; Duncan, 1996). Four avian
orthoreovirus isolates previously isolated from chickens, namely SK 125, SK 114a, and
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SK 73a from the Health of Animal Laboratory, Sackville, New Brunswick, and RV 50a,
a local chicken isolate, were used as positive control orthoreoviruses. One American
crow rotavirus isolate, 04-21077 Kidney (provided by Dr. Davor Ojkic, Animal Health
Laboratory, University of Guelph) was used for the specificity testing. All of these
viruses were cultured in VERO cell line (American type Culture Collection, Rockville,
Maryland).

5.3.2. Preparation of intestinal tissue samples for virus detection
The intestinal tissue samples were weighed and ground with sterile sand using
sterile mortar and pestles. Minimum essential medium alpha (MEM) (GIBCO,
Invitrogen) with antibiotic-antimycotic preparation (Invitrogen) to a final concentration
of 100 IU/ml Penicillin, 100 µg/ml Streptomycin and 0.25 μg/ml Amphotericin B was
added to prepare a 10% weight by volume (W/V) tissue suspensions. These were
centrifuged (Beckman GS-6R Table top centrifuge) at 3000 rpm for 20 minutes at 4 oC.
The supernatant from each sample was filtered using a 45 µm disposable
polyethersulfone membrane sterile syringe filter (Progene). The filtrate was stored at 80 oC until used for total RNA extraction.

5.3.3. RNA extraction
Total RNA from the filtered supernatants was extracted using TRIzol® reagent
(Life technologies) and RNeasy® mini kit column (QIAGEN) according to a combined
modified protocol described in Chapter 2, Section 2.3.6.
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5.3.4. American crow orthoreovirus S4 genome segment specific conventional
one-step RT-PCR reaction and protocol
The

primer

pairs,

forward

5/-gtgcgtgttggagtttc-3/

and

reverse

5/-

acaaagccagccat(g/a)at-3/, described by Bruhn et al. (2005) which target avian
orthoreovirus S4 genome segment to yield 437 bp product was utilized for the
conventional one-step RT-PCR to identify the virus isolates from the winter American
crow mortality events as avian orthoreoviruses. Both cDNA synthesis and RT-PCR
were performed using QIAGEN One-step RT-PCR kit in 50 µl reaction volume as
described in Chapter 2, Section 2.3.8. PCR products were analyzed in 1% agarose
(BioShop®) gel, visualized under UV trans-illuminator (Alpha Innotech Corporation)
and images were captured using a camera attached to gel documentation system.

5.3.5. Determining the sensitivity of S4 genome segment specific conventional onestep RT-PCR for detection of American crow orthoreovirus
Thirteen previously identified American crow orthoreovirus isolates (2 from PEI
and 11 from ON) were used to test the sensitivity of the S4 genome segment specific
conventional one-step RT-PCR for detecting American crow orthoreoviruses. Total
RNA extracted from chicken intestine tissue from disease free birds (kindly provided by
Dr Rodriguez, University of Prince Edward Island) was used as the negative tissue
control. All known positive American crow orthoreovirus isolates used in this
experiment were grown on VERO cells, therefore total RNA extracted from uninfected
VERO cell line was used as the negative cell control. In addition “no template control”
using nuclease free water instead of total RNA templates was included as another
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negative control. American crow orthoreovirus conventional one-step RT-PCR reaction
was done and products were analyzed as described in section 5.3.5. Sensitivity of the S4
segment specific conventional one-step RT-PCR assay was calculated according to
Lalkhen and McCluskey (2008) using the equation given below.
Sensitivity = [true positives / (true positives + false negatives)] x 100

5.3.6. Comparative sensitivity of the S4 genome segment specific conventional
one-step RT-PCR and virus isolation on VERO cells
American crow orthoreovirus isolate A1447-09-3 Intestine PEI was used as the
positive control in this experiment because this isolate was already well characterized,
S4 segment nucleotide sequences were available and it was used for the experimental
infection described in Chapter 4. A 10-fold serial dilution of positive control American
crow orthoreovirus isolate A1447-09-3 Intestine PEI (dilutions 100 to 10-10) was
prepared on MEM-α medium (GIBCO, Invitrogen) with antibiotic-antimycotic
preparation (Invitrogen). Total RNA was extracted from each dilution and tested by
conventional one-step RT-PCR to determine the end point of detections. The same 10fold serial dilutions of positive control American crow orthoreovirus isolate A1447-093 Intestine PEI were used for virus isolation on VERO cell monolayers in 24-well tissue
culture plates. In all tests, undiluted negative tissue control, VERO cell control, and no
template control were included. The results were compared to determine the relative
sensitivities of these 2 tests.
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5.3.7. Specificity of the conventional one-step RT-PCR assay
Twelve previously tested and confirmed American crow orthoreovirus negative
samples received from Ontario (provided by Dr. Davor Ojkic, Animal Health
Laboratory, University of Guelph) were tested to determine the specificity of S4
genome segment specific conventional one-step RT-PCR assay. American crow
orthoreovirus isolate PEI A1447-09-3 Intestine was included as the positive control.
Four chicken orthoreovirus isolates grown on VERO cells (SK 125, SK 114a, RV 50a
and SK 73a) and one crow rotavirus isolate (04-21077 Kidney) were included in this
assay as additional samples. The tissue control, cell control and the “no template
control” were included in the assay. The specificity of the assay was calculated
according to Lalkhen and McCluskey (2008) using the equation given below.

Specificity = [True negatives / (True negatives + False positives)] x 100

5.3.8. Application of conventional one-step RT-PCR assay and virus isolation in
VERO cell culture to test crow intestinal tissue samples collected from
American crow mortality events and application of conventional one-step
RT-PCR assay on infected P1 VERO cell lysate
Forty four American crow intestinal tissue samples taken from American crows
with hemorrhagic and necrotizing enteritis lesions were collected through the disease
surveillance program of the Canadian Wildlife Health Cooperative and used for this
study. These samples were from crow mortality events that occurred in years 2010-2012
in Eastern Canada. The crow intestinal tissue samples were processed, total RNA was
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extracted and tested using the S4 genome segment specific conventional one-step RTPCR assay. Virus isolation in VERO cells was attempted from all of the processed
intestinal tissue samples. Any intestinal tissue sample that was negative for S4 segment
specific conventional one-step RT-PCR but positive for virus isolation in VERO cells,
was retested with S4 segment specific conventional one-step RT-PCR using infected P1
VERO cell lysate as the sample.

5.3.9. Sequencing and analysis
The PCR product from one of the field American crow intestinal tissue samples
that gave expected 437 bp band in S4 segment specific conventional one-step RT-PCR
assay was processed and sent for sequencing as described in Chapter 3, sections 3.3.1.
to 3.3.11. Sequence result was analysed by Basic Local Alignment Search Tool N
(BLASTN) (Altschul et al., 1990) against sequences in the GenBank database and
multiple sequence alignment was done using CLUSTALW.

5.4. Results
5.4.1. Sensitivity of S4 genome segment specific conventional one-step RT-PCR
assay for detection of crow orthoreovirus
Table 5.1. shows that the S4 segment specific conventional one-step RT-PCR is
100% sensitive for detecting American crow orthoreoviruses.
According to Table 5.1., true positives = 13, false negative = 0
Sensitivity = [true positives / (true positives + false negatives)] x 100
Sensitivity = [13 / (13 + 0)] x 100 = 100%
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Table 5.1. Sensitivity of S4 genome segment specific conventional one-step RTPCR assay
Sample
PEI A1447-09-3
Intestine
PEI A7512-09-1
Intestine
04-21079 Kidney

Description
known American crow orthoreovirus isolate from
PEI
known American crow orthoreovirus isolate from
PEI
known American crow orthoreovirus isolate from
Ontario
04-19235 Intestine known American crow orthoreovirus isolate from
Ontario
04-21140 Liver
known American crow orthoreovirus isolate from
Ontario
08-2278B-5
known American crow orthoreovirus isolate from
Spleen
Ontario
09-92621-2
known American crow orthoreovirus isolate from
Spleen
Ontario
09-93663-4
known American crow orthoreovirus isolate from
Spleen
Ontario
08-2278B-6
known American crow orthoreovirus isolate from
Intestine
Ontario
08-2201-1A
known American crow orthoreovirus isolate from
Intestine
Ontario
09-92621-4
known American crow orthoreovirus isolate from
Intestine
Ontario
08-2218-2 Kidney known American crow orthoreovirus isolate from
Ontario
08-2201-5C
known American crow orthoreovirus isolate from
Intestine
Ontario
Negative tissue
Intestinal tissue from a uninfected healthy chicken
control
VERO cell control Uninfected VERO cells
No template
DNase, RNase free water instead of the RNA
control
template
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5.4.2. Comparative sensitivity of S4 genome segment specific conventional onestep RT-PCR and virus isolation and identification in VERO cells
Table 5.2. shows the end point of detection results for positive control American
crow orthoreovirus isolate A1447-09-3 Intestine PEI using 10 fold virus serial dilutions
for tissue culture in VERO cells and conventional one-step RT-PCR. Virus culture had
a 105 greater detection rate than conventional one-step RT-PCR. Figure 5.1. shows the
conventional one-step RT-PCR results for the virus serial dilutions. Expected 437 bp
PCR products were yielded up to the 1000 x dilution, whereas the tissue control, cell
control and the “no template control” did not give any PCR products.

Table 5.2. Comparative sensitivity of the conventional one-step RT-PCR to virus
isolation in VERO cell culture using 10 fold virus serial dilutions.
Virus dilution
100
10-1
10-2
10-3
10-4
10-5
10-6
10-7
10-8
10-9
10-10
Negative tissue control
VERO cell control
NTC (No template control)

CPE on VERO cells, First
passage
+
+
+
+
+
+
+
+
+
N/A
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Conventional RTPCR
+
+
+
+
-

Figure 5.1. S4 genome segment specific conventional one-step RT-PCR gel image
showing end point of detection.
1

2

3

4

5

6

7

8

9

10

11

12

13

14

Lane 1 – 1Kb plus molecular weight marker ladder
Lane 2 – Positive control 100 dilution
Lane 3 – Positive control 10-1 dilution
Lane 4 – Positive control 10-2 dilution
Lane 5 – Positive control 10-3 dilution
Lane 6 – Positive control 10-4 dilution
Lane 7 – Positive control 10-5 dilution
Lane 8 – Positive control 10-6 dilution
Lane 9 – Positive control 10-7 dilution
Lane 10 – Positive control 10-8 dilution
Lane 11 – Positive control 10-9 dilution
Lane 12 – tissue control
Lane 13 – VERO cell control
Lane 14 – No template control

Whereas the conventional one-step RT-PCR was positive up to the 10-3 dilution, the
virus isolation on VERO cell line was positive up to the 10-8 dilution.

5.4.3. Specificity of crow orthoreovirus S4 genome segment specific conventional
one-step RT-PCR assay
Table 5.3. shows the specificity of S4 genome segment specific conventional
one-step RT-PCR for detecting American crow orthoreoviruses. Twelve American crow
orthoreovirus negative samples and American crow rotavirus isolate did not yield a
PCR product and were considered negative. Positive control American crow
orthoreovirus isolate PEI A1447-09-3 Intestine and four positive control chicken
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orthoreovirus isolates yielded the expected PCR product and were considered PCR
positive. The tissue control, cell control and the “no template control” did not yield a
PCR product and were PCR negative. These results demonstrate 100% specificity for
the test.
According to Table 5.3., true negative = 13, false positive = 0
Specificity = [True negatives / (True negatives + False positives)] x 100
Specificity = [13 / (13 + 0)] x 100 = 100%

Table 5.3. Specificity of S4 genome segment specific conventional one-step RTPCR assay.
Sample
PEI A1447-09-3 Intestine
07-13063 Ontario
07-13065 Ontario
07-13066 Ontario
07-13067 Kidney Ontario
07-13068 Kidney Ontario
08-14546-5 Kidney Ontario
09-15386-5 Liver Ontario
09-15386-6 Intestine Ontario
08-4727-5 Intestine Ontario
08-4727-6 Kidney Ontario
08-2218-1 Intestine Ontario
08-2201-3B Intestine Ontario
SK 125
SK 114a
RV 50a
SK 73a
04-21077 Kidney Ontario
Tissue control
VERO cell control
NTC

Description
Positive control
Known negative
Known negative
Known negative
Known negative
Known negative
Known negative
Known negative
Known negative
Known negative
Known negative
Known negative
Known negative
Known chicken orthoreovirus
Known chicken orthoreovirus
Known chicken orthoreovirus
Known chicken orthoreovirus
Known Crow rotavirus
Negative tissue control
Negative cell control
No template control
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Results
+
+
+
+
+
-

5.4.4. Application of S4 genome segment specific conventional one-step RT-PCR
assay and virus isolation in VERO cell culture to test crow intestinal tissue
samples collected from crow mortality events in eastern Canada
Table 5.4. shows the conventional one-step RT-PCR results and the CPE results
on VERO cell line. Forty four American crow intestinal tissue samples from crows that
died of hemorrhagic and necrotizing enteritis were tested, and 9 were positive in PCR
with the S4 genome segment specific conventional one-step RT-PCR assay. However,
when virus isolation in VERO cells was attempted from the same 44 intestinal tissue
samples, in addition to 9 conventional one-step RT-PCR positive samples, another 5
samples produced characteristic CPE. Infected P1 VERO cell lysate of these 5 samples
were tested with S4 segment specific conventional one-step RT-PCR. All 5 samples
yielded orthoreovirus S4 genome segment specific 437 bp PCR band suggesting lower
amounts of virus in these tissues prior to virus isolation attempts (Figure 5.2.).

Table 5.4. S4 genome segment specific conventional one-step RT-PCR assay on
intestinal tissue extracts, infected P1 VERO cell lysate and virus isolation in VERO
cells
Sample number (AVC number)

1
2
3
4
5
6

Conventional
one-step RTPCR on
intestinal
tissue
extracts
A2403-12 Intestine Feb13/12
A4725.11.1 SI Feb14/11
A4725-11-1 Colon Feb14/11
A4725-11-2 SI Feb14/11
A4725-11-2 Des. Colon Feb14/11 A4725-11-3 SI Feb14/11
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Virus
isolation in
VERO
cells

+P1
+P1

Conventional
one-step RTPCR on
infected P1
VERO cell
lysate
+

+

7
A4725-11-3 Des. Colon Feb14/11
8
A4724-11 SI Feb14/11
9
A4724-11 Colon Feb14/11
10 A986-11 Middle SI
11 A986-11 Des. Colon
12 A536-11 Middle SI Jan7/11
13 A536-11 Colon Jan7/11
14 A10199-10 SI Apr26/10
15 A10199-10 Colon Apr26/10
16 A20849-10 SI July29/10
17 A20849-10 Colon July29/10
18 15159-10 SI June9/10
19 15159-10 Des. Colon June9/10
20 A30213-10 SI Nov3/10
21 A30213-10 Colon Nov3/10
22 A8191-10 SI Apr7/10
23 A8191-10 LI Apr7/10
24 A6852-10 SI March23/10
25 A6852-10 Colon March23/10
26 A5814-10 SI March11/10
27 A5814-10 LI March11/10
28 No AVC # SI March23/10
29 No AVC # Colon/LI March23/10
30 A24857-10 Intestine Sept9/10
31 A10391-10-1 SI Apr27/10
32 A10391-10-1 Colon Apr27/10
33 A10391-10-2 SI Apr27/10
34 A10391-10-2 Colon Apr27/10
35 A18755-10 SI July 8/10
36 A18755-10 Colon July 8/10
37 A18754-10 SI July 8/10
38 A18754-10 Colon July 8/10
39 A18759-10 SI July 8/10
40 A18759-10 Colon July 8/10
41 A18753-10 SI July 8/10
42 A18753-10 Colon July 8/10
43 A18617-10 SI July 7/10
44 A18617-10 Colon July 7/10
P1 – first passage, P2 – Second passage
ND denotes not done.

+
+
+
+
+
+
+
+
+
-
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+P1
+P1
+P1
+P1
+P2
+P2
+P2
+P1
+P1
+P1
+P1
+P1
-

+
ND
+
ND
ND

ND

ND
+

ND
ND
ND
ND

Figure 5.2. S4 genome segment-specific conventional one-step RT-PCR assay on P1
VERO cell lysate
1

2

3

4

5

6

7

8

437 bp

Lane 1 – 1Kb plus molecular weight marker ladder
Lane 2 – Positive control crow orthoreovirus isolate A1447.09.3 Intestine PEI
Lane 3 – Field American crow mortality isolate A2403-12 Intestine Feb13/12
Lane 4 – Field American crow mortality isolate A4725-11-3 SI Feb 14/11
Lane 5 – Field American crow mortality isolate A986-11 Middle SI
Lane 6 – Field American crow mortality isolate A536-11 Middle SI Jan7/11
Lane 7 – Field American crow mortality isolate A6852-10 SI March 23/10
Lane 8 – No template control

The expected 437 bp PCR band from field American crow mortality isolate
A6852-10 SI March 23/10 was excised from the agarose gel, purified, and sequenced.
The sequence was deposited in the GenBank database (GenBank Accession number
MF350297). Basic Local Alignment Search Tool N (BLASTN) analysis of aligned
sequences confirmed that the identity of this sequence as an avian orthoreovirus S4
genome segment with percent identities of 91% to Tvärminne avian orthoreovirus
(KF692098.1), 77% to avian orthoreovirus chicken/NC/SEP-837/05 (EU400287.1),
77% to avian orthoreovirus chicken/MO/SEP-798/05 (EU400275.1), 75% to avian
orthoreovirus Reo/PA/Layer/01224B/14 (KT428317.1), 75% to avian orthoreovirus
strain AVS-B (FR694200.1), 74% to avian orthoreovirus chicken/MO/SEP-801/05
(EU400276.1) and 72% to avian orthoreovirus S1133 (EF122838.1). Multiple sequence
alignment for these sequences was carried out using CLUSTALW (Figure 5.3.).
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Figure 5.3. Multiple sequence alignment for field American crow mortality isolate
A6852-10 SI March 23/10
KT428317.1
FR694200.1
EU400275.1
EU400276.1
EU400287.1
EF122838.1
Crow
KF692098.1

GCTTTTTGAGTCCTTGTGCAGCCATGGACAACACCGTGCGTGTTGGAGTTTCCCGCAACA
GCTTTTTGAGTCCTTGTGCAGCCATGGACAACACCGTGCGTGTTGGAGTTTCCCGCAACA
------------------------TGGACAACACAGTGCGTGTTGGAGTTTCCCGCAACA
----------------------TATGGACAACACAGTGCGTGTTGGAGTTTCCCGCAACA
----------------------TATGGACAACACAGTGCGTGTTGGAGTTTCCCGCAACA
-----------------------ATGGACAACACCGTGCGTGTTGGAGTTTCCCGCAACA
-----------------------------------GTGCGTGTTGGAGTTTCCCGCAACA
-GCCTTTCGACCCCTGGCGTAAGATGGAAGGATCCGTCCGTGTTGGAGTTTCCCGCAACA
** **********************

KT428317.1
FR694200.1
EU400275.1
EU400276.1
EU400287.1
EF122838.1
Crow
KF692098.1

CATCCGGCGCAGCTGGTCAGACTGTTTTTAGAAACTTTTACCTACTACGATGCAATATTT
CATCCGGCGCAGCTGGTCAGACTGTTTTTAGAAACTACTACCTACTACGATGCAACATCT
CATCCGGCGCAGCTGGTCAGACTGTTTTTAGAAACTTTTACCTACTACGATGCAATATCT
CATCCGGCGCAGCTGGTCAGACTGTTTTCAGAAACTTTTACTTACTACGATGCAATATCT
CATCCGGCGCAGCTGGTCAGACTGTTTTCAGAAACTTTTACTTACTACGATGCAATATCT
CATCCGGCGCAGCTGGTCAGACACTCTTTAGAAACTTCTATTTACTACGATGTAATATTT
CCGCCAACGCTGCTCAGCAGCAGATTCTGAGGAACTTCTACCTGCTACGATGTACTATCT
CCGCCAACGCTGCTCAGCAGCAGATTCTGAGGAATTTTTACTTGTTACGTTGTACTATCT
* ** *** ***
***
* * ** ** * ** * **** ** * ** *

KT428317.1
FR694200.1
EU400275.1
EU400276.1
EU400287.1
EF122838.1
Crow
KF692098.1

CAGCTGACGGTCGTAACGCAACAAAAGCTGTGCAATCTCACTTCCCGTTCCTTTCTCGTG
CAGCTGACGGTCGTAATGCAACAAAAGCTGTGCAATCCCACTTTCCATTCCTTTCTCGTG
CAGCTGATGGTCGCAATGCAACAAAAGCTGTGCAATCTCATTTTCCATTCCTTTCTCGTG
CAGCTGACGGTCGCAATGCAACAAAAGCTGTGCAATCTCATTTTCCATTCCTTTCACGTG
CAGCTGATGGTCGTAATGCAACAAAAGCTGTGCAATCCCATTTTCCATTCCTTTCCCGTG
CAGCTGATGGCCGTAATGCAACGAAGGCGGTACAATCCCACTTTCCATTCCTTTCACGTG
CCGCAGATGCTCGTCAAGCAACCAAAGCCGTTCAAGCGTATTTTCCGTTCCTTCAACGTG
CCGCGGATGCTCGTCAAGCTACCAAAGCCGTTCAAGCATATTTTCCGTTCCTTCAGCGTG
* ** ** * ** * ** ** ** ** ** *** * * ** ** ******
****

KT428317.1
FR694200.1
EU400275.1
EU400276.1
EU400287.1
EF122838.1
Crow
KF692098.1

CTGTCCGGTGCCTATCTCCTCTAGCTGCTCATTGTGCTGATAGGACTATCCGTCGTGACA
CTGTCCGATGCTTATCTCCTCTAGCTGCTCATTGTGCCGATAGGACTCTCCGTCGTGACA
CTGTCCGATGCCTATCTCCTCTAGCTGCTCACTGTGCTGATAGGACTCTCCGTCGTGACA
CTGTCCGATGTCTATCTCCTCTAGCCGCTCATTGTGCTGATAGGACTCTCCGTCGTGACA
CTGTCCGTTGCTTGTCTCCTCTAGCTGCTCATTGTGCTGATAGGACTCTTCGTCGTGACA
CTGTGCGATGCCTATCGCCTCTTGCCGCTCACTGTGCTGATAGAACCCTTCGCCGTGACA
TGGTTAAAATGTTATCTCCTTTGGCGTCGCTCACGGCTGAACGAACACTTCGTCCCACCC
TGGTTAAAATGCTATCTCCTCTGGCGTCGCTCACGGCTGAACGAACACTTCGCCCCACCC
**
* ** *** * ** * *
** ** * ** * ** *
*

KT428317.1
FR694200.1
EU400275.1
EU400276.1
EU400287.1
EF122838.1
Crow
KF692098.1

ACGTTAAGCAGATTCTTACTCGTGAGCTGCCCTTTCCATCGGATCTGATTAATTACGCGC
ACGTGAAGCAGATTCTCACTCGTGAACTACCATTTCCATCGGATCTAATCAATTACGCGC
ACGTGAAGCAGATTCTTACTCGTGAGCTGCCATTTCCATCGGATTTAATTAATTACGCCC
ACGTGAAGCAGATTCTTACTCGTGAGCTGCCTTTTCCATCGGATTTAATTAATTACGCCC
ATGTGAAGCAAATCCTTACCCGTGAGCTGCCATTCCCATCGGATTTAATCAATTACGCAC
ACGTGAAACAGATTCTTACTCGTGAACTGCCATTTTCCTCGGATCTAATCAACTACGCAC
CGGTTCGCCAAATGATGTCCCGTGATACAAGAACTCTAGCTGATTACGCCAACAGTGTTC
CGGTTCGCCAAATGATGTCTCGTGAGACCAGAACCCTGGCTGATTACGCCAACAGTGTTC
**
** ** * * *****
* ***
**
* *

KT428317.1
FR694200.1
EU400275.1
EU400276.1
EU400287.1
EF122838.1
Crow
KF692098.1

ACCA---TGTGAACTCATCCTCTCTCACCACTTCTCAGGGCGTCGAAGCGGCACGTTTAG
ACCA---CGTGAATTCATCCTCGCTTACTACTTCTCAGGGTGTTGAGGCAGCCCGTCTGG
ACCA---TGTGAACTCATCTTCTCTCACAACTTCTCAGGGTGTCGAGGCAGCGCGTCTAG
ATCA---TGTGAATTCATCCTCTCTCACTACTTCTCAGGGTGTCGAGGCAGCGCGTCTAG
ACCA---TGTGAACTCATCCTCCCTTACTACTTCTCAGGGTGTCGAGGCGGCACGTCTAG
ACCA---TGTCAATTCATCATCCCTTACTACCTCTCAGGGCGTCGAAGCGGCTCGTTTGG
ACCACCCCTCTGACCTGCCGTCTTGTATGACTGCCTCCGGACTTGACGCCGCTAAGTTTC
ATCACCCTTCTGACTTGCCGTCCTGCATGACTGCTTCCGGACTTGACGCTGCTAGGTTTC
* **
*
* **
* ** *
** * ** ** **
*
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KT428317.1
FR694200.1
EU400275.1
EU400276.1
EU400287.1
EF122838.1
Crow
KF692098.1

TGGCT--CAAGTTTACGGGGAGCAGTTGTCGTTCGATCACGTCTACCCTACTGGTTCCGC
TGGCT--CAAGTTTATGGAGAGCAACTGTCATTTGACCACATCTACCCCACTGGTTCTGC
TGGCC--CAGGTTTATGGGGAGCAACTGTCGTTTGACCACATCTATCCCACTGGTTCTGC
TGGCC--CAAGTTTATGGAGAGCAACTGTCGTTTGACCACATCTATCCCACCGGTTCCGC
TGGCC--CAAGTTTATGGAGAGCAACTGTCGTTTGACCACATTTACCCCACTGGCTCCGC
TAGCT--CAAGTTTATGGGGAACAAGTACCGTTCGATCACATTTATCCTACTGGTTCAGC
TTGCCGACAACATCCTGGATGGAGAGAACC--TCGACCACGTTCTGCCTGCTGGTGCTAC
TCGTTGACAACATCTTGGATGGAGAGAACC--TTGATCACGTTTTGCCCGCTGGCGCTAC
* *
**
*
**
* * ** *** *
** * ** * *

KT428317.1
FR694200.1
EU400275.1
EU400276.1
EU400287.1
EF122838.1
Crow
KF692098.1

AACATATTGCCCTGGAGCGATTGCGAATGCTATCTCTCGTATCATGGCTGGTTTCGTACC
AACATACTGCCCTGGAGCGATTGCGAATGCGATTTCCCGTATCATGGCTGGCTTCGTCCC
AACATATTGCCCTGGCGCGATCGCGAACGCGATTTCCCGTATCATGGCTGGTTTCGTGCC
CACATACTGTCCTGGAGCAATTGCGAATGCGATTTCCCGTATTATGGCTGGTTTCGTGCC
AACTTACTGTCCTGGAGCGATTGCTAATGCGATTTCCCGTATCATGGCTGGTTTCGTGCC
GACATACTGTCCTGGTGCAATCGCAAATGCTATTTCTCGCCTTATGGCTGGCTTTGTACC
GACTTATTCTCCCGCCGTTGTGGCTAATTTAATCGCGCGCATCATGGCTGGCTTTGTA-GACTTACTCTCCCGCCGTTGTGGCTAATTTAATAGCGCGCGTGAYGGCTGGCTTCGTTCC
** ** * ** * *
* ** **
** * ** * * ****** ** **

5.5. DISCUSSION
Early detection of avian orthoreovirus infection under field condition is critical
for controlling the associated disease conditions in poultry. Zhang et al. (2006)
highlighted the requirement of developing rapid, simple, sensitive, and broad-spectrum
RT-PCR based techniques to detect avian orthoreoviruses from clinical samples. The
main difficulty in developing molecular assays for avian orthoreovirus is the designing
of primers due to the virus’s genetic diversity (Ke et al., 2006). These primers should be
chosen from conserved regions (Liu et al., 1999) to detect avian orthoreoviruses in a
wide spectrum of avian species (Zhang et al., 2006). Primers targeting the conserved S4
gene segment (Hou et al., 2001) were able to detect the most diverse lineages of avian
orthoreoviruses (Pantin-Jackwood et al., 2008). Therefore, in the present study, S4
genome segment specific primers of Bruhn et al. (2005) were used to detect avian
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orthoreovirus in 44 American crow intestinal tissue samples taken from American
crows with haemorrhagic and necrotizing enteritis lesions.

5.5.1. Sensitivity of S4 genome segment specific conventional one-step RT-PCR
assay for detection of crow orthoreovirus
Sensitivity and specificity are key criteria in evaluating clinical diagnostic tools
designed for pathogen detection, and they are independent of the population of interest
subjected to the test (Lalkhen and McCluskey, 2008). The sensitivity of a clinical test
refers to the ability of the test to correctly identify those patients with the disease
(Lalkhen and McCluskey, 2008). In the present study, known positive samples for
American crow orthoreovirus (2 from PEI and 11 from ON) were used to test the
sensitivity of the S4 segment specific conventional one-step RT-PCR assay.
Conventional one-step RT-PCR assays can be hampered by the high risk of
contamination by previously amplified materials (Ke et al., 2006). Therefore, to detect
contamination, a “no template control” was routinely included as a negative reagent
control in each conventional one-step RT-PCR. As expected the “no template control”,
cell control and tissue control did not yield a PCR product (Table 5.1.). All 13 known
positive samples for American crow orthoreovirus yielded the expected PCR product
size of 437 bp (Table 5.1.), giving a 100% sensitivity for the test. Ideally, laboratory
diagnostic tests should correctly identify all individuals with the disease; therefore the
S4 segment specific conventional one-step RT-PCR assay will prove useful as a routine
diagnostic tool for the laboratory diagnosis of American crow orthoreovirus infection
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from intestinal tissues collected from outbreaks of mortality in American crows where
hemorrhagic and necrotizing enteritis is diagnosed as the cause of death.

5.5.2. Comparative sensitivity of the S4 genome segment specific conventional
one-step RT-PCR and virus isolation in VERO cell culture
According to Jones (2000), before routine use, molecular approaches to
detection of avian orthoreoviruses from field material will need to be critically
compared with virus isolation, which may be considered the 'gold standard' for
laboratory detection of avian orthoreovirus. In the present study, avian orthoreovirus
detection by conventional one-step RT-PCR assay was compared with virus isolation in
VERO cells. The conventional one-step RT-PCR assay was able to detect up to 10-3
dilution of the positive control American crow orthoreovirus isolate. However, virus
isolation attempts in VERO cells detected up to 10-8 dilution of the same positive
control American crow orthoreovirus isolate (Table 5.2.). Therefore, virus isolation in
VERO cells had 105 times higher threshold limit in detecting American crow
orthoreovirus isolate than the convention one-step RT-PCR. In general, conventional
one-step RT-PCR assay is considered to be more sensitive than virus isolation in cell
culture (Pantin-Jackwood et al., 2008), therefore, should allow avian orthoreoviruses to
be identified in field specimens without the need for initial cell culture propagation.
However, the positive control A1447-09-3 Intestine PEI American crow orthoreovirus
isolate used in the present study had been propagated in VERO cell cultures earlier.
Therefore, perhaps it has been adapted to grow in VERO cells, hence acquired the
ability to produce CPE rapidly even in very low amounts. The data presented in Chapter
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2 demonstrates that avian orthoreovirus adapts to the VERO cell line, leading to more
quick production of CPE with each passage (Table 2.3). An orthoreovirus isolate
directly obtained from the intestine of an American crow may not initially produce CPE
very efficiently in VERO cells, but once it is adapted to the VERO cell line after several
passages, the ability to produce CPE is increased. Guneratne et al. (1982) reported that
certain avian orthoreovirus strains require 5 to 7 blind passages to produce CPE. Nwajei
et al. (1988) considered VERO cells unsuitable for primary isolation of avian
orthoreoviruses from field material. Although Wheeler et al. (2014) observed the
presence of reovirus particles by direct electron microscopy in the feces of American
crows, virus isolation using the VERO cell line was unsuccessful. In addition, avian
rotaviruses are also capable of producing CPE in cell cultures (Villarreal et al., 2006).
Therefore, the presence or absence of CPE in cell culture should not be used as the sole
criteria to identify an avian orthoreovirus. Another disadvantage of using VERO cells
for virus isolation from clinical intestinal tissue samples is that the toxic properties of
intestinal contents present in the tissue samples could inhibit cell growth, making it
difficult to evaluate cytopathic effects (Spackman et al., 2005). However, isolation of
viruses in cell cultures is necessary for further studies on them (Jones, 2000). In contrast
to avian origin cell cultures, mammalian origin VERO cells have many advantages such
as the convenience for use and no risk of contamination with vertically transmitted
avian viruses. Among the mammalian cell lines, VERO cells were reported to be more
suitable (Hussain et al., 1981, Sahu and Olson., 1975, Simoni et al., 1999) and
recommended to be employed as a standardized system for propagation of
orthoreoviruses (Georgieva and Jordanova, 1999) because they were more sensitive
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(Barta et al., 1984, Georgieva and Jordanova, 1999) and supported the replication of
many strains of avian orthoreoviruses (Barta et al., 1984, Jones and Al-Afaleq, 1990,
Nwajei et al., 1988, Wilcox et al., 1985).

5.5.3. Specificity of crow orthoreovirus S4 genome segment specific conventional
one-step RT-PCR assay
The specificity of a laboratory diagnostic test refers to the ability of the test to
correctly identify those individuals without the disease, and ideally it should correctly
identify all individuals that are disease free (Lalkhen and McCluskey, 2008). In order to
determine the specificity, 12 known avian orthoreovirus negative samples and a known
rotavirus isolate, which is a common cause of diarrhea in many animal species
including poultry (Saif et al., 1985) were utilized. Sample A1447-09-3 Intestine PEI
was used as the positive control to monitor test to test variation and user error so that if
the expected product was not amplified, the samples could be retested. The results in
Table 5.3. demonstrated that none of the known negative samples for American crow
orthoreovirus or the known crow rotavirus isolate yielded a PCR product (i.e., no false
positives and no non-specific PCR bands). Therefore, the conventional one-step RTPCR assay targeting avian orthoreovirus genome segment S4 has a high analytical
specificity.
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5.5.4. Application of S4 genome segment specific conventional one-step RT-PCR
assay and virus isolation in VERO cells to test intestinal tissue samples
collected from American crow mortality events in Eastern Canada
The detection results of the avian orthoreovirus S4 genome segment specific
conventional one-step RT-PCR assay for 44 American crow intestinal tissue samples
are listed in Table 5.4. The results were compared with the traditional diagnostic
method, virus isolation and identification on VERO cell culture. Nine intestinal tissue
samples were positive in the conventional one-step RT-PCR assay. When these
intestinal tissue samples were tested for virus isolation in VERO cells, in addition to the
9 conventional one-step RT-PCR positive samples, another 5 intestinal tissue samples
produced CPE characteristic of reovirus. Therefore, S4 segment specific conventional
one-step RT-PCR was also performed on with the infected P1 VERO cell lysates of
these 5 virus isolation positive cultures to confirm that the CPE seen in VERO cells
were indeed caused by American crow orthoreovirus. This testing confirmed that all 5
of them were positive (Figure 5.2.) for American crow orthoreoviruses, but that they
required at least 1 blind passage in VERO cells to produce sufficient viral RNA to yield
a positive conventional one-step RT-PCR result. The 9 intestinal tissue samples that
were conventional one-step RT-PCR positive without prior passage in VERO cells were
not retested using their P1 VERO cell lysate. Altogether 14 out of 44 samples tested
(31.82%) were positive for American crow orthoreoviruses, only 9 of the 14 (64.29%)
were detected by the conventional one-step RT-PCR without cell culture amplification.
Under field conditions, it is possible that the cases brought for disease diagnosis in later
stages of a viral infection may lead to an inability to identify the causative virus. Jindal
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et al. (2012) explained that some enteric virus including avian orthoreovirus induced
clinical findings and pathology may persist in affected birds for a significant period of
time after the infection leaves the host, thereby leading to non-detection of causative
virus in these instances. In addition, the sensitivity of the conventional one-step RTPCR assay may be lower when performed on processed crow intestinal tissue samples
as compared to the isolated virus because of the presence of fecal material, which is
known to contain potential PCR inhibitors (Schrader et al., 2012) that can lead to a
significant number of false negative results (i.e., reduced sensitivity).
The sequence analysis confirmed, when American crow intestinal samples from
individuals that died of hemorrhagic and necrotizing enteritis produce a 437 bp band in
the S4 segment specific conventional one-step RT-PCR, they should be considered
positive for American crow orthoreoviruses.
All known positive and negative American crow orthoreovirus isolates used in
these experiment were grown on VERO cells, therefore total RNA extracted from
uninfected VERO cell line was used as the negative cell control. None of the virus
isolates used in sensitivity, comparative sensitivity or specificity testing were grown in
QM 5 cells, therefore QM 5 cell control was not used in the evaluation of the S4
genome segment specific conventional one-step RT-PCR assay.
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5.6. Conclusions
Application of diagnostic techniques designed for the detection of chicken
orthoreoviruses in the diagnosis of wild avian orthoreovirus diseases are questionable
and the interpretations of results are inconvenient due to the ubiquitous nature, antigenic
cross-reactions, subclinical and asymptomatic infections of orthoreoviruses. Therefore,
the availability of a consistent and sensitive diagnostic test specific for pathogenic wild
avian orthoreovirus is a valuable contribution for wildlife health.
This study reported the sensitivity and specificity of a S4 genome segment
specific conventional one-step RT-PCR assay for the detection of avian orthoreovirus,
and its application in detection of American crow orthoreoviruses in intestinal tissue
samples from American crows that died from a hemorrhagic and necrotizing enteritis.
Virus isolation and identification in VERO cells had a 105 times higher detection ability
than the conventional one-step RT-PCR assay for detection of American crow
orthoreoviruses in intestinal tissue samples. It is important to note that production of
CPE in VERO cells should not be used as the sole criterion to identify avian
orthoreoviruses because other avian pathogens such as avian rotaviruses are also
capable of producing CPE in this cell line. The present study highlighted that the
sensitivity of the conventional one-step RT-PCR diagnostic assay could be increased by
pre-amplification of the American crow orthoreovirus from the intestinal tissue extracts
in VERO cells by at least one blind passage.
In conclusion, the conventional one-step RT-PCR assay described here would be
useful as an ancillary diagnostic tool for routine detection of avian orthoreoviruses from
clinical material in wild bird mortality events. The data presented in this study could
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serve as a starting point for the validation of laboratory diagnostic techniques that could
be commercially developed for the detection of American crow orthoreoviruses for use
in future American crow winter die-offs.
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6. GENERAL DISCUSSION
6.1. General discussion and conclusions
Avian orthoreoviruses are ubiquitous among poultry flocks and an estimated 8590% of isolates are non-pathogenic (Jones, 2000). Orthoreoviruses are associated with a
variety of disease conditions in domestic chickens including viral arthritis/tenosynovitis
(Jones, 2000); enteric disease such as ulcerative enteritis, cloacal pasting and mortality
(Dutta and Pomeroy, 1967; Jones, 2000); respiratory disease (Petek et al., 1967);
increased mortality and heart lesions in young broilers (Bains et al., 1974); sudden
death in young broilers associated with lesions in heart, kidney and liver (Bagust and
Westbury, 1975); and runting, stunting/malabsorption syndrome in young broilers
(Goodwin et al., 1993). After the commercial production of Mycoplasma synoviaenegative chickens, it was recognized that avian orthoreoviruses could produce
tenosynovitis lesions in the absence of M. synoviae or other bacterial pathogens (van der
Heide, 1977). Deshmukh and Pomeroy (1969) reproduced the enteric disease with
cloacal pasting by infecting chickens with orthoreovirus.
What is outlined above demonstrates that avian orthoreoviruses are pathogens of
economic importance because of the mortality and production losses they cause in the
commercial poultry industry (Dobson and Glisson, 1992). Vaccination is the principal
approach to control of orthoreovirus disease in commercial poultry operations.
Attenuated vaccines are administered to young birds followed by administration of
inactivated vaccines to breeders with the intention to protect their chicks by vertically
transferred antibodies in egg yolk (Jones, 2000).
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In addition to commercial poultry, evidence of orthoreovirus infections has been
found worldwide in a diverse range of wild (free living) and pet avian host species
(Docherty et al., 1994; Jones, 2000; Ogasawara et al., 2015; van den Brand et al.,
2007). Due to the ubiquitous nature of avian orthoreoviruses, the simple isolation of an
orthoreovirus from a lesion or demonstration of serum antibodies in a sick avian species
does not confirm that the orthoreovirus is the cause of disease condition (Jones, 2000).
Therefore, improved tests are needed for the diagnosis of avian orthoreovirus disease
conditions.
The association of avian orthoreoviruses with a hemorrhagic and necrotizing
enteritis in the absence of other pathogens has been reported sporadically since 2002 in
free living American crows (Corvus brachyrhynchos) in North America (Campbell et
al., 2004; Mast et al., 2006; Meteyer et al., 2009) clearly suggesting an etiological role
for these viruses. Orthoreovirus was assumed to have contributed to the population
change in American crows in 2003 in Seattle (Washington State Department of Health,
2004). Although, corvids are numerous and frequently considered to be a pest species
(Lawson et al., 2015), they help to control pest insects, and “clean up” carrion and
garbage (Link, 2005). During late summer, fall and winter, crows often travel long
distances to form large social groups to roost at night called communal night roosts
(Link, 2005). Caccamise et al. (1997) estimated the size of a communal night roost at
10,000 to 15,000 American crows. Communal night roosting helps crows to exchange
information, find mates, remain safe from predators and keep warm (Link, 2005),
however, the communal night roosts of crows create close contact between individuals
as well as accumulation of droppings, feathers and debris under a roost which increases
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the potential of disease transmission (Link, 2005). Many orthoreovirus infections
remain asymptomatic in their natural hosts (Hollmén and Docherty, 2007). Predisposing
factors that alter the host susceptibility, such as adverse climate, transportation, and
secondary or concurrent infections have been reported to play an important role in
orthoreovirus disease seen in trans-located wild birds (van den Brand et al., 2007).
Increased bird density of American crows in the communal night roosts, stress of winter
weather, increased orthoreovirus environmental contamination due to perching and
defecating in the same trees, and an immunologically naive cohort of hatch year birds
from the previous summer sharing these large communal roosts all appear to be
important predisposing factors that may facilitate the spread of the virus amongst
susceptible individuals. The colder temperatures and restricted availability of food is
known to make winter a stressful period for wild avian species (Caccamise et al., 1997),
and this can lead to immunosuppression further increasing the susceptibility to
infectious agents. In the North American incidents of orthoreovirus mortality, several of
the affected crows were either emaciated or in poor body condition, indicating that
nutritional factors may have been a contributing factor in the die-offs. The infection of
wild birds with a pathogen such as an orthoreovirus during the winter may be magnified
by

the

effects

of

severe

environmental

conditions,

contributing

to

malnutrition/starvation, which could lead to a proximate cause of death from emaciation
or an increased susceptibility to predation. Therefore, the morbidity, mortality, severity
of clinical disease and the duration of such outbreaks could vary according to many
factors such as severity of the winter, stress, size and demographics of the roosting crow
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population, pathogenicity of the virus strain involved and susceptibility to secondary
opportunistic pathogens or predation.
Confirmation of an orthoreovirus infection requires post mortem examination of
an affected individual and is best achieved by virus isolation using cell culture and
tissue samples from the lesions in affected individuals (Jones, 2000). In the work
described in Chapter 2 of this thesis, we tested 26 viruses isolated from lesions in
American crows collected from winter mortality events in Eastern Canada. We found
14 isolates (2 from PEI and 12 from Ontario) produced syncytia characteristic of avian
orthoreoviruses in the QM 5 cell line. In the VERO cell line, only 10 of the 12 Ontario
isolates produced the characteristic syncytia, but the 2 PEI isolates consistently
produced cytopathic effects (CPE) in the VERO cell line as well. These results were
further supported by conventional one-step RT-PCR assays targeting avian
orthoreovirus S2 and S4 genome segments, confirming 14 of the 26 viruses tested were
from the family Reoviridae; 100 % of the PEI isolates (2/2) were avian orthoreoviruses
and 91.67% of the Ontario isolates (11/12) were avian orthoreoviruses. In virus titration
using VERO cell line, the PEI isolates gave virus titers comparable to titers of the
positive control avian orthoreoviruses. Ontario isolates gave a range of titers which
were lower compared to the positive controls and PEI isolates. These findings
confirmed that the QM 5 cell line is more successful than the VERO cell line for
isolation of orthoreoviruses from American crow mortality events. Our observations
also suggest that the production of syncytial type CPE in cell culture should not be used
as the sole criterion to identify a virus isolate as an avian orthoreovirus because avian
rotaviruses are capable of producing similar CPE. The conventional one-step RT-PCR
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assay described in Chapter 2 of this thesis can be used to identify American crow
orthoreoviruses, distinguishing them from crow rotaviruses or other avian viruses
producing similar CPE.
This thesis reported the isolation and accurate identification of avian
orthoreoviruses from lesions associated with American crow winter mortality incidents
in eastern Canada which provides support for American crow orthoreoviruses as at least
one etiology in the sporadic winter crow mortality incidents that have occurred North
America. Since the viruses were isolated from tissues that had significant necrotizing
lesions and other avian pathogens were not identified to account for the lesions, it is
strongly suggested that avian orthoreovirus are the etiology of the lesions and that they
potentially cause a systemic infection because lesions were identified in multiple tissues
of affected individuals, including the intestine, spleen, and liver. The causative role of a
crow avian orthoreovirus in the winter mortality incidents emphasizes the fact that it
should be considered as a factor affecting American crow population in Eastern Canada.
They should also be identified as an important differential diagnosis for corvid disease
and mortality incidents, particularly when necrotizing intestinal or splenic lesions are
detected in American crows dying during the winter season. This confirmation of
orthoreovirus-associated disease and mortality in American crows in Eastern Canada
has implications for wild bird disease surveillance. Particularly, it is recommended that
the investigation of mortality events in wild birds, especially those occurring in
American crow populations during the winter, should include previously unrecognized
avian orthoreoviruses as potential etiologies.
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In the work described in Chapter 3, nucleotide sequences of partial S2 and S4
genome segments of two American crow orthoreovirus isolates, one isolate from each
of PEI and Ontario, were determined, compared with each other and with other
orthoreoviruses. The S2 sequences of the PEI and Ontario isolates had sequence
identities of 92% and 93%, respectively, to avian orthoreovirus isolates of commercial
poultry, whereas the S4 sequences of both of these isolates had a 91% homology to
Tvärminne avian virus, and < 76% identity to other avian orthoreovirus isolates.
Interestingly, Tvärminne avian virus is a new candidate species within the genus
Orthoreovirus that was isolated in Finland from a wild hooded crow (Corvus corone
Cornix) (Dandár et. al., 2014). The S2 and S4 genome segments of the two isolates had
a sequence identity of 99.8% and 95.2%, respectively, to each other. In the S2 segment,
there is one point mutation but no insertions or deletions are present. In the S4 segment,
there are 6 point mutations, and a deletion of 14 nucleotides in the Ontario isolate
compared to the PEI isolate.
Phylogenetic analysis of the S2 sequences of the two American crow isolates
showed that the viruses are in the same clade as that of avian orthoreoviruses and
Nelson Bay viruses and in the same cluster as avian orthoreoviruses of commercial
poultry. However, specific tree topology seen in S4 segment coded σNS gene
phylogenetic analysis demonstrated that these isolates and the recently proposed species
of wild bird orthoreovirus formed a separate cluster to that of avian orthoreoviruses of
commercial poultry and Nelson Bay virus. Furthermore, σNS genes of the two
American crow orthoreoviruses examined have a closer phylogenetic relationship to
Tvärminne avian virus. Therefore, these American crow isolates are different from most
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other orthoreoviruses of avian origin, having a reassorted S4 segment similar to the
Tvärminne avian virus, another species of the genus Orthoreovirus that was isolated
from a corvid species. Our study showed that the American crow orthoreovirus is a
reassortment between avian orthoreoviruses of commercial poultry and Tvärminne
avian virus.
The pathogenesis of most avian orthoreovirus infections, especially those
involving free living birds, has not been fully characterized (Hollmén and Docherty,
2007). In field die-off events involving wildlife species, gross and histopathological
examinations of carcasses may not identify some significant changes in the tissues
examined because of the postmortem autolysis and freeze/thaw artifacts that are often
associated with wildlife pathology. Therefore, determining whether an orthoreovirus is
the etiological agent in these wild corvid mortality events or simply an opportunistic
pathogen or incidental finding poses challenges. Further, clinical signs associated with
and prevalence and incidence data on a particular wildlife disease in a specific free
living population are rarely available (Hollmén and Docherty, 2007). The heterogeneity
of avian orthoreoviruses and the presence of concurrent or secondary pathogens further
complicate the investigations of etiology (Hollmén and Docherty, 2007). Therefore, an
infectivity study using a commercial avian species is very useful to investigate the
pathogenesis of wild bird orthoreovirus isolates and understand their potential
significance to the commercial poultry industry. In addition, avian orthoreoviruses are
not limited to producing a pathognomonic lesion in a particular tissue or organ system
such as “enteritis”, “tenosynovitis” or ‘pneumonia”. For example, an orthoreovirus
isolated from the intestine may have the ability to produce tenosynovitis and bone
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lesions (van der Heide et al., 1981). An orthoreovirus isolated from a hemorrhagic
enteritis lesion in an American crow may not necessarily produce lesions restricted to
the intestines of chickens which highlights the need for a complete postmortem
examination of specimens utilized in infectivity trials as well as the collection of tissue
samples from all organ systems for laboratory diagnosis. Before this present study, there
had been no investigation to determine whether or not other avian species were
susceptible to disease from American crow orthoreoviruses isolated from winter
mortality events. Therefore, it was decided to address this very important information
gap in this thesis.
In the infectivity trial described in Chapter 4 of this thesis, one-day-old specific
pathogen free (SPF) layer type chickens were infected with one of the two avian
orthoreovirus isolates from winter American crow mortality events that occurred in PEI
and Ontario, Canada. Birds were infected either orally or by footpad injection. Since
avian orthoreoviruses are known to be transmitted via the fecal oral route (Jones and
Onunkwo, 1978) and many of the American crow orthoreoviruses were isolated from
crow intestines, it was hypothesized that the fecal-oral route was the most likely mode
of natural transmission among susceptible American crows. Our previous research
discovered that the two isolates used for the experimental infection were trypsin
sensitive. Past studies have shown that following oral infection of chicks with low doses
of trypsin sensitive orthoreovirus, little or no virus reaches the liver or joints, while
intranasal or footpad inoculation allows infection of these other tissues (Jones et al.,
1994). Therefore, to prevent the partial inactivation of the trypsin sensitive American
crow orthoreovirus isolates in the gut of the experimental chickens potentially reducing

269

or preventing their pathogenic effects, foot pad inoculation was chosen as a route of
exposure. The route of inoculation used in the infection trial did not simulate natural
exposure via the respiratory route although orthoreovirus infection via the respiratory
tract has been shown to occur (Jones, 2000; Montgomery et al., 1986).
In our study, both virus isolates and methods of infection resulted in enteric
disease with high morbidity and low mortality, confirming that both virus isolates are
pathogenic enterotropic viruses for domestic poultry that cause clinical signs and
intestinal lesions after a 2-3 day incubation period. The clinical course of the disease
lasted for 7-11 days. Diarrhea was the predominant clinical sign and while gross lesions
were not apparent, microscopic lesions were detected in the ventriculus, duodenum and
jejunum and they consisted of villus atrophy and crypt hyperplasia. Additional
inconsistent lesions were mild bursal atrophy and ulcerative and hemorrhagic
ventriculitis. During the acute phase of infection, orthoreovirus was re-isolated from
many tissues, but pooled intestinal tissue provided the best opportunity for virus
recovery. The virus could not be isolated from cloacal swabs. Since the virus was
isolated from a number of organs, viremia must have occurred. Therefore, the results
from the experimental work in Chapter 4 confirmed the possibility that American crow
orthoreoviruses can cross the species barrier to infect domestic chickens. More
importantly, they cause disease with lesions in the digestive tract from ventriculus to
jejunum and the lesions are associated with clinical signs of diarrhea and decreased
weight gain, consistent with a malabsorption syndrome. The mild bursal atrophy
diagnosed in this study is compatible with the immunosuppressive effects of avian
orthoreoviruses reported in other studies (Roessler and Rosenberger, 1989). By causing
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immunosuppression, it is possible that these orthoreoviruses could predispose the host
to infection with other opportunistic pathogens present in the environment or magnify
the effects of other stressors impacting an affected individual. It is possible that the
American crow orthoreoviruses examined could affect the survival of hatch year
American crows either directly through gastrointestinal disease and/or indirectly
through their immunosuppressive effects.
The SPF chickens were observed only for 3 weeks in our experimental infection
and gross or histological joint lesions were not observed during that time period. Based
on these results, it was concluded that American crow orthoreoviruses utilized for the
infectivity trial do not have arthropathogenic effects. It has been demonstrated,
however, that development of joint lesions typically takes a longer time and are usually
not seen before 7 weeks of age (Jones and Onunkwo, 1978). In any case, any
arthropathogenic effects of American crow orthoreoviruses that might occur may not be
important for commercial broilers because in the current broiler production systems
they usually go to market by approximately 4 weeks of age leaving insufficient time for
joint lesions to develop. This is not necessarily true for commercial layers because they
remain in production for a much longer duration and this could be an avenue of further
research on these wild type viruses.
Orthoreoviruses are frequently recovered from asymptomatic birds (Jones,
2000) and characterization of viral pathogenicity by experimental infectivity studies is
usually required to assess the significance of new isolates (Hollmén and Docherty,
2007). Implication of a microbe in a disease via Koch’s postulate (Fredricks and
Relman, 1996) requires demonstration that an agent is specific for that disease, and that
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disease can be reproduced in a naive host by inoculation with the agent propagated in
culture following isolation from an affected host (Palacios et al., 2010). Ideally the
experimental infection of the host species, in this case American crows, needs to be
completed to fulfill Koch’s postulates and confirm that the American crow
orthoreovirus is the etiology of the hemorrhagic and necrotizing enteritis and other
lesions identified as the cause of death in the winter mortality events. Unfortunately, a
pathogenicity study using orthoreovirus in American crows would be difficult to
accomplish for many reasons including the fact that while some wild species including
American crows can be properly maintained in captivity, the experimental conditions
would markedly differ from those typically occurring in their natural habitat (Hollmén
and Docherty, 2007); the capture and testing of wild bird species are expensive
activities that require intensive efforts so American crows sero-negative for
orthoreoviruses or SPF crows are currently unavailable; the stress of maintaining wild
birds in captivity can lead to immunosuppression potentially influencing the
experiment’s outcome; and there are humane and welfare issues involved with moving
wild birds into artificial settings that could preclude such research. It was reported that
while the fulfillment of Koch’s postulates is compelling evidence of causation, the
criteria are unduly stringent because some agents cannot be cultured in vitro; some
infectious diseases, particularly those of humans, cannot be modeled due to ethical
considerations; and lastly, genetic and other factors may contribute to pathogenesis of
an infectious organism and it is difficult to control for these variables in many
experimental situations (Palacios et al., 2010). In this study, we have isolated
orthoreoviruses from American crows with fatal hemorrhagic and necrotizing enteritis
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and implicated these pathogens in the disease diagnosed in free living wild American
crows by reproducing a much milder form of the disease in experimentally infected SPF
chickens. We hypothesize that the provision of adequate nutrition and a controlled
environment to the SPF chickens likely moderated effects of the orthoreovirus because
the additive effect of the accidental loss of heat to the room housing the birds resulted in
increased mortality in the experimental bird group. We further recognize that this
hypothesis would need to be investigated further for confirmation.
Incidents of mortality associated with avian orthoreovirus infections in several
wild bird species (Lawson et al., 2015; Ogasawara et al., 2015) strongly suggests that
the availability of a consistent, specific and sensitive diagnostic test for pathogenic wild
avian orthoreoviruses would be a valuable contribution leading to a better
understanding of health in wild avian populations. In the work described in Chapter 5,
the sensitivity and specificity of conserved S4 genome segment specific conventional
one-step RT-PCR assay for American crow orthoreovirus was assessed. The PCR assay
had a 100% analytical specificity, but virus isolation in VERO cells had higher
detection limit than the RT-PCR. This finding is not in agreement with the studies
carried out to test the diagnostic performance of different tests, those suggested RTPCR to be the more sensitive in virus detection. Although many authors described
conventional RT-PCR techniques for detection of avian orthoreoviruses in chicken
clinical samples, the lack of validated PCR primers and tested standard operating
procedures are the constraints for their specific application in the diagnosis of wild bird
orthoreoviruses.
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Application of this conventional one-step RT-PCR assay to detect orthoreovirus
in intestinal tissue samples taken from American crows that died as a result of
hemorrhagic and necrotizing enteritis confirmed that 14 of 44 samples (31.82%) were
positive for avian orthoreovirus. However, only 9 of the 14 positive samples (64.29%)
were detected by the RT-PCR without prior cell culture amplification. These findings
highlighted that the sensitivity of the RT-PCR assay could be increased by preamplification of the American crow orthoreovirus from intestinal tissue extracts in
VERO cells by at least one blind passage. Therefore, this RT-PCR assay can be
recommended only as an ancillary diagnostic tool for routine detection of avian
orthoreoviruses from clinical material in wild bird mortality events, and primary virus
isolation in Vero cells should be the first diagnostic step to diagnose orthoreovirus
related mortality in American crows.
Present day commercial poultry production maintains birds in high density
conditions that are conducive for transmission of infectious agents and may reduce
resistance to disease by induction of stress (Palacios et al., 2010). Specifically,
Giambrone et al., (1992) noted that the trend toward increased concentration of broiler
populations, larger farms, and reduced time between grow outs favors increased
orthoreovirus exposure. Additionally, birds kept mainly under free-range conditions,
such as ostriches and backyard poultry flocks can easily come into contact with free
living wild birds that may be infected with pathogens of significance to these domestic
avian species (Sakai et al., 2009). Any vertically infected, hatch year American crow
surviving an initial infection with American crow orthoreovirus could become
asymptomatic carriers in the wild American crow population, and these individuals with
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subclinical infections could transmit the virus to naive individuals sharing roosts during
winter periods, ultimately initiating the large winter American crow mortality incidents
that have been documented. Based on the research described in this thesis, the
American crow could be considered as a potential wildlife reservoir for an avian
orthoreovirus that has the ability to produce disease in commercial poultry operations,
specifically those involving chickens. Since American crows are non-migratory, they
are unlikely to be important in long distance transmission of this virus. However, since
similar isolates were obtained from both PEI and Ontario in eastern Canada, it
demonstrates that this American crow orthoreovirus is potentially widespread in the
North American continental American crow population. It also remains a possibility
that the crow orthoreovirus may have a reservoir in another bird species that is
migratory or widespread in distribution, and that avian orthoreovirus infections
occasionally spillover into the American crow populations, causing the mortality
incidents that have been documented over the last few decades.
Although maintaining commercial poultry flocks free of avian orthoreovirus
infections is virtually impossible, good management and biosecurity procedures to
minimize the chances of infection in very young chickens combined with flock
vaccination can be used to assist in the control of avian orthoreovirus diseases in
commercial poultry. The implementation of strict quarantine procedures to prevent the
introduction of new avian orthoreovirus strains to poultry operations is also an essential
measure to control this disease. During die-off events, collection and proper disposal of
wild bird carcasses which are not required for diagnostic testing further helps decrease
the possibility of avian orthoreovirus transmission by reducing environmental
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contamination (Hollmén and Docherty, 2007). It is just as important to recognize that
large poultry farms can be a source of avian pathogens that can affect wild birds.
Transmission of avian orthoreoviruses from commercial poultry facilities to wild birds
in adjacent areas can be reduced by minimizing the poultry-wildlife interface. This is
best accomplished by strict biosecurity measures that separate commercial poultry from
wild birds, minimizing the risk of pathogen transfer between domestic poultry and the
immunologically naive indigenous wild bird populations. Proper health care leading to
the reduction of infectious diseases in commercial and especially backyard poultry
operations also helps control disease transmission from domestic birds to wild bird
populations. Vaccination programs commonly used in commercial poultry farmed in
open systems are a source of specific avian viruses that circulate in wild bird
populations (Hlinak et al., 1998).
In conclusion, this research characterized a novel avian orthoreovirus circulating
in the wild crow populations of eastern Canada. It demonstrated that under controlled
conditions the virus could cause a milder form of the disease in domestic chickens than
that documented in the free-living American crow populations. Lastly, diagnostic
techniques were developed to ensure American crow orthoreovirus could be accurately
detected in the event of future winter mortality incidents in American crow populations
as well as potentially in other avian mortality incidents where similar clinical findings
and lesions are identified.
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6.2. Future directions
Molecular characterization and pathogenesis of American crow orthoreoviruses
requires the use of in vitro cell culture systems as well as in vivo infectivity trials on
SPF chickens. For example, it is possible that the 2 American crow orthoreovirus
isolates that yielded CPE only on QM 5 cells are in fact genetically distinct from the
other isolates that grew in both QM 5 and VERO cells. The difference in the virus
replication properties among these isolates might be due to the dissimilarities in their
virus ligands responsible for attachment of the viruses to their specific host cell
receptors. Comparison of the S1 genome segment sequences of these two types of
viruses would confirm or rule out this possibility because the S1 genome segment of
avian orthoreovirus codes for the cell attachment protein. Another example deserving
further investigation is the effect of in vitro passage level of the American crow
orthoreovirus isolates on the virulence for the SPF birds. Both American crow
orthoreovirus isolates used in the experimental infection described in Chapter 4 of this
thesis were not plaque purified because we suspect that there is a possibility of
removing any associated virulence in the in vitro passage.
According to Rhyan and Spraker (2010), there are many barriers in the
prevention, detection, monitoring and management of wildlife diseases because of a
lack of knowledge on the ecology and epidemiology of many wildlife diseases. This
research project characterized some of the American crow orthoreoviruses that were
isolated from lesions in American crow’s that died in eastern Canadian winter mortality
events. While the research provided some clarity on the genetics and pathogenesis of
these viruses, it also highlighted those aspects of American crow orthoreovirus disease
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ecology and host pathogen interaction that remain unanswered. The possible role of
wild birds in the epidemiology, maintenance, dissemination and transmission of these
particular avian orthoreoviruses or as reservoirs for them is not yet clearly defined.
More research would be required to understand the underlying basis of pathogenicity of
American crow orthoreovirus in the wild populations they affect as well as the factors
which precipitate the mortality events that occur in these populations. Basic
epidemiological features of this viral infection in American crows such as their
susceptibility to the American crow orthoreovirus or their ability to carry and transmit
the American crow orthoreovirus are currently not understood. Additional
epidemiological aspects that future studies could focus on determining the survivability
of American orthoreovirus in water and chicken feed as well as their effects on the
virus’s infectivity because these are documented fomites for transmission of avian
orthoreoviruses in commercial poultry operations.
Continued surveillance of avian diseases in both domestic and wild birds will
document the geographical extent of and species susceptibility to this emerging disease.
Winter communal roost of American crows should be monitored and carcasses should
be collected to obtain a better understanding of the epidemiology of the disease as well
as the spatial and temporal patterns associated with the outbreaks of mortality. Although
relatively little is known about the persistence of American crow orthoreovirus in wild
birds, asymptomatic carriers of avian orthoreoviruses have been implicated as a source
of infection in domestic birds (Hollmén and Docherty, 2007). Therefore, it is important
to determine the prevalence of the American crow orthoreovirus in the wild avian
populations it affects. For example, during a die-off event, it would be ideal if a few
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apparently healthy American crows could be collected to ascertain if they are also
infected with the same virus. In a similar study on orthoreovirus infection in American
woodcocks (Scolopax minor), avian orthoreovirus was not isolated from any of the
apparently healthy birds and was only isolated from dead birds (Hollmén and Docherty,
2007). Surveillance for potential avian pathogens in wild birds could also be important
for the detection of potential threats to the commercial poultry industry and for the
possible discovery of zoonotic viruses (Huhtamo et al., 2007). However, upon review of
the available literature, there is no evidence to suggest that avian orthoreoviruses
present any danger to human health (Hollmén and Docherty, 2007). While the
surveillance of wild avian populations is critical for the detection of emerging disease
problems such as the mortality events associated with American crow orthoreovirus, the
surveillance of commercial poultry flocks is equally important to control the spillover of
pathogens to the free living wild birds. This research demonstrated that the American
crow orthoreovirus could cause a mild form of the disease in chickens under controlled
environmental and nutritional conditions. Therefore, enhanced biosecurity measures
specifically aimed at the American crows could be necessary to mitigate against the
potential adverse economic impacts of an introduction of American crow orthoreovirus
into commercial poultry operations. As a control measure, future studies could
determine the effectiveness of disinfectants commonly used in Canadian poultry
farming on these novel American crow orthoreoviruses.
The American crow is considered an indicator species for West Nile virus
(WNV) infection because it is highly sensitive to this virus (Mast et al., 2006). It is used
as a sentinel for flavivirus surveillance in the USA (Eidson et al., 2001), Canada and
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Europe (Brugman et al., 2013). However, there is a relative paucity of information on
the infectious diseases of corvids (Lawson et al., 2015). Obtaining better knowledge of
the specific pathogens of crows would improve the use of corvids as indicator species
for WNV infection (Mast et al., 2006). Corvids can be infected with multiple viruses,
and without the appropriate diagnostic support, it can be difficult to determine which of
the viruses is causing a disease problem in a particular individual. Therefore, the
development of a duplex PCR to detect American crow orthoreovirus and WNV in
American crows would be advantageous for the surveillance programs because duplex
and multiplex PCRs can detect and distinguish multiple pathogens rapidly and costeffectively through the use of one test instead of several separate single band PCRs
(Spackman et al., 2005).
Future research should focus on the molecular biology of avian orthoreoviruses.
There was no information on the gene sequences of American crow orthoreovirus prior
to this current research which mainly focused on partially sequencing the more
conserved S2 and S4 genome segments of the American crow orthoreoviruses. In this
research we sequenced one PEI isolate and one Ontario isolate. But we do not know
whether the gene sequence of unsequenced PEI isolate is identical to the sequenced PEI
isolate. Similarly we do not know the sequence identity of the 10 unsequenced Ontario
isolates to each other and to the sequenced Ontario isolate. Therefore in a future study
all isolates have to be sequenced and included in the phylogenetic analysis. Complete
genome sequencing of these viruses should be done to fully describe their relationships
to other orthoreoviruses of avian origin. The data presented here is only a starting point
for future comparative genomic studies of avian orthoreovirus strains. Complete
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genome sequencing would help to determine the proper taxonomic classification of the
American crow orthoreovirus isolates. Studies of sequence diversity of American crow
orthoreovirus and other avian orthoreoviruses would increase our understanding of the
disease of American crows and contribute to the surveillance and control of wild bird
diseases. Complete genome sequencing would reveal whether the American crow
orthoreovirus is a novel orthoreovirus that shares limited genomic sequence identity to
the commercial poultry isolates and if true, whether or not it should be considered as a
separate orthoreovirus species that could potentially be named as corvid orthoreovirus.
In addition, molecular studies of sequence diversity of avian orthoreoviruses and other
members of the Reoviridae family would increase the understanding of the evolution of
viruses containing dsRNA genomes. This type of research is required because avian
orthoreoviruses are becoming important emerging diseases in a variety of wildlife
populations (Lawson et al., 2015; Ogasawara et al., 2015), and as wildlife habitat is
destroyed leading to increased contact between wildlife and domestic species, these
viruses could have a major impact on the poultry industry and food security.
Furthermore, there is a clear need for a PCR technique that can be utilized for
identifying novel orthoreoviruses of diverse hosts (Wellehan et al., 2009). Analysis of
sequence data will enable development of diagnostic PCR tests, and provide valuable
phylogenetic and epidemiologic information (Wellehan et al., 2009) of specific viruses
including orthoreoviruses.
The infectivity trial described in chapter 4 was a small pilot study. The results
that were obtained suggest that there may be value in investing in a larger scale study to
obtain statistically valid data and properly document the effects of the American crow
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orthoreoviruses on commercial poultry. This type of work would determine the true
significance of the American crow orthoreoviruses as pathogens for domestic poultry
and permit an assessment of the actual risk they represent to the poultry industry.
Vertical transmission of orthoreoviruses in chickens has been previously
documented (Al-Muffarej et al., 1996; Giambrone et al., 1991; Menendez et al., 1975a;
van der Heide and Kalbac, 1975). Menendez et al. (1975a) isolated an orthoreovirus
from the reproductive tract of challenged pullets and suggested the replication of the
virus in this anatomical location could directly affect egg shell quality. Avian
orthoreovirus was found in the oviduct of infected chickens by 14-15 day PI (Menendez
et al., 1975b). Giambrone et al. (1991) reported that breeding chickens infected with
orthoreovirus shed the virus for 28 days, and that the eggs collected at that time had low
fertility, low hatchability and increased embryonic mortality. Based on these
observations in chickens, it is reasonable to hypothesize that the American crow
orthoreoviruses may also be vertically transmitted, resulting in decreased fertility and
hatchability and increased embryonic deaths which could account for the reduction in a
crow population reported by Mast et al., (2006). The effects of American crow
orthoreovirus on commercial hatchery operations are unknown, and these could
potentially be significant production limiting factors. This deficiency could easily be
addressed by a small additional research project that would involve inoculating SPF
eggs with the American crow orthoreovirus and documenting any embryonic
developmental or hatching abnormalities that might occur.
Orthoreoviruses are a diverse group of viruses that are found in a wide range of
hosts and cause complex diseases that are often multifactorial (Attoui et al., 2012). Only
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recently have they been discovered to be significant pathogens for various wildlife
species (Lawson et al., 2015; Ogasawara et al., 2015). With rapid global environmental
changes and our current understanding of “One Health” (Gibbs 2014), it is imperative
that we have a better understanding of these viral pathogens so that their impact on
domestic animal and human health can be predicted, allowing best practices to be
employed to mitigate their effects.
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