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ABSTRACT

Avian reovirus (ARYV) infections are an important cause of economic losses in
commercial poultry worldwide, including the United States. Since 2011, increased cases of ARV-
associated tenosynovitis in the progeny of vaccinated breeder flocks have raised concerns about
the declining efficacy of existing vaccines. This is compounded by limitations in current virus
characterization schemes, which offer little insight into key pathobiological traits such as
virulence, tissue tropism, and lesion type. These limitations hinder our ability to distinguish
pathogenic strains from commensals, especially given ARV’s ubiquity in poultry environments.

A further challenge in ARV characterization is the frequent presence of multiple co-
infecting strains in clinical samples. Accurate identification of these strains is essential for
outbreak tracking and evaluating control strategies.

To address these challenges, we conducted three complementary studies. First, we assessed
antigenic relatedness among ARV field isolates through cross-neutralization assays involving 10
field strains and their respective antisera, representing all seven known genotypic clusters (GCs).

Second, we evaluated the Oxford Nanopore Technologies MinlON platform for its ability to



resolve mixed ARV populations in clinical samples. Third, we sequenced the complete genomes
of 12 field isolates and performed phylogenetic analyses using amino acid sequences from
individual proteins and the full viral proteome.

Our findings show that ARV antigenic diversity is broader than previously recognized,
with all seven GCs and three sub-clusters tested in these studies representing distinct serotypes.
Third-generation sequencing provided deeper resolution of ARV subpopulations compared to
conventional methods. Predicted whole proteome phylogeny was largely congruent with the
current 6C-based classification suggesting oC evolution reflects whole virus evolution. In
addition, we report the first full genome sequences of GC7 isolates, offering new insights into the

genetic makeup of this understudied cluster.

INDEX WORDS: Avian reoviruses, Serotypes. Molecular Characterization, Serological
relatedness, Minion amplicon sequencing, Whole genome sequencing,

Phylogenetic analysis, Next generation sequencing
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CHAPTER 1

INTRODUCTION AND LITERATURE REVIEW

Avian reovirus — Taxonomy

Avian reovirus is a member of the Reoviridae family, the largest of the dsSRNA viruses. It
is divided into two subfamilies: Spinareovirinae and Sedovirinae. The member genera in this
family include Orthoreovirus, Rotavirus, Orbivirus and others. ARV and the mammalian
reoviruses are classified within subfamily Spinareoevirinae and make up the bulk of the genus
Orthoreovirus (1). The subfamily Sedovirinae to which rotavirus belongs are characterized by the
absence of large surface projections which are prominent on the Spinovirinae (2).

Enteritis is often the clinical outcome of rotavirus infection in poultry, particularly in turkey
poults (3). The ARVs are ubiquitous in poultry environments and mostly non-virulent, making it
difficult to infer causality when isolated from lesions. However, the virus has been identified as
the definitive cause viral arthritis and tenosynovitis in commercial poultry (4).

Avian Reovirus Disease

ARYV is ubiquitous in poultry environments, and due to its nonenveloped structure, it can
persist in the environment for extended periods. Viral arthritis/tenosynovitis, runting stunting
syndrome, enteritis, hepatitis and malabsorption syndrome are some of the pathologies induced by
ARYV infections in susceptible chicken and turkey flocks (4, 5). Of these, ARV has been identified

as the definitive cause of viral arthritis/tenosynovitis (6-8). Clinical signs in affected birds include



lameness, swollen hocks and tendons and possible rupture of gastrocnemius and digital flexor
tendons may occur in heavier birds. Younger birds have been reported to be more susceptible to
development of clinical disease (9). Localized replication of the virus in the tendons and synovial
membrane of the hock has been established (10). Infiltration of mononuclear cells in these areas
results in pathological changes including cartilage erosion and thickening of the tendons due to
fibrosis (11). Recently, the severity of ARV induced tenosynovitis has been linked to increased
percentage IFN-y expressing CD8" cells in infiltrating mononuclear cells (8)

In malabsorption syndrome (MAS), the role of ARV is uncertain with reports suggesting
it is a primary etiology with some strains inducing marked enteritis and poor growth performance
(9) while others indicate that its contribution is secondary (12). However, under experimental
conditions ‘MAS strains’ of ARV have been reported to induce signs consistent with MAS
including abnormal feathering patterns, depigmentation of beaks and shanks, pale mucous
membranes, lameness, diarrthea and undigested feed particles in droppings (13). In addition,
torticollis and tremor and other central nervous system signs have been associated with enteric
ARV (14, 15).

Diagnosis of Viral Arthritis

Clinical presentation is often sufficient for initial diagnosis of viral arthritis. However,
owing to the presence of other poultry pathogens that present similarly, an holistic approach must
be taken in gathering the relevant flock details such as: clinical signs, lesions, mortality patterns,
production parameters, vaccinations and other records of flock history (16). These may be
followed by diagnostic confirmation wherein virus isolation from tendons, joints and/or synovial
fluid of affected chickens is the gold standard (17). ARV can be cultured in specific pathogen free

(SPF) embryos and primary tissue cultures prepared from them: chicken embryo liver cells



(CELiC), and chicken embryo kidney cells (CEK) (18, 19). In addition, Leghorn male
hepatocellular cell lines (LMH) support the growth of field isolates of ARV, and are widely
employed in laboratories for this purpose (20).

RT-PCR amplification and Sanger sequencing of a portion of the viral S1 segment coding
for Sigma C (minor outer capsid protein) is routinely done for molecular characterization of ARV
(21, 22). The predicted amino acid sequence of this protein is employed in phylogenetic clustering
of the virus. Based on this typing scheme seven genetic clusters and several subclusters within
them have been described (23).

Avian Reovirus Genomic Structure

Avian reovirus is a pathogen of concern in poultry producing areas of the world, either
directly or in association with other pathogens causes economically impactful diseases in various
avian species (4). The genus Orthoreovirus to which ARV belongs also comprises other well
characterized mammalian reoviruses (MRV) and together they make up the bulk of viruses in this
genus. Avian reoviruses are non-enveloped viruses with an external diameter of 75nm. ARV
virions possess an icosahedral capsid which is made up of two concentric protein shells and
encompasses a genome composed of 10 segments of double stranded RNA. The genomic segments
are named based on their electrophoretic mobility, viz: large (L1-L3), medium (M1-M3) and small
(S1-S4). This genome encodes 8 structural proteins (AA, AB, AC, pA, uB, 6A, oB, and 6C,) and 4
nonstructural proteins (UNS, oNS, p10 and p17) (24).

L1 Segment

L1 is 3879 nucleotides long and encodes the major core protein, AA which is made up of

1293 amino acid residues (25). This protein is a major component of the inner core shell, which

covers the viral genome and viral RNA polymerase. AA when transfected into cells individually



was dispersed in the cytoplasm, but when associated with uNS, it is rapidly incorporated into viral
factories (24).

The predicted amino acid sequence of AA contains a conserved hydrophilic region (residues
1-110) within which is co-located with a variable region (residues 19-51), and a C,H; zinc-binding
motif is located at residues 182-202 (25).
Phylogenetic analysis of AA encoding gene reveals divergence into three lineages and there is no
correlation between viral serotypes based upon sigma C or pathotypes and the lineages (25).

L2 Segment

The ARV L2 segment is 3830 nucleotide sequences long and encodes for the minor core
protein AB which consists of 1259 amino acid residues (26). Prior to its sequencing it had been
identified as the RNA dependent RNA polymerase (RdRp) based on specific properties it shares
with other viral RNA polymerases (24). Following its sequencing, comparative analysis with the
mammalian reovirus (MRV) L2 gene showed that there is 55% amino acid identity between ARV
AB and MRV A3 protein, thus making it the most highly conserved of known Orthoreovirus
proteins. In addition, a predictive structure/function analysis of ARV AB carried out by mapping
to MRV A3 showed that most of the identical amino acids and conservative substitutions were
located near and within catalytic domains and lining RdRp channels (26). These findings strongly
suggest minimal evolutionary divergence in areas predicted to contain the polymerase motif and
residues that interact with template in RdRp proteins, which preserves their function (26).

L3 Segment
The L3 segment is 3855 nucleotides long and encodes AC, made up of 1285 amino acid

residues (25). AC is the viral mRNA capping enzyme and extends from the inner core to the outer



capsid of ARV (24). This protein, occurring as homopentamers, forms the turrets projecting from
the five-fold axes of ARV cores (27).

At positions 169 and 188, AC shows the presence of two conserved K residues indicative
of guanylyl transferase activity. It also possesses an ATP/GTP-binding site motif A (residues 379-
386) and a conserved S-adenosyl-L-methionine-binding motif suggestive of methylase activity at
residues 822-830 (25).

M1 Segment

The M1 segment is 2283 base pairs long and encodes the minor core protein A, which
consists of 732 amino acid residues (28). pA possesses NTPase and RTPase activity similar to its
functional analogue in MRV, u2. These functional properties of nA suggest that it might be
important for generating energy for viral RNA synthesis. However, the importance of pA to this
integral viral process might not be significant since the ARV structural protein A also has NTPase
and RTPase activities, and the probability that other ARV proteins have similar properties is high
considering that MRV viral protein A1 also shows same activities.

M2 Segment

The ARV M2 segment is 2158 base pairs long and encodes the major capsid protein uB which
consists of 676 amino acids residue (28). M2 viral segment might contribute significantly to the
evolution of ARV strains. As was observed in an earlier study when isolates were grouped
according to virulence, M2 was found to be second most variable segment, next to S1 (29).
Similarly, compared to other ARV M-class segments M2 was reported to be the most divergent
(28). This finding was supported by Egana-Labrin et al., (30) who found that, after S1 segment,
M2 was more divergent than other ARV genome segments. Also, a recent study in mammalian

reovirus provided evidence to suggest that M2 gene was a determinant of MRV induced



myocarditis (31). However, recently it was reported that M3 was the most divergent of the M-
class segments and second most divergent of all ARV segments (32).

The majority of uB produced during ARV infection is cleaved. The cleavage products of
uB are: uBN, a myristoylated amino-terminal peptide, and uBC, a large carboxy terminal protein
(24). uB, uBN and uBC are components of ARV outer capsid (33). uBC is particularly important
for release of transcriptionally active ARV core into cytoplasm. Following intra-lysosomal
uncoating, uBC undergoes two sequential cleavages at a site close to its C-terminus to produce 6
and 8! polypeptides. These cleavages are necessary to promote interaction with lysosomal
membranes and conformational changes, which are necessary steps for the release of viral cores
(24).

M3 Segment
The M3 segment is 1996 base pairs long and encodes for the nonstructural protein uNS which
consists of 635 amino acid residues (28). Based on inter-genotypic cluster comparison, in contrast
to intra-genotypic cluster comparison reported by other studies (28, 30), M3 was found to be most
divergent of the ARV M-class segments and the second most divergent after S1 (32). It has been
predicted from the deduced amino acid sequence of uNS that it contains two coiled coil segments
between positions 451-472 and 540-599 which are separated by a short stretch of amino acid
residues (34). This finding and the observation that removal of the first coil from MRV pNS
(nonstructural protein encoded by MRV M3 segment) resulted in loss of function which was
rescued by the replacement with green fluorescent protein (GFP), a protein known to dimerize,
suggest that uNS form oligomers possibly facilitated by interaction domains on the first coil (35).
Later, evidence was provided that pNS monomers self-associate to form homo-oligomers and that

the C-terminal domain was important for this process (36).



uNS is the only ARV protein capable of forming inclusions when expressed in the absence
of any other viral protein and the inclusion formed in uNS transfected cells are similar in
appearance to those found in ARV infected cells (34). Therefore, uNS appears to be the minimal
requirement for the formation of viral factories in ARV infected cells. Further, co-transfection of
uNS with other viral proteins suggests that it selectively recruits NS and AA into viral inclusions
(37). An experiment using truncated uNS found that the region between uNS residues 448 to 635
was the smallest protein length required for inclusion formation while amino acid residues from
140-380 were shown to be involved in inclusion maturation (36).

While both ARV and MRV form cytoplasmic viral factories, they differ in the nature and
morphogenesis of the viral factories they form. The MRV form filamentous, microtubule
associated inclusions, whereas, those of ARV are globular, non-filamentous and non-microtubule
associated (34, 38).

uNS-formed inclusions have found utility in protein purification and validation of protein-
protein interactions inside the cytoplasm or nucleus of living cells (9). Recently, these inclusions
have been tested as vectors in subunit vaccines (39, 40).

S1Segment

The S1 segment of avian Orthoreovirus is functionally tricistronic (41). This segment
encodes three partially overlapping ORFs and codes for one structural (¢C) and two non-structural
proteins (p10 and p17).

P10 Protein

ORF1 of avian reovirus genomic segment S1 is expressed as 10 kDa transmembrane type

1 protein. This protein has been found to be responsible for the fusogenic phenotype which results

in the characteristic syncytium displayed by avian reovirus infected cells (41). In contrast, MRVs



are typically not fusogenic except for Nelson Bay virus and baboon reovirus (42). P10 is described
as fusion-associated small transmembrane (FAST). It possesses a central transmembrane domain
that separates the ectodomain from the endodomain (42). p10 is expressed in virus infected cells
and its insertion into the membrane of host cell results in membrane destabilization which has been
associated with faster viral egress (43).

However, aside from the fact that it is atypical of non-enveloped viruses to contain a fusion
protein, the ARV pl0 is also uncharacteristically secreted in its active form and since membrane
fusion is a late process in viral replication it is therefore important to understand the mechanisms
by which ARV p10 remains inactive until viral egress. A previous study demonstrated that the p10
ectodomain targets the protein for rapid degradation when inserted early into host cell membrane
(44). A recent study (45) identified E3 ubiquitin ligase - seven in absentia homolog 1 (SIAH-1) in
association with lysosome-associated membrane protein 1 (LAMP-1) as the specific host factors
that drive rapid degradation of ARV pl0. Therefore, a combination of viral and host mechanisms
ensures rapid degradation of p10. Since there is no temporal regulation in the production of p10 in
comparison to other membrane fusion proteins, it is thought that this rapid degradation in the early
stages of viral infection prevents the trafficking of p10 to the cell membrane, but at later stages of
viral replication the p10 degradation mechanism appears overwhelmed leading to the eventual
insertion of p10 into the host cell plasma membrane (44).

pl7 Protein

OREF 2 of the ARV S1 segment codes for the 17 kDa protein called p17. It is a unique viral
protein with no known homology to any other protein (24). Although no particular function has
been attributed to this protein in ARV life cycle, more recent studies have been able to shed light

on its effect in infected cells. p17 is a nucleocytoplasmic shuttling protein which has been reported



to trigger several signaling pathways leading to the induction of autophagy (46). The
nucleocytoplasmic shuttling of pl17 is dependent upon its interaction with the host protein
heterogenous nuclear ribonucleoprotein (hnRNP) A1 and lamin A/C. Specific regions of the p17
protein that interact with these host proteins have been identified (47). Furthermore, p17 has also
been reported to possess a cell growth retardation function through activation of p53 and cyclin-
dependent kinase (CDK) inhibitor (48). In addition, the p17 has been reported to possess an anti-
angiogenic effect.
Sigma C protein

oC is a minor outer capsid protein responsible for cell attachment (49). The oC protein
consists 326 amino residues and it is encoded by the third open reading frame of the S1 viral
genomic segment. This protein, similar to its mammalian counterpart ¢1, is multimeric and is
present in subviral particles but not viral cores and is relatively resistant to proteolytic digestion
(49).

The homotrimeric 6C protein forms the fibrous cell attachment protein of ARV (50). It is
made up of the amino terminal tail consisting of 1-50 amino acid residues, stalk (51-156 residues)
and the carboxy terminal head domain (156-326 amino acid residues) responsible for receptor
binding (51)

Neutralizing antibodies against 6C are elicited during ARV infection and it has been shown
that these antibodies are able to prevent infection from homologous challenge (49, 52). The oC
neutralizing antibodies elicited are strain specific (53). Also, this ARV surface protein is a potent
inducer of apoptosis (54) and injection of recombinant ¢C into virus-induced fibrosarcoma leads
to tumor regression (55). Several mechanisms have been found that contribute to ARV oC

mediated apoptosis including: DNA damage resulting in upregulation of some DNA damage-



responsive genes (56); exploitation of the p53 dependent pathway of apoptosis (57); and the
eukaryotic elongation factor 1 alpha 1 (EEF1A1) has been identified as the pro-apoptotic host
factor that partners with ARV oC which results in apoptosis of tumor cells(58)

Among the ARV proteins, 6C is the most variable contributing immensely to the genetic
diversity observed among strains. Partial or complete sequences of the ARV oC have been used
for genetic characterization of ARV isolates (21). Presently, seven genotypic clusters have been
reported for ARV based on oC sequences.

S2 Segment

The S2 segment encodes the ARV structural protein A, which is a component of the ARV
inner core (24). In infected avian cells, ARV sigma A protein has been found to be colocalized
with uNS in cytoplasmic viral factories, and to a limited extent they have been found localized in
the nucleoplasm (59). The sigma A protein has been shown to be important for ARV replication
and evasion of innate immune response.

An earlier study had found that the cA protein is important for binding the AA protein
building blocks of the inner viral core thereby supplying rigidity and ensuring that the core is
rendered impenetrable to more viral nucleic acid molecules (60). In this study, infection with a
temperature sensitive mutant with an amino acid change of proline to leucine at amino acid
position 158 of the 6A protein was found to produce approximately 100-fold fewer particles at the
non-permissive temperature compared to the permissive temperature. The authors suggested that
this change may have resulted in the inability of the outer capsid protein ¢C to condense onto
nascent cores. More recently, a study aimed at identifying host factors that stabilize viral proteins
during replication found that the T-complex protein-1 ring complex (TRiC), a eukaryotic

chaperone protein, stabilizes A, cC and oNS viral proteins by preventing their degradation by the
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ubiquitin-proteasome pathway. In addition, knockdown of TRiC subunits and the consequent
reduction in expression levels of 6A protein and other TRiC-chaperoned viral proteins resulted in
more than a twofold diminishment in ARV titer when compared to controls (61).

On the other hand, cA binds dsRNA in sequence-independent manner making it a
functional analogue of mammalian reovirus 63 protein. The capability of cA to bind dsRNA
inhibits the activation of IFN induced, dsSRNA-dependent PKR and 2 -5 -oligoadenylate synthase
antiviral pathways possibly contributing to the ability of ARV to resist the IFN-induced antiviral
state (62). Also, cA protein has been identified as an activator of the P13/Akt pathway — an
intercellular signaling pathway in cellular processes such as cell proliferation, differentiation and
survival (63).

S3 Segment

The ARV o6B protein is encoded by the 1196 bp S3 segment of the genome. The S3
segment is monocistronic with an ORF that possesses the AUG initiation codon at residue 24 and
extends for 367 codons (64). The 6B protein is a major protein of outer capsid of ARV which
similar to oC induces neutralizing antibodies; however, unlike cC the antibody induced is group
specific (65). Therefore, oB is of interest in serological diagnosis of ARV infections (66-68). A
deeper analysis of the antibody response to 6B protein found two highly reactive linear epitopes
which were shown to be conserved among ARV strains examined in this study (69)

Also, there is evidence that 6B is important in the pathogenesis of ARV induced arthritis.
An in vitro study which employed DNA arrays to identify differentially expressed genes (DEGs)
following transfection of CEFs with recombinant 6B, found that 6B upregulated genes associated
with the arthritis pathway and downregulated some others that are important for maintaining

articular integrity (70).
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S4 Segment

oNS is a nonstructural protein and the translational product of S4 segment of ARV genome.
This protein binds ssSRNA in a sequence independent manner and it is recruited into inclusion
bodies by another nonstructural protein, uNS (71-73). The dispersion of RNA binding domains
along the length of oNS is indicative of a conformational interaction with RNA molecules and,
coupled with its rapid and early inclusion into viral factories, (72) led earlier researchers to suggest
that NS might be important for replication and packaging of viral RNA. Recently, several studies
have provided evidence of the role of NS in these important viral processes. Boredavka et al
(2015) showed that the active RNA binding form of oNS is a hexamer with the ability to bind to
nucleic acid molecules, which initiates ATP-dependent helix unwinding of bound RNA, a
phenomenon common to RNA chaperones. Aside providing evidence that NS is an RNA
chaperone ensuring proper folding of viral RNA, the investigators further showed that when a
hexamer of oNS binds to two ssRNA molecules with base complementarity there is rapid strand
annealing, thus facilitating specific and stable RNA-RNA interactions between genome segment
precursors. In addition , a study with MRV provided evidence that viral mRNAs are only recruited
into viral factories when oNS is present and able to bind RNA, suggesting that oNS is
indispensable for viral replication (74).

Epidemiology of ARV

Fahey and Crawley (1952) isolated a virus in birds suffering from a chronic respiratory
disease in 1952 (75). While studying Mycoplasma synoviae, Olson, and Kerr, (76) isolated
synovitis-inducing organisms from lesions of broilers which was later found to be a virus and
dubbed ‘viral arthritis agent’. In 1972 both viral arthritis agent and Fahey-Crawley virus were

found to induce similar gross and histologic lesions in broilers (6). An electron microscopy study
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of the viral arthritis agent provided conclusive evidence that this agent was reovirus (6). In the
years following, several other strains of ARV causing tenosynovitis in chickens were isolated in
the U.S., notably, the s1133 strain, which will later become the cornerstone of ARV control in
commercial poultry flocks across North America following its attenuation in the 1970s (17). S1133
was isolated by Drs. Van der Heide, L, Geissler, J and Bryant, E (11).

Earlier studies on the molecular characterization of ARV field isolates suggested that
isolates from the United States were less divergent, with most of U.S. isolates clustering with
common vaccine strains, while isolates from the Netherlands, Germany and Taiwan were more
divergent (21, 77, 78). However, in 2012 a trend of increased variant isolation from field cases of
viral tenosynovitis was observed in the U.S. (17). Variant isolation has also been reported from
other countries including: Brazil (79), Israel (80), China (81-83), Canada (78, 84), Iran (85, 86),
and France (87).

ARY Vaccines

Live Modified and Inactivated Vaccines

The combination of live and inactivated vaccines in a prime-boost strategy has been
identified as one of the most effective approaches for inducing protective immunity against ARV
disease in chickens (88). Chicks are more susceptible to ARV infection and manifestation of
clinical signs, therefore vaccines are administered to breeder hens to ensure transfer of passive
immunity to progenies, though early vaccination of chicks with live vaccine is sometimes practiced
(4). S1133 and other GC 1 strains, including 1733, 2408 and Miss B, have historically been used
in commercial live vaccine preparation against ARV. However, reports of variant infection in the
presence of antibodies induced by these vaccines have cast doubt on their efficacy. A more recent

commercial live vaccine preparation departed from the trend of including GC 1 strains and is
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composed of antigenic variant reovirus serotypes 1/4455, 2/4455, and 3. Generally, the level of
antibodies induced by immunizations with live ARV vaccines are higher and long lived compared
to antibody immunity generated by inactivated vaccines. Unfortunately, the emergence of variants
hampers the efficacy of both commercial live and inactivated vaccines. Nevertheless, vaccination
protocols that include 2 to 4 immunizations with commercial live vaccines followed by inactivated
preparations have been found to be more effective.

In 1975, an S1133 derived inactivated vaccine was tested in broiler breeders to determine
their effectiveness in passive transfer of protective immunity to their progeny. Results showed that
antibody response was low and short lived (89). Inactivated autogenous ARV vaccines made from
circulating strains within a production complex or region have grown in use within the US poultry
industry owing to the lack of efficacious commercial vaccines. The process of determining the
strain to include in an autogenous vaccine requires diligent and thorough sampling, strain
characterization in breeder and broiler flocks and in vivo pathogenicity studies of isolated strains
when necessary (17).

Internationally, commercial vaccines (based on GC 1 strains) are also used and the
emergence of infections by variant strains in the presence of immunity generated by these vaccines
appears to be common experience (87, 90-93). In Israel, a novel approach has been introduced to
control the circulation of immune escape variants. Using a controlled exposure approach as
described by Perelman, B, Krispin, H, Solomon, A, Elrom, K and Farnoushi, Y (94) — breeder
flocks vaccinated with an inactivated vaccine at 5 -7 weeks of age are vaccinated again at 10 weeks
with a live hot strain of the circulating ARV followed by another inactivated vaccine at 18 — 20
weeks. As of 2022, the incidence of ARV GC 5 infections, the cluster to which most pathogenic

strains in Israel belong, has been significantly reduced in both breeders and broilers. In the latter
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population, it was reported that prior to implementation of this regimen of vaccination, large losses
were recorded due to slaughterhouse condemnations owing to stricter than usual meat quality
regulations stipulated by Kosher dietary laws (95).

Recombinant Reovirus Vaccines

Recombinant reovirus vaccines have been explored for protection of turkeys against
reovirus induced arthritis. Owing to the absence of a commercial vaccines for turkey reoviruses
autogenous vaccines are increasingly common; however, they are hampered by the lack of life
prime. A promising approach involves using live virus vectors such as Pichinde virus (PiV) to
deliver ARV antigens. Studies have shown that a PiV-vectored recombinant vaccine expressing
ARYV proteins and administered orally can effectively reduce viral loads in multiple tissues (96).
A similar approach has been evaluated for the control of reovirus induced hemorrhagic disease in
grass carp. Lactococus lacti was engineered to express the capsid protein of grass carp reovirus
and administered orally (97). The authors reported that this vaccine was able to increase the
survival rate in a challenge experiment with virulent grass carp reovirus strains. Both recombinant
vector vaccines (PiV and L./acti) have been shown to induce strong humoral and cell mediated
immune responses (98, 99). Aside their immunological value, these vectors are safe. PiV is native
to rice rats in the Pichinde Valley of Colombia, and antibodies to this virus are not prevalent in
most farm animals, while L. /actis is a commensal of the gut. Therefore, both vectors are able to
persist in the gut for extended periods thus facilitating the development of robust immunity against
expressed recombinant antigens. However, there is dearth of studies evaluating the use of these

vectors in poultry, although they could be promising vaccine vectors for poultry pathogens.
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Reovirus Subunit Vaccines

Due to the continued emergence of field variants of ARV with the ability to evade
immunity induced by existing vaccines the need for new ARV vaccine is critical (17). However,
the high cost associated with developing and licensing new live and attenuated vaccines, coupled
with their potential to become rapidly ineffective due to viral evolution, has made subunit vaccines
an attractive alternative. Subunit vaccines are relatively easier to produce and offer the advantage
of being amenable to rapid updates should immune escape mutants emerge (53).

Among ARV proteins, 6C has been the primary focus for subunit vaccine development due
to its status as the immunodominant viral protein and its ability to induce type-specific neutralizing
antibodies. Goldenberg, D, Lublin, A, Rosenbluth, E, Heller, ED and Pitcovski, JJV (53) reported
that a truncated oC protein consisting of the globular head, stalk and hinge region induced
significantly greater antibody response compared to full length protein. An earlier study showed
that full-length oC protein displayed on Enterococcus faecium, a lactic acid bacterium, induced a
robust immune response (100). Additionally, subunit vaccines incorporating ARV ¢C and oB
displayed on the baculovirus envelope have been evaluated (66). In this study, serum derived from
mice immunized with individual recombinant viral protein subunits or in combinations revealed
that oC induced a greater number of neutralizing antibodies compared to 6B; however, the titer
when both subunits were jointly administered was several folds higher than titer produced when
used singly (66). Results of this study suggest that 6B, though less immunogenic, might also be a
promising viral subunit. Vaccines were not adjuvanted in this experiment but were delivered
intraperitoneal.

In addition, ARV cC-based subunit vaccines have been expressed on novel platforms

including yeast (101). Recombinant 6C produced in yeast was found to be less susceptible to
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degradation in the intestine and induced a strong immune response when added to feed at high
dose (250 pg) (101). Plants, with hardier cell walls and capacity for large scale production of
recombinant subunit proteins have been investigated for the production of oC-based subunit
vaccines (102-104). However, most attempts at plant-made cC subunit vaccines have resulted in
a low yield of the protein despite extensive codon optimization and subcellular targeting of oC
protein to chloroplasts (104). In one experiment in which oC protein was expressed in Arabidopsis,
SPF chickens fed or subcutaneously injected the plant-expressed oC protein at weekly interval for
3 consecutive weeks, showed 70% and 90% protection, respectively (105).

In other species, 6C-based subunit vaccines have been evaluated for the control of virulent
reovirus. In ducks, novel duck reovirus (NDR) as gained heightened importance in China since
early 2000s due to its ability to infect a wider range of duck species and higher pathogenicity
compared to other duck reoviruses (106-108). A subunit vaccine based on recombinant full length
NDR oC inserted in baculovirus and expressed in Sf9 cells has been tested (109). Following 2
doses of recombinant cC with Freud’s adjuvant, the cC based subunit vaccines group developed
high oC specific neutralizing titer, high humoral and cell mediated immune (CMI) response and
100% protection in chicks challenged with the live whole NDR. The similarly adjuvanted and
dosed inactivated vaccine group showed comparable results to subunit recipients, except it was
less protective (80%) in duck embryos (109). In this experiment, a live vaccine prime was not
used, though live NDR vaccines are able to stimulate protective immunity against virulent NDR
in ducks (110). Therefore, a possibility is that in the presence of live prime, the efficacy of the
activated vaccine might be better than that of the subunit.

The 6C of Muscovy duck reovirus (MDR) has also been explored as a subunit vaccine both

alone and in combination with 6B (111). The authors reported that there was no significant
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difference in performance of both subunit vaccines. Interestingly, in one of the experiments in the
study it was found that the protective response elicited by the oC-based subunit against
tenosynovitis developed more rapidly compared to the divalent subunit, though the later induced
a more robust protection when fully developed. It was concluded that the MDR 6B might not be
an efficient immunogen and that it was possible that it dampened response to 6C since an earlier
experiment had reported the inability of a 6B subunit vaccine to induce detectable antibodies in
vaccinated ducks (112). In both studies the adjuvant used was not identified but was referred to as
“a water-in-oil adjuvant routinely used for inactivated avian vaccines”. The quality of adjuvant is
critical for induction of effective immune response by more conserved immunologically
subdominant antigens such as 6B (113).

Finally, in all of the studies on subunit vaccines for ARV, to the best of the authors’
knowledge, none attempted cross neutralization experiments with strains of ARV other those
bearing cognate proteins to the subunits being tested. As such, these experiments did not address

the major disadvantage of subunit vaccines: the elicitation of a narrow immune response.
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CHAPTER 2

SEROLOGIC RELATEDNESS OF AVIAN REOVIRUS FIELD ISOLATES REPRESENTING

ESTABLISHED GENETIC CLUSTERS!

! Oluwayinka, Olatunde and "Holly S. Sellers. To be submitted to Avian Diseases.
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Abbreviations: ARV — Avian reovirus; CAV — Chicken anemia virus; CELiC — Chicken embryo
liver cell; ELISA — Enzyme linked immunosorbent assay; GC — Genotypic cluster; GMT —
Geometric mean titer; IBDV — Infectious bursal disease virus; IBV — Infection bronchitis virus;
NDV — Newcastle disease virus; RT-PCR — Reverse transcriptase polymerase chain reaction; SPF

— Specific pathogen free; VN — Virus neutralization
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Summary

Avian reovirus (ARV) infections cause diseases of significant economic importance in
commercial poultry flocks across the US and beyond. Since 2011, there has been a rise in ARV-
induced tenosynovitis among the progeny of vaccinated breeders in the U.S., suggesting a decline
in the efficacy of commercial vaccines. This challenge is further compounded by the virus’s rapid
evolution, as evidenced by the sustained isolation of genetic variants. To date, seven genotypic
clusters (GCs) of variant ARVs have been identified. However, their serologic relatedness remains
unclear, making it uncertain whether genetic clustering reflects antigenic relationship. This
necessitates a comprehensive antigenic characterization of field isolates across the seven GCs to
better understand their serological relationships.

In this study, selected field isolates representing the seven defined GCs and 2 subclusters
within each of GCs 1 to 3 were plaque purified three times on primary chicken embryo liver cells.
Clonal isolates were subsequently administered to 3-week-old SPF chickens in a series of live and
inactivated injections to produce strain specific hyperimmune serum two-way cross virus
neutralization (VN) assays were performed and Archetti and Horsfall (1) R values were calculated

to determine antigenic relatedness.

Homologous VN titers ranged from 512 to 1024 for all isolates, except for 143572 (the GC
6 representative strain), which exhibited a lower titer of 256. Cross VN assays revealed
heterologous VN titers ranging from 0 to 45, while R values (expressed as percentages) varied
between 0.3% and 3.8%. Low cross VN titers and low R values indicate serotype differences
among the viral isolates analyzed.

In conclusion, results generated in this study provide direct evidence that GCs 1-7 represent

distinct serotypes and that subclusters within these GCs likely represent separate serotypes.
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Furthermore, while this study assessed serological relatedness in vitro, our findings provide
empirical evidence that the immunity induced by commercial ARV vaccines—represented by

strain S1133 in this study—does not effectively neutralize circulating field variants irrespective of

their GC.
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Introduction

ARV is of significant economic importance in poultry production, both in the United States
and globally (2-6). It is associated with wvarious clinical syndromes, including viral
arthritis/tenosynovitis, runting-stunting syndrome, enteritis, hepatitis, and malabsorption
syndrome (7, 8). Among these, ARV is the definitive cause of viral arthritis/tenosynovitis, as
established in previous studies (9-11). In affected flocks, viral arthritis presents as lameness, often
accompanied by bilateral or unilateral swelling of the hock joint. Protection against this disease is
primarily achieved through vaccination, typically employing a prime-boost strategy that combines
live modified and inactivated vaccines. The primary goal of these vaccination regimens is to
maximize antibody levels in breeding hens, ensuring the passive transfer of maternal immunity to
progeny. This approach provides early protection to broilers during their most vulnerable period,
reducing the risk of clinical disease manifestation (12).

Avian reoviruses (ARV) belong to the genus Orthoreovirus. They are non-enveloped,
double-stranded RNA (dsRNA) virus with an icosahedral capsid. The dsSRNA genome consist of
10 segments that are categorized based on their electrophoretic mobility into three groups: large
(L1-L3), medium (M1-M3), and small (S1-S4) (13). Together, the genome encodes 12 post-
translational products, with each segment encoding a single protein except for the S1 segment,
which is tricistronic (14). The third open reading frame (ORF) of S1 encodes the oC protein, a
minor outer capsid protein mediates host cell attachment and contains multiple neutralizing
epitopes (15). Sequences of the 6C protein serve as the basis for molecular typing of ARV isolates,
with seven distinct genotypic clusters (GCs) described, to date (16, 17).

Historically, commercial vaccines derived from S1133 strain were widely used for ARV

control (18). Developed in the late 1970s, these vaccines were initially effective at preventing ARV
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infections. However, a retrospective analysis of field strains of ARV isolated from Europe, Asia,
and Australia between 1980 and 2000 indicates that vaccine variants were already circulating in
the 1980s. (16). In the United State, an upsurge in the isolation of ARV from cases of tenosynovitis
in commercial flock from vaccinated breeders was reported in 2012(2). Together, these findings
highlight the inadequacy of protection provided by commercial vaccines. Given the continued
emergence of variant ARV strains, it is essential to define the serological relatedness of circulating
isolates and evaluate the effectiveness of the immunity provided by S1133-based vaccines against
isolates across the seven GCs of ARV.

Earlier studies that attempted to antigenically characterize ARV strains were conducted
before the establishment of the widely accepted cC-based molecular typing scheme, making it
difficult to contextualize their findings within the current genotypic clusters (19-22). Therefore,
this study aims to determine the antigenic relatedness of variant field isolates representing the
seven genotypic clusters (GCs) and selected subclusters within three GCs, notably subcluster 1.1,

represented by S1133, which includes strains used in most commercial vaccine preparations

Materials and methods

Plaque purification of representative avian reovirus field isolates from each of the
seven genotypic clusters. Reovirus field isolates from GCs 1-7 were selected for plaque
purification (Table 2.1). These field isolates include 96139, a strain which belongs to GC 1,
subcluster 1.3, (S1133 a strain frequently used in commercial vaccine preparation belongs to GC
1 subcluster 1.1). Additionally, representative isolates were selected from two subclusters within
GCs 2 and 3, while a single strain was selected from each of GCs 4 through 7 (Fig. 2.1). Plaque
purification of reovirus field isolates was performed as previously described (Sellers, 2016).

Briefly, 10-fold dilutions of each field isolate, from 10! to 10, were inoculated onto confluent
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monolayers of primary chicken embryo liver cells (CELiC) in 35mm plates and allowed to adsorb
at 37C + 5% CO2 for 1 hour. Virus inoculum was removed and 2 ml of a mixture consisting of 2
ml of a 1:1 mixture of M199/F10 (5% calf serum) and 3% SeaPlaque Agarose was added to each
plate and incubated at 37°C + 5% CO». At 48 hours post-inoculation, a 2% neutral red solution
was added to each plate, incubated for 45 minutes at 37C + 5% CQO2, then removed by aspiration.
Plates were further incubated for 2 hours then evaluated by light microscopy. Plaques were picked
from dilution plates containing well-spaced plaques using a sterile filter pipette tip, added to 0.5
ml F10/M199 media, vortexed and kept at 4°C overnight then frozen at -80°C until further use.
Plaques were then inoculated onto monolayers of primary CELiC in duplicate. A two ml volume
of'a 1:1 mixture of M199/F10 (5% calf serum) and 3% SeaPlaque Agarose was added to one plate
and the plaque purification process was repeated while the other plate served as the expansion
plate. A total of three rounds of plaque purification was carried out for each field isolate. The final
plaque purified stock was expanded and titrated in primary CELiC then used as stock virus for
hyperimmune serum production. Identity confirmation by reovirus cC RT-PCR/sequencing was
performed on all of the plaque-purified stocks as previously described (16).

Production of strain specific hyperimmune serum in SPF chickens using each plaque-
purified virus. Twenty-five, 3-week-old SPF chickens (SPAFAS, Norwich, CT USA) were used
for production of hyperimmune serum for each plaque purified reovirus isolate. All birds were
housed in Horsfall-Bauer isolation units with forced air under positive pressure.  Prior to bird
placement, feed was dispensed into tightly covered plastic vat labelled with colored stickers
specific for each isolate for use throughout the study to prevent cross contamination/exposure
between reovirus isolates. Hyperimmune serum was produced for two isolates at a time and

individual lab personnel assigned to each virus group to prevent cross contamination. Birds in
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each group were inoculated intraocularly with live plaque purified virus at 3 weeks of age with 10*
TCID50/bird depending on the virus isolate. Reoviruses were inactivated with beta-propiolactone,
dialyzed, and a water in oil emulsion was prepared with Montanide ISA 70 VG adjuvant (Seppic,
Fairfield, NJ, USA). Birds were injected intramuscularly (via the breast muscle) with 0.5 ml of
respective homologous oil emulsion vaccine at six weeks of age. Birds were bled at 3 weeks post-
live and inactivated virus inoculation and serum tested by Reovirus ELISA and virus neutralization
(VN) with homologous viruses to monitor reovirus specific antibody response. At nine weeks of
age, if homologous VN titer was 256 or greater, birds were bled and serum was harvested from
each bird. If the VN titer was below 256, inactivated virus inoculation was repeated. Individual
serum samples from birds in each group were tested by VN with homologous virus, and serum
samples with VN titers greater than 256 were pooled for stock serum. Each stock serum was
streaked onto blood agar incubated at 37°C for 5 days and was submitted for serological testing
against: IBDV, NDV, IBV, CAV and REO to test for exposure to common avian pathogens and
reovirus antibody levels. All procedures were approved by the Institutional Animal Care Use
Committee (IACUC) [A2023 01-036-41-A)]

Utilizing the panel of hyperimmune serum in cross neutralization assays to determine
antigenic relatedness of field isolates between and within each of the 7 GCs. VN assay with
constant virus (100 TCID50/well) and serially diluted serum was performed in 96-well plate using
primary chicken embryo liver cells (CeLic) prepared from 12-day-old specific pathogen free (SPF)
embryos (23). Prior to setting up cross neutralization tests, the VN titer for each antiserum stock
was determined with homologous antigen. Samples were tested in duplicate. The VN titer was
defined as the reciprocal of the highest dilution that resulted in at least 75% inhibition of

characteristic ARV cytopathic effect (CPE). A 75% CPE reduction endpoint was selected based
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on the results of a series of repeated VN assays conducted at our lab (data not shown). This
provided more distinct and reproducible results, particularly when titration plates were evaluated

by different individuals allowing for greater consistency in endpoint determination.

Further, serum stocks with homologous VN titers greater than 512 were diluted to a
maximum titer of 512 for use in cross VN assays. Two-way cross neutralization assays were
conducted in triplicate in primary CeLic in 96-well plates using 100 TCID50/well of antigen.
Using the homologous and heterologous titers of any two viruses being tested, antigenic
relatedness (R) values were calculated for the pair using the method of Archetti and Horsfall (1)
and evaluated as previously published (22) where R values between 0-10% reflect serotype
differences; 11-32%, major subtype differences; 33-70%, minor subtype differences and little or

no differences for R values greater than 70%.

Results

Plaque purification of representative avian reovirus field isolates from each of the
seven GCs. A widely used approach for characterizing reovirus isolates involves genotyping based
on RT-PCR amplification of the 6C -encoding region within the S1 gene segment, followed by
sequencing. In this study, a total of nine representative field isolates were selected across all GCs
for plaque purification.

Plaque purification of the representative isolates listed in Table 2.1 was successfully
achieved, and their identities were confirmed via RT-PCR amplification of the sigma C-encoding
region, followed by phylogenetic analysis of sequences (Fig. 2.1).

Isolates belonging to subclusters within the same GC exhibited considerable genetic

variation, with the highest amino acid sequence identity (84%) observed between the GC 3 isolates
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included in this study. More genetic diversity was detected between isolates from different
genotypic clusters (GCs), with sequence identity ranging from 62% to 47% (Table 2.2).

Furthermore, when compared to the vaccine strain S1133, extensive genetic variation was
observed across all genotypic clusters (Table 2.2). This highlights the significant genetic diversity
among circulating field isolates within and between the seven GCs.

Production of clonal hyperimmune serum using each plaque-purified field isolates in
SPF chickens. A clonal isolate of each virus was successfully utilized to generate hyperimmune
serum in SPF chickens. Screening for extraneous avian pathogens via ELISA and bacterial culture
yielded negative results, confirming the absence of cross-contamination from external sources
(Table 2.3).

Reovirus GMTs, measured using a commercial ELISA kit (IDEXX), were positive for all
hyperimmune sera derived from field isolates. ELISA GMT values ranged from 3,387 to 25,530
(Table 2.4), confirming successful immunization.

Additionally, these findings provide direct evidence that at least one commercial reovirus
ELISA kit (IDEXX) can detect group-specific antibodies across all known ARV GCs. Although
not assessed in this study, it is likely that other commercial ELISA kits exhibit similar detection
capabilities.

In homologous virus neutralization (VN) assays measuring type-specific antibody titers,
most field isolates exhibited titers ranging from 512 to 1024. However, 143572, the GC 6
representative strain, had a titer of 256. In addition, S1133 antiserum (SPAFAS, Norwich, CT
USA) had homologous VN titer of 2048 (Table 2.4).

Determination of antigenic relatedness R values. Heterologous VN titers for each stock

revealed poor neutralization between reoviruses in each GC and within 2 subclusters of GCs 1 - 3
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(Table 2.5), thus providing direct evidence that distinct serotypes exist between and within
genotypes.

While direct examination of VN titers was sufficient to conclude the serotypic differences
between and within GCs, R values were calculated for cross VN. Analysis reveals major serotype
differences among the isolates examined with less than 3.8% serological relatedness observed for
any two isolates (Table 2.6). In addition, major serotype differences were identified between
isolates belonging to subclusters within three GCs: GC 1(s1133 and 96139), GC 2 (106761 and
107177) and GC 3 (99846 and 107008) (Table 2.6). This is not surprising, given the amino acid
similarity between subcluster isolates in each of GCs 1- 3 was 79%, 70% and 84%, respectively
(Table 2.3).

Discussion and Conclusion

Protection conferred by commercial vaccines is inadequate against circulating field strains
of ARV. This necessitates a detailed antigenic characterization of ARV isolates to assess their
relatedness and potential for cross-protection. A previous study (19) used virus neutralization and
serology to evaluate ARV antigenic diversity comparing isolates form US and Europe with
previously characterized Japanese (20) and U.S. (21) serotypes. Eleven distinct ARV serotypes
were identified, demonstrating considerable antigenic diversity among the isolates. In another

study, commercial vaccine strains showed only minor or no subtype differences (22).

In this study, hyperimmune serum was generated against representative strains from each
of the seven GCs of ARV. These sera were then used to perform cross-neutralization assays among
the strains, following the beta neutralization protocol. Our findings indicate that the prime/boost
immunization strategy yielded high type-specific neutralization titers, as previously reported (15).

Also, results reveal that all strains evaluated in this study lacked serological relatedness. Therefore,
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this study presents, for the first time, direct evidence supporting distinct serotypes among the seven
ARYV genetic clusters, as well as between two subclusters within the GC 1 through GC 3 isolates.
Additionally, the results show that hyperimmune serum produced against S1133, a strain common
in commercial vaccines, failed to neutralize any strain evaluated in this study regardless of their
GC. The observed lack of serological relatedness among the reoviruses evaluated is unsurprising,

given the low amino acid similarity between the isolates.

This study contributes to a broader understanding of the immune response to ARV. In this
study, a commercial ELISA kit coated with inactivated whole virus - IDEXX Reo Ab Test (IDEXX
Laboratories, Westbrook, ME), was used to quantify group-specific ARV antibody titers in
hyperimmune sera generated against isolates from each GC and selected subclusters. Notably,
when these ELISA results are interpreted alongside the cross-neutralization data, which showed
no cross-reactivity between GCs, it becomes apparent that ARV induces a robust humoral immune

response in chickens, much of which is non-neutralizing.

A previous study has mapped virus-neutralizing epitopes to the cC protein (15), and our
findings further support the notion that oC is likely the sole—or at least the predominant—target
of neutralizing antibodies on the ARV surface since serologic differences were in conformity to
oC phylogeny defined clustering for strains analyzed in this study. Together, these results suggest
that while ARV elicits strong antibody responses detectable by whole-virus ELISA, effective virus

neutralization is largely dependent on antibodies directed specifically against cC.

Further, this study focused on several representative isolates from each genotype, but did
not encompass the full range of sub-lineage variants within each genotype. Given the
impracticality of plaque purification and hyperimmune serum production for every field variant,

emphasis should be placed on monitoring the emergence of prevalent GCs. With the emergence
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of promising expression systems for the cC protein (24-27), this protein could serve as a basis for
the development of ELISA assays tailored to prevalent lineages, potentially replacing the need for

plaque purification of field isolates.

Moreover, the clonal antigen stocks and matched hyperimmune serum generated in this
study will remain an essential tool in evaluation of neutralizing serum. Specifically, they are
valuable for monitoring the effectiveness of autogenous reovirus vaccine programs in breeders and
assessing maternal antibody transfer to progeny from vaccinated breeders. However, it is worth
noting that in the absence of homologous live-attenuated reoviruses for priming, the duration of
immunity of autogenous vaccines is expected to be shorter than that achieved with commercial
live prime/boost with s1133. As a result, additional booster vaccinations with autogenous vaccines

may be required to extend immunity and optimize vaccine efficacy.
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Table 2. 1: Genotypic cluster identification of reovirus field isolates plaque-purified for

hyperimmune serum production.

Genotypic Cluster Representative Field Isolates
1.2 96139
2.1 106761
22 107177
3.1 99846
3.2 107008
4 108089
5 94826
6 143572
7 127720
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Table 2. 2: Sigma C amino acid sequence identity values (%) between plaque purified reovirus

field isolates and S1133

S1133 96139 106761 107177 99846 107008 108089 94826 143572 127720

GCI1.1 GC13 GC23 GC211 GC32 GC3.1 GC4 GCS5 GC6 GC7
S1133 100 79 53 54 49 49 48 47 47 48
96139 100 54 57 52 51 51 51 49 49
106761 100 70 50 50 50 52 51 50
107177 100 53 53 50 53 50 50
99846 100 84 53 60 54 62
107008 100 52 50 55 62
108089 100 62 60 53
94826 100 60 50
143572 100 54
127720 100
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Table 2. 3: Serological and bacteriological evaluation of pooled serum samples from each

hyperimmune serum stock by ELISA (IDEXX) and blood agar culturing (Remel):

Newcastle

disease virus (NDV), Infectious bronchitis virus (IBV), Infectious bursal disease virus (IBDV),

and Chicken anemia virus (CAV).

ELISA Bacteriology

Antisera stock NDV IBV IBDV CAV Blood Agar
94826 NEG NEG NEG NEG No Growth
96139 NEG NEG NEG NEG No Growth
108089 NEG NEG NEG NEG No Growth
106761 NEG NEG NEG NEG No Growth
107008 NEG NEG NEG NEG No Growth
107177 NEG NEG NEG NEG No Growth
99846 NEG NEG NEG NEG No Growth
143572 NEG NEG NEG NEG No Growth
127720 NEG NEG NEG NEG No Growth
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Table 2. 4: Geometric mean ELISA (IDEXX) antibody titers and homologous VN titers for the

seven reovirus antisera stocks

GMT Reovirus ELISA GMT of Homologous
Virus Genetic Cluster
(IDEXX) VN Reactions

S1133 GC 1.1 N/A 2048
96139 GC13 17,519 512
107177 GC2.1 14,711 512
106761 GC23 17,286 1,024
107008 GC 3.1 11,005 512
99846 GC3.2 9,339 1,024
108089 GC4 11,028 512
94826 GC5 25,530 512
143572 GCo 3,387 256
127720 GC7 10,444 512
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Table 2. 5: Homologous and heterologous VN titers of plaque purified reovirus field isolates from

each of the seven defined GC of ARV.

Virus?®

Serum® 1133 96139 106761 107177 99846 107008 108089 94826 143572 127720

GC11 GC13 GC23 GC211 GC32 GC31 GC4 GCS5 GCo6 GC7

1133 512 32 8 4 0 4 4 8 8 45
96139 2 512 2 4 0 2 8 8 0 4
106761 8 0 512 2 4 8 2 8 4 6
107177 0 0 32 512 0 4 0 32 0 2
99846 8 16 2 2 512 2 4 4 4 3
107008 4 4 2 4 2 512 0 0 0 11
108089 4 8 2 4 8 4 512 8 0 4
94826 2 0 4 8 2 8 8 512 0 4
143572 0 0 4 3 45 64 2 0 256 4
127720 0 0 11 6 4 0 0 0 0 512

AVirus at 10>°TCID/50pul

B Serum stock diluted to 512 if stock titer is greater
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Table 2. 6: Serological relatedness (%), based on Archetti and Horsfall R-values, between

reovirus field isolates and S1133.

Virus

Serum 1133 96139 106761 107177 99846 107008 108089 94826 143572 127720

GC11 GC13 GC23 GC21 GC32 GC3.1 GC4 GC5 GCo6 GC7

1133 100 1.6 1.6 0.4 0.6 0.8 0.8 0.8 0.8 1.3

96139 100 0.3 0.4 0.8 0.6 1.6 0.6 0.3 0.4
106761 100 1.6 0.6 0.8 0.4 1.1 1.1 1.6
107177 100 0.3 0.8 0.3 3.1 0.5 0.7
99846 100 0.3 1.1 0.6 3.8 0.7
10700 100 0.4 0.6 22 0.7
108089 100 1.6 0.4 0.4
94826 100 0.3 0.4
143572 100 0.6
127720 100
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Fig. 2. 1: Phylogenetic analysis of partial cC sequences (310 amino acids) from nine plaque-purified
field isolates, the S1133 vaccine strain, and 31 reference strains. On Geneious Prime 2024.0.5,
multiple alignments were perfomed using Clusta Omega, and phylogenetic tree construction was

conducted using the neighbor-joining method with 1000 bootstrap replicates. Viruses analyzed in

this study are marked with an asterisk (*) following their names in the tree.
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CHAPTER 3
IMPROVED RESOLUTION OF MIXED AVIAN REOVIRUS POPULATIONS IN CLINICAL

SAMPLES USING A MINION-BASED SEQUENCING OF VIRAL cC AMPLICONS'

! Oluwayinka, Olatunde and "Holly S. Sellers. To be submitted to Avian Diseases.
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Abbreviations: ARV — Avian reovirus; DNA — Deoxyribonucleic acid; GC — Genotypic cluster;
GPU - Graphics processing unit; GUI — Graphical user interface; MBAseq — MinlON-based
amplicon sequencing; MEGA — Molecular evolutionary genetics analysis; ML — Maximum
likelihood; ONT — Oxford Nanopore Technology; PDRC — Poultry Diagnostic and Research

Center; RNA — Ribonucleic acid; RT-PCR — Reverse transcriptase polymerase chain reaction
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Summary

Genetic characterization of avian reovirus (ARV) field isolates traditionally relies on RT-
PCR amplification of the viral Sigma C (cC)-encoding region within the S1 segment, followed by
Sanger sequencing. However, estimates suggest that approximately 18% of field isolates contain
mixed reovirus populations. Currently, resolving these mixed populations involves cloning the cC
amplicons into a PCR cloning vector, transforming E. coli and selection of 5 individual clones for
sequencing. While useful, this process may not detect all isolates in the mixed population given
that a limited number of clones are sequenced.

In this study, a MinlON-based amplicon sequencing method (MBAseq) was utilized for
genetic characterization of mixed ARV populations from field isolates. Field isolates from 24
clinical case submissions to the Poultry Diagnostic and Research Center (PDRC) were evaluated.
All submissions were previously characterized by RT-PCR followed by Sanger sequencing
through routine diagnostic testing at the PDRC Virology laboratory. Twenty of the 24 samples
contained mixed populations and were subsequently cloned and sequenced. The other 4 samples
did not show evidence of the presence of mixed ARV populations. In this study, cC amplicons
from all 24 isolates were processed into a sequencing library for analysis using the Oxford
Nanopore Technologies (ONT) MinION sequencer. MBAseq revealed one additional reovirus
sequence contig in one of four isolates not initially suspected of harboring mixed populations. In
the 20 isolates initially characterized as containing mixed population by initial diagnostic
sequencing, MBAseq confirmed all 43 contigs detected by PCR cloning and identified 13
additional contigs across 10 isolates, most of which had relatively low coverage. Pairwise analysis
of counterpart contigs from both methods showed high concordance, with amino acid sequence

similarity ranging from 94% to 100%.

59



In conclusion, our findings demonstrate that MBAseq can accurately resolve mixed ARV
populations in field isolates, offering greater depth of resolution compared to conventional

methods.
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Introduction

The genus Orthoreovirus, within the family Reoviridae, includes avian reovirus (ARV) .
ARV is widespread in poultry environments, making it challenging to discern whether its detection
in diseased birds reflects an incidental finding or true causal role in disease. Nonetheless, ARV
has also been linked to several disease conditions of poultry including malabsorption syndromes,
hepatitis, myocarditis, enteritis and viral arthritis/ tenosynovitis. (1-6) However, among these, viral
arthritis/tenosynovitis is the only condition for which ARV has been identified as the necessary
etiologic agent (7-10). Clinical manifestations include lameness, swollen hocks and tendons, and
in heavier birds, possible rupture of the gastrocnemius and digital flexor tendons (11, 12). Clinical
outcomes lead to significant economic losses for poultry producers, due to decreased flock
uniformity and increased condemnations at processing (13, 14) . Control strategies predominantly
rely on vaccinating breeder flocks to enable passive transfer of antibodies to progeny, although
early vaccination of broilers is included in some regimens (15). Most commercial vaccines are
based on S1133 or closely related strains. However, increasing global reports of ARV isolation
from tenosynovitis cases in progeny of vaccinated breeders highlight the inadequate protection
conferred by these vaccines. (16-22). Genetic reassortment and point mutations serve as the
primary mechanisms driving the emergence of variants (3, 23). In the U.S., marked increase in the
isolation of variant strains was first observed in 2012 (12).

Molecular characterization of ARV relies on RT-PCR amplification and sequencing of the
oC-encoding region of the genome. This cC-based typing scheme has classified ARV into seven
genetic clusters (GCs). Additionally, three subclusters have been identified within GCs 1, 2, 4, and
5, while GCs 3 and 6 each contain two subclusters, reflecting the extensive genetic diversity of

ARV (24).
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One of the significant challenges in ARV isolation and characterization is the frequent
presence of mixed viral populations in diagnostic samples. Data from the Poultry Diagnostic and
Research Center (PDRC) indicate that 12—-18% of positive samples analyzed between 2017 and
2021 contained mixed populations (12). Resolving these mixed populations is crucial for
accurately tracking strains involved in outbreaks and effectively assessing vaccine efficacy,
particularly in poultry operations utilizing autogenous vaccines. As part of the workflow for
analysis of field isolates at the PDRC, the process of resolving heterogeneous ARV populations
involve cloning 6C amplicons, followed by Sanger sequencing of five clones. While useful, this
process may not identify all isolates in the mixed population given that only five clones are
sequenced.

Nanopore sequencing (Oxford Nanopore Technology [ONT]), a third-generation
sequencing technology, has application in diagnosis of infectious diseases (25-32). Compared to
Sanger and next generation sequencing (NGS), this technology provides notable benefits,
including the generation of long reads, high throughput, real-time monitoring and analysis of
sequencing run and the capability to directly sequence RNA or DNA molecules (33). ONT’s
MinlON sequencer (34), offering the added advantage of portability and low startup investment
has been successfully used for sequencing of pathogens in the field (35). MinION sequencing of
targeted amplicons has been employed to characterize and detect several avian viral pathogens,
including avian influenza (36, 37), infectious laryngotracheitis (38), Newcastle disease (39, 40),
and infectious bronchitis viruses (28). Accordingly, this study aimed to evaluate a MinlON-based

amplicon sequencing (MbAseq) protocol for resolving mixed ARV populations in field isolates.
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Materials and methods

Samples, 6C RT-PCR, and mixed population screening. The twenty-four field isolates
analyzed in this study were isolated from clinical case submissions to the PDRC (Table 3.1). Total
RNA was extracted from each clarified virus supernatant using the 5X MagMax Pathogen
RNA/DNA Kit (Thermo Fisher Scientific, Waltham, MA, USA) according to manufacturer’s
instructions. RNA was quantified using Nanodrop (Thermo Fisher Scientific, Waltham, MA,
USA), aliquoted and stored at -80 until further use. RT-PCR was performed to amplify the cC-
encoding region of the viral S1 segment, following previously described methods (16). The
resulting PCR products were purified using the QiaQuick PCR Purification Kit (Qiagen, Hilden,
Germany) and subsequently sequenced via Sanger sequencing. Sanger chromatograms were
analyzed and presence of multiple nucleotides at any given position throughout the cC RT-PCR
product were indicative of a mixed population.

PCR cloning and Sanger sequencing for resolving mixed ARV populations. Purified
oC amplicons from samples identified to contain mixed populations were cloned and Sanger
sequenced to resolve the ARV populations. Briefly, purified PCR products were cloned into the
pCR2.1 TOPO vector (TOPO TA Cloning Kit, Invitrogen, Carlsbad, CA, USA) and transformed
into One Shot TOP10 chemically competent E. coli (Invitrogen, Carlsbad, CA, USA). The
transformed cells were then transferred to pre-warmed SOC medium and incubated with shaking
at 37°C for one hour, followed by plating on LB agar supplemented with ampicillin. Five
recombinant colonies were selected per sample. However, for sample 145549, an additional 15
colonies were analyzed to evaluate whether increased sampling could provide deeper resolution.
Selected colonies were subsequently inoculated into fresh LB broth and incubated with shaking at

37°C overnight. Plasmid DNA was then extracted and sequenced by Sanger sequencing using gene
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specific primers. Sequence chromatograms were viewed, trimmed, and assembled using SeqMan
Ultra software (DNAstar v17.1, Lasergene, Madison, WI, USA).

MinlON-based amplicon sequencing (MBAseq) protocol for resolution of mixed ARV
populations. RT-PCR products of viral cC amplification from all samples were purified using
AMPure beads (Beckman Coulter, Indianapolis, IN, USA) at a 1.4X ratio and quantified with a
Qubit fluorometer using the Qubit dsSDNA Broad Range kit (Thermo Fisher Scientific, Waltham,
MA, USA). Amplicon library construction for all samples followed the ONT protocol for native
barcoding (NBA-9170-v114-revN-15sep2022). Briefly, DNA concentrations were normalized to
200 fmol, and samples were end-repaired and dA-tailed using the NEBNext Ultra II End
Repair/dA-tailing Module (New England Biolabs, Ipswich, MA, USA).

For barcoding, end repaired and dA-tailed cC amplicons from each field isolate were
ligated to a unique native barcode from the SQK-NBD114.96 ligation sequencing kit (ONT,
Oxford, UK) using the NEB Blunt/TA Ligase Master Mix (New England Biolabs, Ipswich, MA,
USA). The barcoded samples were then pooled and purified using 0.4X of ONT-supplied AMPure
XP beads. Adapter ligation was subsequently performed with the NEBNext Quick Ligation
Module (New England Biolabs, Ipswich, MA, USA). The final library was quantified and loaded
onto an R10.4.1 flow cell (FLO-MIN114) for sequencing on the MinlON MK1b, following the
manufacturer’s instructions and using MinKNOW software version 24.06.16 for sequencing
settings and monitoring. Post-run basecalling, demultiplexing, and adapter trimming were
performed on a GPU-enabled computer using MinKNOW software.

Construction of custom ¢C library. A maximum likelihood (ML) phylogenetic tree was
generated from 212 nucleotide sequences corresponding to the segment of the viral S1 gene that

encodes the oC protein. The sequences, which include those from Sellers 2022 (24) and Kant et
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al., 2003 (16) encompass the known GCs and subclusters of ARV. The ML tree was constructed
using MEGA 11 with 1000 bootstrap replicates to ensure robust branch support. Based on the
topology of this tree, the custom oC library was assembled by selecting one or two representative
sequences for each ARV GC and subclusters.

Bioinformatics pipeline for nanopore amplicon sequencing analysis. The entire
bioinformatics workflow for analyzing MbAseq reads, as depicted in Fig. 3.1, was executed using
Geneious Prime 2024.0.5. The initial step involved importing a Fastq folder containing base called,
demultiplexed, and adapter-trimmed reads with a minimum quality score of 8. Reads were filtered
to remove short fragments, retaining only those between 900 bp and 1220 bp. The filtered reads
were then mapped to a custom oC library using the Geneious mapper (fast/non-iterative mapping),
and consensus sequences were derived from read clusters with an average coverage of at least 20X.

Consensus sequences from generated from filtered reads for each field isolate were aligned
to identify identical or highly similar sequences using Muscle v5.1 (41). Consensus sequences
within a GC that exhibited greater than 97% similarity and where differences were not due to the
insertion of short sequence of nucleotide, were considered similar. In cases where similarity was
97% or below, or where short nucleotide insertions accounted for much of the dissimilarity, the
mapping of the filtered reads to the custom library was repeated using the Geneious mapper with
5X iterative mapping option. Although computationally intensive, this iterative approach
effectively resolved spurious insertions. The read clusters from this second-round mapping were
then used for final consensus sequence generation.

Analysis of 6C sequences generated by both methods. To assess the mean coverage of
all oC contigs identified by MBAseq, unfiltered reads from each isolate were mapped to the

corresponding 6C sequences, and the mean coverage as computed by the Geneious Prime viewer,
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was recorded for each contig. All unique oC sequences obtained by either MBAseq, PCR cloning
with Sanger sequencing and direct Sanger sequencing of cC amplicons were further analyzed
using Geneious Prime 2024.0.5. For the 20 field isolates that were determined to contain mixed
populations , the predicted amino acid sequences of the cC contigs derived from both MBAseq
and Sanger sequencing of PCR clones were aligned with Muscle 5.1 (41) to identify counterpart
sequences—defined as those with greater than 90% amino acid identity. Subsequently, each pair
of counterpart sequences was pairwise aligned to determine their precise amino acid sequence
similarity.

Lastly, oC sequences generated in this study including those from MBAseq, Sanger
sequencing of cC amplicons of four isolates without evidence of the presence of heterogenous
ARYV populations at initial diagnostic screening and Sanger of PCR clones generated from samples
with mixed ARV populations, were phylogenetically analyzed. Clustal Omega was used for
multiple sequence alignment and a phylogenetic tree was constructed using neighbor-joining
method with a Jukes-Cantor model and 1000 bootstrap replicates.

Results

RT-PCR and screening for mixed populations. All 24 field isolates analyzed in this
study were positive for ARV as determined by successful amplification and sequencing of the viral
sigma C protein encoding region of the genome. However, following examination of Sanger
sequence data from diagnostic 6C sequencing, 20 field isolates were identified to contain
heterogenous populations while 4 appeared to have single populations based on initial Sanger
sequencing data (Table 3.1).

Performance of MBAseq on samples with unambiguous Sanger chromatograms. In

this study, diagnostic Sanger sequencing of the cC gene from four ARV field isolates indicated
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the presence of a single ARV population per isolate. These isolates were subsequently included in
the MinlON sequencing run to assess the platform’s ability to detect low-abundance strains that
may be missed by conventional Sanger sequencing of RT-PCR amplicons. MBAseq detected a
single 6C contig for each of three field isolates from this batch of four isolates, consistent with
initial Sanger results. However, for one isolate (149064), MBAseq detected two 6C contigs — one
more than Sanger sequencing detected (Fig. 3.2). Coverage analysis showed that this additional
contig (M 149064 2) had a relatively low coverage of 95X compared to the other contig with a
counterpart from Sanger sequencing (M 149064 1) with over 18,000X mean coverage (Fig. 3.4),
thus demonstrating that MBAseq is capable of identifying low-abundance ARV populations more
effectively than Sanger sequencing of cC amplicons in isolates showing no evidence of presence
mixed ARV populations from Sanger chormatograms.

Comparison of MBAseq and PCR cloning followed Sanger sequencing for resolving
mixed ARV populations. Twenty field isolates previously identified as containing mixed ARV
populations during initial screening were analyzed using PCR cloning and Sanger sequencing.
Result shows that in 10 out of the 20 field isolates, the number of 6C contigs identified by PCR
cloning matched those detected by MBAseq. However, MBAseq identified a total of 13 additional
unique oC contigs across the remaining 10 field isolates that were not detected by PCR cloning
with Sanger Sequencing. Notably, in one of these field isolates (148807), MBAseq detected three
additional oC contigs that were not identified through PCR cloning-Sanger sequencing (Fig. 3.3).

Analysis of 6C sequences identified by both methods. As shown in Fig.3.4, when mean
coverages of MBAseq-derived oC contigs are plotted in ascending order, all contigs lacking
corresponding sequences from PCR cloning with Sanger sequencing appeared in the lower third

of the chart indicating their relatively lower coverages compared to other cC sequences.
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Nonetheless, several low coverage contigs were still identified by PCR cloning with Sanger
sequencing, including the MBAseq contig with the lowest coverage - M 145549 2 (75X) (Fig.
3.4).

Additionally, pairwise alignment of amino acid sequences revealed that all cC sequences
identified by PCR cloning in the 20 field isolates earlier determined to contain mixed ARV
populations, had closely matching counterparts identified by MBAseq. The similarities between
matched sequences ranged from 94% to 100%. Among the 43 matched pairs, 38 exhibited high
pairwise similarity, ranging from 99% to 100% (Table 3.2). Further, phylogenetic analysis of cC
sequences generated in this study clearly show that all counterpart contigs consistently cluster
within the same GC regardless of their pairwise amino acid similarity between (Fig. 3.5). This
indicates that MBAseq provides sufficient accuracy for precise characterization of constituent

ARVs within a mixed population

Discussion and Conclusion

Coinfection of poultry flocks with multiple strains of ARV is common (12, 42). Factors
that likely facilitate these coinfections include possible vertical transmission of multiple reoviruses
from breeder flocks, the setting and hatching of eggs from multiple infected breeder flocks, and
horizontal exposure among vertically infected chicks. Distinguishing individual strains within a
heterogeneous ARV infection is crucial for effective epidemiological tracking of strains across
outbreaks and for guiding the selection and monitoring of control interventions. Although
protocols based on cloning of RT-PCR products followed by Sanger sequencing remain useful for

resolving these heterogeneous viral populations in field isolates, they are likely limited in the depth

68



of resolution achievable since only a minute number of recombinant clones can feasibly be
sequenced during diagnostic testing.

This study demonstrates the utility of a third-generation sequencing platform—ONT’s
MinlON Sequencing—in resolving heterogeneous ARV populations within field isolates. We
analyzed 24 ARYV field isolates from clinical case submissions to the PDRC. Among these, Sanger
sequencing data from four isolates lacked multiple or overlapping peaks indicative of presence of
mixed ARV populations in the isolate. However, this does not necessarily imply the absence of
mixed infections, as dominant high-abundance strains may mask low-abundance strains during
Sanger sequencing of ¢C amplicons. Results generated in this study revealed that MBAseq
detected two oC contigs in isolate 149064. One of the MBAseq-derived contigs matched the
sequence reported by diagnostic Sanger sequencing of cC amplicons, while the other was unique.
Notably, the unique contig (M_149064 2) exhibited a mean coverage depth of 95X, compared to
over 18,000X for the contig (M_149064 1) with the matching counterpart. These findings indicate
that MBAseq is capable of detecting strains present at low abundance or that are undetectable by
direct Sanger sequencing of cC amplicons. MinlON coverages have been shown to correlate
strongly with virus abundance (as defined by RT-qPCR cycle threshold values) in clinical samples
for other avian viral and bacterial pathogens (31).

Moreover, in the head-to-head comparison between MBAseq and PCR cloning for isolates
containing multiple ARV strains from initial diagnostic sequencing, MBAseq not only produced
results comparable to PCR cloning and Sanger sequencing but also detected additional contigs in
10 out of 20 samples. Most of these additional sequences exhibited relatively low coverages,
further demonstrating the ability of MBAseq to detect low-abundance strains. However, this

finding does not imply that PCR cloning is incapable of detecting low-abundance strains; rather,
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it highlights the limitation of sequencing only a minute subset of clones in a diagnostic setting. In
the PDRC diagnostic laboratory workflow for resolution of mixed ARV populations, only five
clones are routinely sequenced per sample, however, to assess the depth of sequencing that is
attainable when more clones are sequenced, we selected and sequenced 20 recombinant clones for
sample 145549. Notably, in sample 145549, one 6C contig (M 145549 2) had the lowest coverage
(75X) among all MBAseq-detected contigs across all isolates, yet it was still recovered by PCR
cloning. This finding suggests that the resolution of PCR cloning could potentially be improved
by sequencing a larger number of clones; however, such an approach is unlikely to be practical for
routine diagnostic workflows.

Our results also reveal a high degree of sequence concordance between counterpart contigs
generated by both methods. Pairwise alignment of amino acid sequences of these counterparts
showed that 38 out of 43 sequence pairs had 99-100% similarity. This high similarity is not
surprising given that a minimum of 20X mean coverage was used to generate consensus sequences
for MinlON-derived contigs—a more stringent threshold than a previous study, which showed that
5X coverage is sufficient for accurate consensus generation in sequencing the S1 subunit of
infectious bronchitis virus spike protein (28). Furthermore, recent evidence indicates that the
R10.4.1 flow cell used in this study produces significantly more accurate results compared to the
earlier R9.4.1 flow cells (36).

A major impediment to adopting newer sequencing technologies in routine diagnostic
workflows is analyzing the vast amount of data produced. However, the iteration of ONT’s
software (MinKNOW software version 24.06.16) used in this study integrates base-calling,
demultiplexing, and adapter trimming, greatly reducing the reliance on third-party software as

required in earlier studies (Butt et al., 2021; Young et al., 2021). Moreover, data generated in this
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study demonstrates that the remainder of the analysis can be conducted using easily accessible and
user-friendly bioinformatics tools such as the graphical user interface (GUI)-based Geneious Prime
software. However, the use of bioinformatics tools such as Kraken and Centrifuge for taxonomic
classification of reads may be an essential component of sequencing protocols that work directly
with clinical samples or rely on random-primed amplification of genetic material. Such approaches
often yield a higher proportion of host-derived sequences compared to our study, which employed
targeted RT-PCR amplification prior to MBAseq, thereby reducing host background.

In conclusion, this study demonstrates the utility of MBAseq as tool for the accurate
identification of ARV subpopulations within field isolates. Compared to conventional PCR
cloning followed by Sanger sequencing, MBAseq not only offers a comparable alternative for
strain-level characterization but also provides significantly greater resolution in detecting the full
spectrum of viral diversity present in clinical samples. This increased sensitivity enables the
identification of low-abundance viral variants that may be missed by conventional methods. As
such, MBAseq could prove invaluable for viral surveillance, outbreak investigation, vaccine field
efficacy evaluation, and the broader study of ARV epidemiology.
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Table 3. 1: Field isolates analyzed in this study and their tissue of origin

Sample 1D Tissue of Origin
1473344 Tendon
1480294 Intestine
1487854 Tendon
1490644 Tendon
1455498 Vaccine
1485128 Tendon
148784 B Tendon
148807 B Tendon
1488458 Tendon
1488478 Tendon
1491078 Tendon
1491278 Tendon
1491328 Tendon
1492208 Intestine
149222 B Intestine
149223 B Intestine
1492308 Intestine
1497158 Tendon
1497208 Tendon
1518828 Tendon
1518838 Tendon
151886 B Tendon
1518908 Tendon
1531428 Tendon

ASamples not to contain mixed populations after initial diagnostic sequencing
BSamples suspected to contain mixed populations after initial diagnostic

sequencing
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Table 3. 2 Heatmap of Amino Acid Similarity for Counterpart cC Contigs from MBAseq and

PCR Cloning.
MBAseq Similarity (%) PCR C and Sanger
Sequencing
M 145549 1 C 145549 1
M 145549 2 C 145549 2
M 145549 3 C 145549 3
M 148512 1 C 148512 1
M 148512 2 C 148512 2
M 148512 3 C 148512 3
M 148784 1 C 148784 1
M 148784 2 C 148784 2
M 148807 1 C 148807 1
M 148807 2 C 148807 2
M 148845 1 C 148845 1
M 148845 2 C 148845 2
M 148847 1 C 148847 1
M 148847 2 C 148847 2
M 149107 _1 C 149107 1
M 149107 2 C 149107 2
M 149127 1 C 149127 1
M 149127 2 C 149127 2
M 149127 3 C 149127 3
M 149132 1 C 149132 1
M 149132 2 C 149132 2
M 149220 1 C 149220 1
M 149222 1 C 149222 1
M 149222 2 C 149222 2
M 149223 1 C 149223 1
M 149223 2 C 149223 2
M 149230 1 C 149230 1
M 149230 2 C 149230 2
M 149715 1 C 149715 1
M 149715 2 C 149715 2
M 149715 3 C 149715 3
M 149720 1 C 149720 1
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M 151882 1
M 151882 2
M 151883 1
M 151883 2
M 151886 1
M 151886 2
M 151890 1
M 151890 2
M 151890 3
M 153142 1
M 153142 2
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C 151882 1
C 151882 2
C 151883 1
C 151883 2
C 151886 1
C 151886 2
C 151890 1
C 151890 2
C 151890 3
C 153142 1
C 153142 2




HAC basecalling, demultiplexing
and adapter trimming of reads:
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Reads filtered to remove short
reads: >900bp=1220bp retained

|

Filtered reads mapped to custom
oC database (Geneious Mapper:
Fast/non-iterative)
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Same GC consensus sequences: Same GC consensus sequences
<97% similarity = unique contigs with >97% similarity

|

Filtered reads re- mapped to
custom oC database (Geneious
Mapper: Fast/5X iterative mapping)

}

Consensus generation: > 20X
mean coverage depth

Figure 3. 1: A schematic diagram of the workflow for MinlON-based amplicon sequencing

(MBAseq) data analysis
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Figure 3.2: Summary of 6C contigs identified by MBAseq and initial diagnostic Sanger sequencing
of 6C amplicons in isolates not suspected of harboring mixed ARV populations. Orange bars
represent contigs identified by MBAseq, while purple bars indicate those identified by PCR

cloning.
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Figure 3.4: Mean coverages of MBAseq-derived oC contigs plotted in ascending order. Orange
bars indicate contigs with PCR cloning counterparts, green bars represent contigs without PCR
cloning counterparts, and purple bars denote contigs from samples determined not to contain

mixed ARV populations at initial screening.
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sequence alignment and phylogenetic tree construction were performed in Geneious Prime

2024.0.5 using Clustal Omega and the neighbor-joining method with 1,000.
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CHAPTER 4
WHOLE-GENOME AND SINGLE-PREDICTED PROTEIN PHYLOGENETIC ANALYSIS

OF AVIAN REOVIRUS FIELD ISOLATES'

! Oluwayinka, Olatunde and "Holly S. Sellers. To be submitted to Avian Diseases.
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Summary

Avian reoviruses (ARVs) are associated with various diseases in poultry such as arthritis,
tenosynovitis, and immunosuppression, resulting in significant economic losses in the U.S. and
worldwide due to reduced productivity, increased mortality, and costs of vaccination and control.
ARVs belong to the genus Orthoreovirus and possess a 10-segment double-stranded RNA genome
encoding eight structural and four nonstructural proteins. To date, seven genotypic clusters (GCs)
have been defined based on sequence variation in the minor outer capsid protein, cC.

This study aimed to characterize the genetic diversity and evolutionary relationships among
ARV field strains by reconstructing phylogenies based on the full predicted viral proteome and
individual proteins, and comparing these phylogenies with the cC-based phylogeny.

Twelve ARV field isolates representing GC1, GC2, GC5, GC6, and GC7 were sequenced
using [llumina paired-end technology. All ten genomic segments were successfully assembled per
isolate. Amino acid sequences from all predicted coding regions were used to construct proteome-
wide and segment-specific phylogenies using the neighbor-joining method with the Jukes-Cantor
model and 1,000 bootstrap replicates.

Findings revealed that predicted proteome-based phylogeny was largely congruent with cC-based
clustering, highlighting the strong diversifying role oC and its reflection of overall ARV evolution.
Compared to oC, other Sl-encoded proteins (p10, p17) also showed high variability and had
phylogenies that clustered according to cC-defined GCs, suggesting likely co-evolution of S1-
encoded proteins. Among M-class proteins, pB was the most variable and and showed
phylogenetic incongruence with 6C suggesting that although both are surface proteins, pB is likely
subject to distinct evolutionary pressures and thus follows a different evolutionary path compared

to oC. The vaccine strain S1133 grouped differently in AC, 6B, and oNS phylogenies this could
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indicate that changes in these proteins may be associated with attenuation. In addition, isolates
127720 and 126695 represent the first full-genome sequences reported for GC7. Strain 127720
displayed marked divergence in cA, an otherwise conserved protein, highlighting its potential
evolutionary significance.

In conclusion, this study enhances understanding of ARV genetic diversity, the
evolutionary significance of S1 proteins, highlights ARV proteins that are likely associated with

attenuation based on Sigma C divergence in specific viral proteins phylogeny.
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Introduction

Avian reovirus (ARV) continues to challenge poultry health by causing
arthritis/tenosynovitis outbreaks that result in lameness, stunted growth, and significant economic
losses (1). Despite widespread vaccination, emerging ARV variants appear to evade immune
protection, underscoring the need for a deeper understanding of viral evolution (2, 3). ARV is a
segmented, non-enveloped dsRNA virus whose genomic segments are named based on their
electrophoretic mobility, viz: large (L1-L3), medium (M1-M3) and small (S1-S4). This genome
encodes 8 structural proteins (AA, AB, AC, uA, uB, 6A, 6B, and ¢C,) and 4 nonstructural proteins
(uUNS, oNS, p10 and p17) (4). The L segments encode core proteins involved in scaffolding (AC),
transcription (AB) and capping (AC), the M segments encode proteins essential for viral entry and
outer capsid formation (uB), and formation of viral factories (uNS). The S1 segment is tricistronic
encoding the highly variable oC protein, along with p10 (nonstructural fusogenic protein) and p17
(nonstructural nuclear protein) while S2, S3 and S4 encode 2 structural (A and oB) and one
nonstructural protein (6NS). oC is pivotal for host cell attachment and serves as a key target of
host neutralizing antibody (5). Sequence of 6C has been used for characterization of ARV isolates
with 7 GCs identified at the present (3). A major limitation of cC-based phylogeny is that it
provides limited information in relation to the pathobiology of ARV isolates.

Previous studies have documented extensive genetic diversity in ARV, with reports of
significant reassortment events and point mutations driving its evolution (6-10). These findings
highlight the complex interplay between viral evolution and vaccine efficacy, as emerging variants
often escape immune responses elicited by current vaccines.

In the present study, we employed deep next-generation sequencing to comprehensively

characterize ARV field isolates representing GCs 1, 2,5, 6 and 7. Evolutionary relationships were
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assessed using the neighbor-joining method with the Jukes-Cantor model and 1,000 bootstrap
replicates—a robust and computationally efficient approach well-suited for large datasets (11).
Our analyses involved both concatenated amino acid sequences from all viral proteins and
individual protein sequences. A primary objective was to compare the whole-genome phylogeny
and protein-specific phylogenies with the established cC-based phylogeny, thereby evaluating the
extent to which the latter reflects overall viral evolution.

Materials and Methods

Viruses. Twelve plaque purified ARV isolates provided by the Poultry Diagnostic and
Research Center (PDRC) were analyzed in this study. As part of the initial diagnostic workup, the
isolates were molecularly characterized by RT-PCR amplification and sequencing of the genomic
region encoding the oC protein. Based on this analysis, four isolates were classified as GC1, one
as GC2, three as GCS5, and two each as GC6 and GC7 (Table 4. 1). Upon receipt, virus stocks were
aliquoted and stored at —80°C for subsequent analyses.

Virion purification, nuclease treatments, RNA extraction and depletion of host
genetic material. Seven of 12 plaque purified ARV stocks (Table 4. 1) were processed as
previously described (12). Briefly, each virus stock was mixed with Capto Core 700 slurry (Cytiva,
Marlborough, MA, USA) and purified through two rounds of incubation and centrifugation
(800 x g for 10 minutes). The supernatant was then further clarified using an Illustra MicroSpin
column (Cytiva, Marlborough, MA, USA) at 800 x g for 5 minutes. RNA was extracted from
350 uL of the purified sample using the MagMAX Viral RNA Isolation Kit (Thermo Fisher
Scientific, Waltham, MA, USA), following the manufacturer’s protocol. Extracted RNA was

aliquoted and stored at —80 °C until further use.
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Subsequently, host and bacterial ribosomal RNA (rRNA) were depleted using custom
single-stranded DNA probes (Integrated DNA Technologies, Coralville, IA, USA) that hybridized
to host and bacterial RNA in a PCR-like reaction, followed by RNase H treatment (New England
Biolabs, Ipswich, MA, USA) to digest probe-bound RNA (13). The rRNA-depleted RNA was
further purified using RNAClean XP beads (Beckman Coulter, Brea, CA, USA) at a 2.2X ratio
and quantified using the Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA).

For the remaining five viral stocks, total RNA was extracted using the Quick-RNA Viral
Kit (Zymo Research, Irvine, CA, USA). RNA concentration was measured with a NanoDrop 2000
spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA). All RNA samples were
aliquoted and stored at —80 °C until further use.

cDNA synthesis and PCR amplification. The single primer amplification protocol (R-
SPA) described by Chrzastek et al. (14) was used to generate ARV cDNA for whole-genome
sequencing. Briefly, 10 uL of ARV RNA was mixed with 1 pL of 100 uM primer R8N, 1 pL of
10 mM dNTPs, and 1 pL nuclease-free water, then incubated at 95°C for 4 min and chilled on ice.
This mix was combined with 7 pL of a SuperScript IV reaction mix (containing 4 uL of 5X buffer,
1 uL of 100 mM DTT, 1 uL RNaseOUT, and 1 uL SuperScript IV reverse transcriptase), and
incubated sequentially at 23°C (10 min), 55°C (10 min), and 80°C (10 min). Second-strand
synthesis was carried out immediately by adding 1 pL of primer 10 MR8N, 1 pL of 10 mM dNTPs,
and 2 uL of 10X Reaction Buffer to the cDNA, followed by incubation at 94°C for 3 min, cooling
to 4°C, and then addition of 1 uL Klenow polymerase with incubation at 37°C for 60 min. The
resulting double-stranded cDNA was purified using 1.8X AMPure XP beads and subsequently
amplified using the HiFi PCR Phusion kit under the following conditions: initial denaturation at

98°C for 30 s; 35 cycles of 98°C for 30 s, 50°C for 30 s, and 72°C for 1 min; with a final extension
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at 72°C for 10 min. The final PCR products were purified again using 1.8X AMPure XP beads.
Amplified products were converted into sequencing libraries for Illumina sequencing, which was
performed at either the U.S. National Poultry Research Center (USNPRC) in Athens, GA, or at
SeqCenter in Pittsburgh, PA (Table 4.1)

Whole Genome Sequencing. USNPRC sequencing: Genomic libraries were generated for
six viruses with the Nextera XT DNA Library Preparation Kit (Illumina, San Diego, CA, USA)
and IDT for Illumina DNA/RNA UD Indexes Set A (Illumina, San Diego, CA, USA). Samples
were run using a MiSeq Reagent Nano Kit v2 500 cycles cartridge (Illumina, San Diego, CA,
USA) on an Illumina Miseq instrument (Illumina, San Diego, CA, USA).

SeqCenter sequencing: Illumina sequencing libraries were prepared for six viruses using
the tagmentation-based and PCR-based Illumina DNA Prep kit (Illumina, San Diego, CA, USA)
and custom IDT 10bp unique dual indices (UDI) with a target insert size of 280 bp. No additional
DNA fragmentation or size selection steps were performed. [llumina sequencing was performed
on an Illumina NovaSeq X Plus sequencer in one or more multiplexed shared-flow-cell runs,
producing 2x151bp paired-end reads.

Bioinformatics analysis of sequencing reads. Raw sequencing reads were trimmed and
filtered using Trimmomatic (15). retaining reads with Phred scores >30. Filtered reads were
mapped to the chicken reference genome (NCBI accession: GCF_016699485.2) using the BWA
aligner (16) Unmapped reads, presumed to contain viral sequences, were extracted using
SAMtools v1.16.1(17) . and subsequently classified taxonomically with Kraken 2 (18) to estimate
the proportion of ARV reads in each sample. When the estimated number of ARV reads exceeded
that required for 100x genome coverage, a representative subset was extracted using Seqtk Toolkit

(19). If the number of ARV reads was insufficient, all unmapped reads were retained. Selected
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reads were then assembled de novo using SPAdes v3.15.3 (20). Resulting contigs were imported
into Geneious Prime 2024.0.5 and queried against the NCBI nucleotide database using BLAST.
ARV contigs were sorted into their respective genome segments. For segments that were
fragmented or shorter than expected, a reference-guided assembly approach was adapted from
Narvaez et al (12) In this step, closely matching reference sequences (identified via BLAST) were
incorporated into a multifasta file. Reads were then mapped to this reference using BWA mem
(16). The resulting BAM file was sorted and imported into Geneious Prime, where the alignments
were visually inspected, and consensus sequences were generated for each segment.

Phylogenetic analysis of sequences. In addition to the ARV genomes sequenced in this
study, two publicly available complete genomes—S1133 (KF741756-KF741765), a widely used
vaccine strain belonging to GC 1, and AVS-B (FR694191-FR694200), a strain associated with
runting-stunting syndrome and classified as GC 4 — were included for comparative analysis.
Protein-coding sequences were extracted from each assembled genome and predicted amino acid
sequences were generated in Geneious Prime.

Multiple sequence alignments were performed using MUSCLE v5 (21) for each individual
protein as well as concatenated sequences representing the full viral proteome. Phylogenetic
relationships were inferred using the neighbor-joining method with the Jukes-Cantor substitution
model and 1,000 bootstrap replicates. Both complete genome alignments and individual protein-
based alignments were used to assess topological congruence and segment-specific evolutionary
signals.

Results
oC and Viral Proteome Phylogeny. All genomic segments of the twelve ARV field

isolates were assembled from paired-end [llumina sequencing reads. To investigate viral proteome

94



and gene-specific phylogenies, predicted concatenated and individual amino acid sequences
derived from the partial or complete coding regions of all twelve ARV proteins were analyzed.
Phylogenetic relationships among isolates were inferred using the neighbor-joining method with
the Jukes-Cantor model and 1,000 bootstrap replicates.

The tricistronic S1 segment encodes the proteins pl0, pl7, and 6C. 6C was highly
divergent, with pairwise amino acid identities ranging from 49.1% to 99.4% (Table 4.2). The
resulting 6C phylogeny resolved six distinct GCs (GCs 1, 2, 4, 5, 6, and 7) (Fig. 4. 1A). Predicted
whole proteome analysis of all 12 ARV proteins revealed overall pairwise identities ranging from
87.3% to 98.7%. The topology of the predicted proteome phylogenetic tree generally mirrored the
oC-based clusters, indicating that 6C evolution largely reflects broader viral evolutionary patterns.
Minor deviations from oC phylogeny were noted including that GC6 and GC7 lineages may share
a recent common ancestor (Fig. 4.1B).

Alignments and phylogeny of deduced amino acids sequences of L- class proteins.
Analysis of predicted amino acid sequences for AA showed minimal variability (97.5-100%
identity), while AB and AC were more divergent (95.6-99.8% and 83-99.7%, respectively) as
shown in Table 4.2. Phylogenetic trees of L-class proteins (Fig. 4. 2) consistently placed GC1
variants 115940 and 117816 together, distinct from other GC1 strains. Inter-GC clustering was
observed; for instance, strain 106761(GC 2) clustered with 126695 (GC7) in the AB phylogeny
(Fig.4. 2B), and strain 122301 (GC6) was related to 115940 and 117816 (GC1) in the AC tree.
Further, S1133 is clearly distant from other viruses in the AC phylogeny suggesting that the
attenuation process likely induced changes in this protein (Fig. 4. 2C)

Alignments and phylogeny of deduced amino acids sequences of M- class proteins.

The M1, M2, and M3 segments of ARV encode pA, uB, and uNS proteins, respectively. Among
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these, as shown in Table 4.2, uB showed the highest variability (85-100% identity), compared to
HA (94.9-99.7%) and uNS (89.9-99.7%). The phylogenies of M-class proteins (Fig. 4. 3) did not
consistently align with the cC-based classification. In both pA (Fig. 4. 3A) and uNS (Fig. 3C)
trees, S1133 appeared to represent separate cluster, whereas in the uB tree (Fig. 4.3B), it grouped
with strains 94594 (GC5), 106761 (GC2), 122301 (GC6), and 126484 (GC1). GC1 variants
115940 and 117816 consistently clustered together across M-class phylogenies.

Alignments and phylogeny of deduced amino acids sequences of other S- class
proteins. The other S1-encoded proteins, p10 and p17, also displayed high variability (70.7-100%
and 53.4-100% identity (Table 4.2), respectively), and their phylogenies were congruent with cC-
defined clusters. Within the GC1 lineage in both phylograms, similar to 6C phylogeny, 96139,
126484 and S1133 likely represent sub-lineages (Fig. 4.4). In contrast, cA sequences were highly
conserved (97.4-99.7% identity) (Table 4.2) except for isolate 127720 (GC7), which was distinctly
divergent. The lack of bootstrap support for cA underscores its limited phylogenetic
informativeness, though 127720 remained clearly separated (Fig 4.5A). Finally, 6B and oNS
exhibited 92.9-100% and 92.4-99.7% identities, respectively (Table 4.2), with phylogenetic trees
that were incongruent with the oC topology (Table 4.5B & C). Notably, S1133 appeared more
evolutionarily distant in both 6B and oNS trees, suggesting that the process of attenuation may
have induced significant changes.

Discussion and Conclusion

The comprehensive phylogenetic analysis of ARV field isolates conducted in this study
reveals a complex evolutionary landscape. Whole-genome sequencing and phylogenetic
reconstruction based on concatenated amino acid sequences from all 12 ARV proteins

demonstrated that overall evolutionary relationships among isolates largely align with cC-defined
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genotypic clusters. This observation contrasts with a previous study (4) which reported
incongruence between whole-genome and 6C-based phylogenies.

These differing outcomes are likely attributable to variations in the methods utilized. In the
present study, amino acid sequences from predicted protein-coding regions were used, rather than
nucleotide sequences. This approach enabled accurate resolution of all three partially overlapping
open reading frames (ORFs) within the S1 segment—namely, p10, p17, and 6C. Consequently,
the evolutionary signals from p10 and p17, which exhibited phylogenetic topologies similar to that
of oC, were incorporated into the whole-proteome phylogeny. In contrast, analyses based on S1
nucleotide sequences without resolving overlapping ORFs risk excluding these contributions,
potentially obscuring true evolutionary relationships. In addition, this finding supports the report
from an earlier study that the S1 segment contains more nonsynonymous amino acid changes
compared to other segments of the virus(6) .

The commercial vaccine strain S1133 appears evolutionarily distinct from other viruses
across all phylogenies, except for those based on the predicted amino acid sequences of S1-
encoded and uB proteins. This suggests that, although S1133 is widely used as a live attenuated
vaccine, it likely does not participate in reassortment events. In contrast, other GC1 variants
(96139, 126484) with the exception of isolates 115940 and 117816 cluster with viruses from
different GCs in multiple trees (AB, pA, uB, and uNS ) . On the other hand, GCI1 isolates 115940
and 117816 consistently cluster together in all phylogenies and changes between them are few,
suggesting that point mutation rather that reassortment may drive changes between these viruses.

For the L -class phylogeny, AA exhibited high conservation, AB and AC displayed
considerable variability, with S1133 contributing to marked divergence in AC. There is evidence

of inter-genotypic clustering such as the clustering of strain 106761 (GC 2) with GC7 strain
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126695 in the AB phylogeny and the evolutionary relationship of strain 122301 (GC6) with GC1
variants 115940 and 117816 in the AB tree.

The analysis of M-class proteins revealed that uB is notably more variable than pA and
uNS, (Table 4.2) and being the major capsid protein (4, 22, 23), this may reflect its role as a target
for host immune responses.

In the S-class, the high divergence of Sigma C is well documented (3, 24), and our findings
confirm this with pairwise identities ranging from as low as 49.1% to 99.4%, leading to the
delineation of six distinct clusters. Other S1 proteins also showed considerable diversities with
pairwise identities ranging from 70.7-100% for pl0 and 53.4-100% pl7. However, the
congruence observed among the phylograms of S1 proteins is inconsistent with the findings of
previous studies (6, 7).Further, within the S-class proteins GA lies at the other end of the sequence
diversity spectrum, being highly conserved. The phylogram of cA proved to be phylogenetically
uninformative for resolving relationships among isolates, aside from clearly distinguishing the
divergent strain 127720 (GC 7).

Two GC7 strains—127720 and 126695—were sequenced in this study, representing, to
our knowledge, the first whole-genome sequences reported for viruses in this GC. A particularly
striking observation in GC7 was the divergent A protein found in strain 127720. The A protein
functions as a viral dsSRNA binding protein (25) and is it also been established to be associated
with interferon resistance among ARV infections (26). It remains unclear whether the divergence
observed in 127720’s cA confers an evolutionary advantage, considering that GC7 variants were
only recovered from clinical samples between 2017 and 2018 and have not been reported
subsequently. Importantly, this divergence was not observed for strain 126695, suggesting that it

is not a common feature among GC7 isolates.
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Overall, these results underscore the significance of the oC protein in the phylogeny of
ARYV and suggest two potential directions for developing a new molecular typing scheme. One
possibility is that oC is indispensable for any robust ARV phylogeny, serving as a critical marker
for distinguishing strains. Alternatively, the pronounced diversifying influence of cC may obscure
the evolutionary signals of other viral proteins, indicating that its inclusion could skew
phylogenetic analyses. In this case, it might be advantageous either to exclude oC or to mitigate
its influence, for example, by using a truncated version of the protein.

Finally, the observed genetic variability, evidence of point mutation and reassortment
events carry significant implications for vaccine design and epidemiological surveillance. As ARV
continues to evolve, comprehensive genomic analyses will remain to be crucial for monitoring
emerging strains and informing effective control strategies in poultry production.
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Table 4. 1: Table of 12 plaque purified isolates sequenced in this study, including, their 6C defined

genotypic cluster, host, tissue of isolation and location of sample.

Isolate ID Genetic Cluster Host Tissue of Origin Location
1159404 GC1 Chicken Tendon TX, USA
1178164 GC1 Chicken Tendon TX, USA
126484° GC1 Chicken Tendon IA, USA

961398 GC1 Chicken Tendon GA, USA
1067614 GC2 Chicken Tendon IA, USA

1319308 GCS5 Chicken Tendon GA, USA
945948 GC5 Chicken Tendon GA, USA
1269634 GCS5 Chicken Tendon PA, USA
1435728 GC6 Chicken Tendon AR, USA
1223014 GCo6 Chicken Tendon AR, USA
1277208 GC 7 Chicken Tendon IA, USA

1266954 GC 7 Chicken Tendon AR, USA

Alsolates that did not undergo virion purification, were not subjected to host RNA depletion, and
were sequenced at the SeqCenter, Pittsburg, PA
Blsolates that underwent virion purification, were subjected to host RNA depletion, and sequenced

at the USNPRC, Athens, GA.
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Table 4. 2: Summary of Pairwise Amino Acid Identity Ranges of Predicted ARV Individual

Proteins and Whole Proteome

Viral Protein % Pairwise Identity (Min—Max)
AA 97.5 -100%
AB 95.6 - 99.8%
AC 83 -99.7%
RA 94.9 - 99.7%
nB 85 - 100%
uNS 89.9 - 99.7%
p10 70.7 - 100%
pl7 53.4-100%
oC 49.1 99.4%
cA 97.4 - 99.7%"
oB 92.9 - 100%
oNS 92.4-99.49

Whole Viral proteome 87.3-98.7%
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Fig. 4.1: Phylogenetic trees of ARV LA (A), AB (B) and ANS (C) protein. Field isolates sequenced
in this study and strain AVS B are named per convention proposed by Sellers, 2022 (3) and their
specific GC is added to the end of their names. Green box delineates cluster that include GC1

variants 115940 and 117816 and blue box delineates S1133 vaccine strain
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Figure 4.2: Phylogenetic trees of ARV AA (A), AB (B) and ANS (C) protein. Field isolates
sequenced in this study and strain AVS_B are named per convention proposed by Sellers, 2022
(3) and their specific GC is added to the end of their names. Green box delineates cluster that

include GC1 variants 115940 and 117816 and blue box delineates S1133 vaccine strain.
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Fig. 4.3: Phylogenetic trees of ARV pA (A), uB (B) and uNS (C) protein. Field isolates sequenced

in this study and strain AVS B are named per convention proposed by Sellers, 2022 (3) and their
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variants 115940 and 117816 and blue box delineates S1133 vaccine strain.
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Fig. 4.4: Phylogenetic trees of ARV oC protein (A) and concatenated viral proteome (B). Field
isolates sequenced in this study and strain AVS B are named per convention proposed by Sellers,
2022 (3) and their specific GC is added to the end of their names. Green box delineates cluster that

include GC1 variants 115940 and 117816 and blue box delineates S1133 vaccine strain.
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Fig. 4.5: Phylogenetic trees of 6A (A), 6B (B) and oNS (C) protein. Field isolates sequenced in

this study and strain AVS_ B are named per convention proposed by Sellers, 2022 (3) and their

specific GC is added to the end of their names. Green box delineates cluster that include GC1

variants 115940 and 117816 and blue box delineates S1133 vaccine strain.
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CHAPTER 5
DISCUSSION AND CONCLUSION
Poultry production is a cornerstone of both global economies and food security. In the United
States, this industry drives over 500 billion USD in economic activity (1), while in developing
countries, where it may be less impactful on the economy in monetary terms, it contributes
immensely to food security and supply of animal protein.

The industry’s staggering impact in the US was attainable by combining the various stages
of production into large vertically integrated operations. These companies, through economies of
scale and improved efficiency have vastly improved productivity at all levels in the industry’s
value chain. This, coupled with advancements in bird genetics, have helped to foster the
affordability and appeal of poultry products. However, this highly integrated structure also
amplifies the impact of outbreaks of new and emerging disease pathogens (2).

The transmission and persistence of pathogens such as avian reovirus (ARV) have been
closely linked to practices common in highly efficient, vertically integrated operations. Practices
including the mixing of eggs from multiple breeder flocks, short downtime in grow-out barns, and
the maintenance of multi-age flocks in a single complex facilitate pathogen spread .ARV is the
definitive cause of viral arthritis and tenosynovitis and has been isolated in several debilitating
conditions of commercial poultry including myocarditis, enteritis, hepatitis, runting stunting (RSS)
and malabsorption (MAS) syndromes (3-7). A trend emerged over a decade ago in which variant
strains of ARV were increasingly being isolated from diseases of progeny of vaccinated flocks,

and since that time it has become a source of significant economic loss to producers (8).
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Structurally, ARVs are non-enveloped viruses possessing an icosahedral capsid with two
concentric walls enhancing their stability in the environment (9). The viral genome consists of 10
segments of dSRNA molecules and are named based on their electrophoretic mobility, viz: large
(L1-L3), medium (M1-M3) and small (S1-S4). This genome encodes 8 structural proteins (AA,
AB, AC, uA, uB, 6A, oB, and cC,) and 4 nonstructural proteins (uUNS, oNS, p10 and p17) (10).
The minor outer capsid protein - cC, mediates host cell attachment and is the target of neutralizing
antibodies (11). Based on the sequences of the minor outer capsid protein - 6C, 7 genotypic
clusters have been identified to date (12).

Vaccination with modified live and killed vaccines remains a crucial tool for controlling
this disease(11). However, increased variant isolation(12-18) suggests the waning efficacy of
commercial vaccines, and a growing reliance on autogenous vaccines (8, 12). Therefore, the
development of new broadly protective live attenuated and/or killed vaccine vaccines will be
welcomed by the industry.

A pivotal step in the development of broadly protective vaccines is a thorough
understanding of the spectrum of antigenic types circulating in the field. In addition, A persistent
challenge in the molecular characterization of ARV is that the current typing system does not
provide insights into the pathobiological properties of the isolates. An enhanced typing scheme
that incorporates information on virulence, tissue tropism, and other characteristics relevant to
ARVs pathogenicity would significantly improve the effectiveness of monitoring and surveillance
efforts for this pathogen. A further complication in the characterization of ARV is the presence of
multiple coinfecting strains within field isolates of the virus. Resolving this mixed ARV
populations in field samples is important for accurately tracking ARVs across outbreaks and

monitoring efficacy of control interventions. At the Poultry Diagnostic and Research Center
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(PDRC), the workflow for resolving multiple ARV populations involves cloning of RT-PCR
products into vectors and transforming chemically competent bacteria cells followed by
sequencing of 5 clones. While this protocol is useful it is likely that the depth resolution achieved
is limited since only minute subset of clones is sequenced.

To address these challenges, our project undertook three complementary studies. First, we
conducted cross-virus neutralization assays using hyperimmune sera generated in specific
pathogen-free chickens, revealing that each GC and subcluster likely represents a distinct serotype.
Second, whole-genome sequencing of 12 ARV field isolates provided the first complete genome
sequences of GC 7 isolates, and phylogenetic analysis showed all S1-encoded proteins viral protein
and the entire viral proteome are largely congruent with the 6C phylogeny. Third, the application
of Oxford Nanopore Technologies MinlON sequencing demonstrated superior resolution in
identifying mixed ARV populations compared to traditional PCR cloning methods.

Together, these findings underscore the antigenic and molecular diversity, as well as the
evolutionary dynamics of ARV. They also have important implications for vaccine development
particularly the challenge of creating a broadly protective vaccine. As suggested by the study on
serologic relatedness, this may be a more complex task than previously thought, thereby supporting
vaccine strategies that prioritize multivalent formulations. Furthermore, the diversity of co-
infecting ARV strains in field isolates appears broader than previously recognized when using
conventional cloning and Sanger sequencing methods. Thus, highlighting the vast pool of viral
genomes available for genetic reassortment and emergence of genetic variants.

Although this study was not primarily intended to define a new phylogenetic framework
for ARVs, nonetheless, our analysis of ARV protein phylogeny revealed the diversifying influence

of 6C and other S1-encoded proteins. Consequently, we propose two possible approaches for
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developing a new molecular typing scheme for ARVs: first, the oC protein may be indispensable
for ARV phylogenetic analysis, as the phylogeny of the predicted whole proteome closely mirrored
that of 6C. Second, the strong phylogenetic influence of cC may mask the contribution of other
proteins, suggesting that its exclusion or the use of a truncated version could allow additional viral

proteins to more effectively shape ARV phylogeny.
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