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Simple Summary: Avian orthoreoviruses cause significant losses to the poultry industry worldwide.
Reovirus-associated diseases in chickens are frequently reported even in vaccinated flocks due to the
emergence and spread of novel strains. Herein we studied the genetic features of reovirus strains
originating from parts of East-Central Europe. The isolated strains from the study area displayed large
genetic variability and shared low genetic similarity with vaccine strains. These findings highlight
the importance of immune pressure from vaccination in the epizootiology of reovirus infection
in chickens.

Abstract: The concern that the vaccines currently used against Avian orthoreovirus (ARV) infections
are less efficient in the field justifies the need for the close monitoring of circulating ARV strains. In
this study, we collected necropsy samples from various chicken breeds and tested for ARV by virus
isolation, RT-PCR assay and sequence analysis. ARVs were isolated from birds showing runting-
stunting syndrome, uneven growth, lameness or increased mortality, with relative detection rates
of 38%, 35%, 6% and 25%, respectively. Partial cC gene sequences were determined for nearly 90%
of ARV isolates. The isolates could be classified into one of the major genetic clusters. Interestingly,
cluster 2 and cluster 5 were isolated from vaccinated broiler breeders, while clusters 1 to 4 were
isolated from unvaccinated broilers. The isolates shared less than 75% amino acid identities with
the vaccine strains (range, 44.3-74.6%). This study reaffirms the global distribution of the major
genetic clusters of ARVs in chicken. The diversity of ARV strains isolated from unvaccinated broilers
was greater than those detected from vaccinated animals, however, the relative importance of
passive and active immunity on the selection of novel strains in different chicken breeds needs to be
better understood.

Keywords: Avian orthoreovirus; phylogenetic analysis; genotyping

1. Introduction

Avian orthoreoviruses (ARVs) are ubiquitous in domestic and wild birds [1]. ARV
infections cause significant losses to the poultry industry worldwide, infecting chickens,
turkeys and waterfowl. The observation that ARV infection may occur repeatedly despite
routine vaccination of chicken flocks and many of the emerging strains share low similarity
with vaccine strains renewed research interest in ARV [2-9].
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ARVs (family Spinareoviridae, genus Orthoreovirus) are characterized by medium-sized,
non-enveloped icosahedral virion enclosing the double-stranded RNA genome. The ten
genomic RNA segments encode eight structural and three or four non-structural proteins.
The structural protein oC, is responsible for the attachment to the host cell and virus
neutralization [10]. The oC protein is characterized by marked genetic and antigenic
variability and has a key role in the development of the host immune response, therefore it
is the primary target of vaccine development.

Although ARV has been detected in association with numerous disease conditions
such as viral arthritis/tenosynovitis, runting-stunting syndrome, hepatitis, myocarditis,
enteric and respiratory diseases and central nervous system infections, the virus can be
isolated from healthy birds as well [1,11,12]. The most common forms of ARV infections in
broilers are runting-stunting syndrome and viral arthritis/tenosynovitis. Runting-stunting
syndrome is common in 2-3 weeks old chickens and is characterized by uneven growth
rate, slower development, bone formation disorder and abnormal feathering. Numerous
viruses have been associated with the disease (such as reovirus, astrovirus, coronavirus,
rotavirus, and adenovirus); hence, the role of ARV in the complex disease etiology is not
well understood [1]. The only disease for which the pathogenic role of ARVs has been
proven is viral arthritis /tenosynovitis, which mainly affects 4-16-weeks old broilers and
breeders. The disease is characterized by inflammation of the tibiotarsal-tarsometatarsal
joints and the rupture of the gastrocnemius tendon resulting in lameness [13]. Although
tenosynovitis can be efficiently controlled by vaccination using live attenuated or inacti-
vated whole virus vaccines, from the 2010s onward an increasing number of tenosynovitis
cases were reported even from vaccinated flocks [2,3,6,9]. These cases were often associated
with newly emerging variants that showed high genetic diversity and differed antigenically
when compared to vaccine strains. The genetic diversity may affect the antigenic structure
enabling these new variants to escape vaccine-induced immunity.

A more precise understanding of the distribution of emerging new variants as well
as the driving forces of genetic diversification among chicken-origin ARVs requires a
characterization of the sequence and genetic relationship of a large number of strains.
The aim of our study was to gather missing information on the genetic diversity of
ARVs currently circulating in the East-Central European region with a focus on Hun-
gary. For this purpose, we collected organ samples, isolated ARV strains and then char-
acterized the isolates by sequencing and phylogenetic analysis of the genomic region
encoding oC protein.

2. Materials and Methods
2.1. Samples, Data, and Laboratory Processing

Samples were collected from domestic poultry flocks in East-Central European coun-
tries (Hungary, Romania, Russia and Ukraine) in 2016. As part of this passive surveillance,
information on the general features (such as breed types, age, health status, geographic
origin, sample type, vaccination history), on the clinical history (morbidity, mortality) and
on the gross pathology were collected by local field veterinarians (see Supplementary
File). The nature of sample and data sharing implies that the dataset was occasionally
incomplete. Samples were collected only from succumbed animals. Laboratory meth-
ods included virus isolation on permissive cell line and then, upon development of the
typical cytopathogenic effect (i.e., syncytium formation), confirmation of reovirus infec-
tion by virus-specific RI-PCR. Pathogens other than reovirus were not sought in the
sample collection.

2.2. Virus Isolation

Each organ sample was homogenized individually in sterile phosphate buffered saline
using Qiagen TissueLyser II at 50 Hz for 3-5 min. After centrifugation at 10,000x g (for
5 min at 4 °C) supernatants were filtered through a 0.45 pm PES syringe filter. For virus
isolation, filtered homogenates were inoculated in a four-member ten-fold dilution on
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chicken hepatocellular carcinoma cell line LMH (Leghorn male hepatoma, ATCC CRL-
2117). LMH cells were cultured in DMEM medium (Lonza) supplemented with 5% fetal
bovine serum (Gibco) and 1% antibiotic/antimycotic solution (Lonza) in a 37 °C incubator
with constant supply of 5% CO,. Upon giant cell formation, the cytopathogenic effect
(CPE) characteristic of ARV, could be observed (typically after 5-6 days), the isolates were
propagated in a 25 cm? cell culture flask. When CPE was not seen following the incubation
period, blind passages were carried out; after three blind passages, CPE-negative samples
were discarded.

2.3. Nucleic Acid Extraction and Amplification of cC Gene

After three freezing/thawing cycles, cell culture suspensions were centrifuged at
10,000x g for 5 min at 4 °C. Viral RNA was extracted from the supernatants using Direct-
zol RNA Miniprep (Zymo Research) according to the manufacturer’s recommendations.
Chicken reovirus oC gene-specific PCR assay was performed applying QIAGEN One-Step
RT-PCR Kit. The primer pair S1_all_F3 (Fw) 5'-GATACTSTCNTTGACTTCGA-3" and
S1_all_R2 (Rev) 5'-TCGATGCCSGTACGCACGGT-3' were designed to amplify a genomic
region of ~900 nucleotide (nt) in length (position, nt 674 to 1603) on the S1 segment of
51133 chicken reovirus vaccine seed strain (accession number KF741762) including the
partial sequence of the 0C gene. Sanger sequencing of PCR products was carried out on an
automated sequence analyzer (ABI PRISM® 3100-Avant Genetic Analyzer) using BigDye
Terminator v3.1 Cycle Sequencing Kit (Thermo Fisher Scientific). The newly generated
sequences were deposited in GenBank (OP816667-OP816738).

2.4. Data Analysis

Sanger sequencing reads were assembled and edited using BioEdit and AliView [14,15].
BLASTn and BLASTx algorithms were used to identify homologous genes among sequences
deposited in GenBank [16]. Codon-based multiple sequence alignment was generated using
the Muscle algorithm within the Geneious Prime software 2023.1.1 (Biomatters Ltd.) [17].
Phylogenetic analysis was performed and sequence identity values were calculated using
the MEGAX package [18]. The gene-specific substitution model was evaluated, and the
best-fit model was selected based on the Bayesian information criterion. The maximum-
likelihood tree was generated, and tree topology was validated by bootstrap analysis (100)
as implemented in MEGAX. Pairwise distance matrix was generated using the SDTv1.2
software [19].

3. Results
3.1. Incidence of ARV in Chicken

A total of 391 samples originated from 38 chicken farms, located in Hungary (n = 346;
31 farms), Romania (n = 36; four farms), Ukraine (n = 6; two farms) and Russia (1 = 3; one
farm) were collected in a one-year period. Broilers (1 = 248), broiler breeders (n = 137)
and layers (n = 6) were sampled. Both healthy animals and flocks with clinical symptoms
observed in association with ARV infection were included in the survey. Approximately,
half of the samples (n = 197) were collected from otherwise healthy flocks, while the
remainders were collected from flocks with excess mortality (1 = 4) and various health
issues, including peritonitis (n = 6), diarrhea (n = 5), runting-stunting syndrome (n = 74),
lameness (1 = 52), and uneven growth rate without any other clinical sign (n = 43). No data
on health status were available for ten samples (Figure 1).
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Figure 1. Ratio of ARV-positive (RT-PCR confirmed) and -negative samples according to symptoms.

Small intestine including the caecal tonsils (n = 318), tendon with synovial fluid
(n = 57), proventriculus (n = 6), yolk sac (n = 5), kidney (n = 2), trachea (n = 2) and liver
(n =1) were collected and used for virus isolation on the monolayer of LMH cells (Table 1).
Giant cell formation, the CPE specific to ARV infections, was recorded for 106 samples,
whereas most samples (n = 285) did not produce CPE on the cell monolayer. As for
the country-specific distribution, virus isolation was successful from Hungary, Romania,
Ukraine and Russia, respectively, from 87 of 346, 17 of 36, 1 of 6 and 1 of 3 specimens.
CPE-positive samples were detected exclusively from the intestine (n = 103) and the
proventriculus (n = 3) (Table 1). No CPE was seen when tendon with synovial fluid, yolk
sac, kidney, trachea and liver samples were inoculated onto monolayer of LMH cells. An
RT-PCR assay targeting the oC protein coding gene was utilized to identify ARV genomic
RNA from nucleic acid extracts of virus isolates showing giant cell formation in a subset of
isolates (82 of 106 CPE-positives, 77.4%; a proportion of CPE-positive samples were not
further tested by RT-PCR, especially, if these isolates were identified from flocks in which
there were already RT-PCR confirmed cases).

Table 1. Results of virus isolation from broiler samples according to the sample type.

No of Samples
Sample (Organ) Sum
CPE— CPE+
Intestine 215 103 318
Tendon 57 - 57
Proventriculus 3 3 6
Yolk sac 5 - 5
Kidney 2 - 2
Trachea 2 - 2
Liver 1 - 1
Sum 285 106 391

The number of confirmed ARV-positive samples was high in flocks showing clinical
signs typical to ARV infection (47/184 samples, 26%). The rate of positive samples was
also fairly high in samples obtained from healthy flocks (35/197 samples, 18%), but the
difference between the two groups was significant (chi-square value, 16.9; p = 0.00004)
(Table 2 and Figure 1). ARVs were isolated from birds showing runting-stunting syndrome,
uneven growth, lameness or increased mortality, with relative rates of ARV-positive samples
being 38%, 35%, 6% and 25%, respectively (Figure 1).
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Table 2. Results of virus isolation from different sample types.

Breed Symptoms (Sglrn];:; No. of Samples
& ARV— ARV+
Layer
fibrinous peritonitis intestine 6
Broiler
healthy intestine 91 31
tendon 3
proventriculus 1 1
runting-stunting intestine 31 2
syndrome
liver 1
proventriculus 2 1
uneven growth rate intestine 23 15
tendon 1
trachea 2
kidney 2
diarrhoea intestine 5
mortality proventriculus 1
intestine 3
lameness tendon 2
n.a. intestine 10
Broiler breeder
healthy intestine 44 3
tendon 18
yolk sac 5
lameness intestine 21 3
tendon 26
runting-stunting intestine 5 5
syndrome
tendon 7
Sum 309 82

The age of chicken whose samples were collected ranged from 1 day to 51 weeks.
Nearly three-quarters of birds (277/391, 71%) were six weeks old or younger; from birds
in this age range, a total of 68 ARVs (83%) were isolated. On the other hand, ARVs were
not isolated from birds younger than 10 days of age. Of note is that the average age of
ARV-positive broiler breeder flocks showed some differences when comparing healthy
and diseased flocks of broilers (Table 3). Two broiler breeder flocks from the same farm
showing no clinical signs were sampled simultaneously. ARVs were isolated from organ
samples of birds at the age of four to six weeks, while birds at age of five to twelve days
were negative. Furthermore, the samples of breeder flocks and young progeny broilers
were negative for ARV, but at the age of four weeks ARVs could be isolated from the same
flock. These findings were consistent with horizontal transmission of ARVs among birds.

Table 3. Average age of ARV-positive flocks in different health status.

Mean Age of Flock (Weeks)

Health Status

Broiler Broiler Breeder
Healthy 4 18
Mortality 4 -
Runting-stunting syndrome 3 5
Lameness - 5

Uneven growth rate 4 -
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3.2. Study Strain Classification, Pathology, Molecular Epidemiology

An alignment of 768 nt in length was generated from the partial gene encoding the
oC protein. Partial sequences were determined for 72 of 82 (87.8%) CPE-positive RT-PCR
confirmed isolates. After the closest relatives of study isolates were identified in GenBank
through the BLAST engine, pairwise identity values were calculated, and phylogenetic
analysis was performed to reveal their genetic relationship. Study isolates showed only
moderate nt and amino acid (aa) sequence identities (nt, 49.7-74.5%; aa, 44.3-74.6%) when
compared with the vaccine strains 51133, 1733 and 2408, each belonging to cluster 1 ARVs
(Figure 2).

HUN129
HUNA31

HUN389
HUN392
HUN312
ROMS.
ROM1
ROM2
ROM3
ROM4
ROMS6
ROM7.
ROMS
HUN133
HUN213
HUN214
HUN215
HUN216
HUN168.
HUN297

Pairwise identity (%)
100

KFT41772_$1133)

Figure 2. Pairwise identities of the study strains based on a 768 nucleotide long partial sequence of
the ORF coding the oC protein. Sequence names are colored by the genetic cluster: cluster 1—red;
cluster 2—Dblue; cluster 3—yellow; cluster 4—green; cluster 5—pink.

Based on the sequence identity matrices and phylogenetic analyses of the oC protein
coding genomic region, the 72 study strains formed five clusters (cluster 1 to cluster
5). Seeing the lack of consistency in classification, we chose to use the original scheme
established by Kant and coworkers [20] (Figures 3 and 4). Study strains within clusters
shared at least 60.7% nt and 60.1% aa identity (cluster 1, nt 71.7-99.8%, aa 71.5-100%;
cluster 2, nt 64.1-100%, aa 65.8—-100%; cluster 3, nt 66.7-97.8%, aa 69.3-97.4%; cluster 4, nt
60.7-100%, aa 60.1-100%; cluster 5, nt 75.2-99.9%, aa 77.6-99.6%) with each other and with
the reference strains.
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Figure 3. Unrooted phylogenetic tree based on the 768 nucleotide long partial sequence of the ORF
coding the oC protein. Isolates originating from the same farm are marked with the same color.
Genotypes are marked by the coloring of tree branches (based on Kant et al., 2003 [20]). Phylogenetic
tree was calculated by the maximum-likelihood method, bootstrap values greater than 70 are shown
at the branch nodes.

When analyzing the genetic information of ARV strains in relation to clinical presenta-
tion of infection, we could not find any association, although the number of samples was
relatively low (41 genotyped ARV strains from 15 flocks on 10 farms with ARV associated
syndromes, and 31 genotyped strains from 10 healthy flocks of eight farms). Nonetheless,
two cluster 1 isolates from the same farm were identified in association with runting-
stunting syndrome. Cluster 2 isolates were seen in nine healthy flocks in seven farms (1 = 25)
and were in association with runting-stunting syndrome and lameness in another four farms
(n =18). Only a single strain belonging to cluster 3 was identified from a flock with runting-
stunting syndrome. Cluster 4 strains were isolated from two healthy flocks (n = 4) and
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from 11 flocks of six farms (n = 20) with runting-stunting syndrome, uneven growth and
increased mortality. Two cluster 5 strains were isolated from a healthy farm in Hungary
(Figure 3).

806558304
MK416139

Figure 4. Unrooted phylogenetic tree based on the 768 bp long partial nucleotide sequence of the
sigmaC gene of different chicken and turkey origin orthoreoviruses. Strains analyzed in the recent
study are marked with pink color. Clusters according to different classification systems are indicated
by colored circles. Phylogenetic tree was calculated by maximum-likelihood method. The scale bar is
proportional to the genetic distance [2,6,20-22].

Cluster 1, 3 and 5 ARVs were detected only in Hungary, cluster 2 ARVs were found in
two countries (Hungary and Romania), while cluster 4 ARVs were identified in samples
from all four countries. In five cases, we could detect virus strains belonging to different
clusters in samples collected at the same time on the same farm (Figure 3). Strains originat-
ing from different countries from which samples were collected showed high similarity in
some cases. In cluster 2, eight Romanian strains (ROM-1 to ROM-8) and one Hungarian
strain (HUN-312) showed 99.59-99.73% nt and 99.56% aa identity. In cluster 4, 11 Hun-
garian strains (HUN-327, 330, 334, 335, 338, 340, 344, 345, 348, 349, 356), collected from
the same farm, showed 99.46-100% nt and 99.12-100% aa identity with three Romanian
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strains (ROM-9 to ROM-11). In cluster 4, one Ukrainian strain (UKR-1) showed 98.78% nt
and 99.12% aa identity with a Hungarian strain (HUN-296) and one Russian strain (RUS1)
showed 86.86% nt and 90.35% aa identity with three Hungarian strains (HUN-142, 143, 144).
In some cases, the closest relatives of study strains were found to be ARVs from other conti-
nents. A five-week-old unvaccinated broiler flock showed clinical signs characteristic to
ARV infection, such as uneven growth, ruffled feathers and diarrhea; moreover, ten percent
of males showed signs of lameness. Necropsy revealed greenish swelling accompanied by
inflammation of tendon and in some cases rupture of tendon in the hock joint. Interestingly,
we were not able to isolate ARV from the tendon samples of these birds, at the same time,
reovirus was detected in the intestine samples originating from the same flock. The isolated
strains (e.g., HUN-107, HUN-109, HUN-112 and others) showed a close relationship (nt
91.3-93.2%, aa 90.8-91.7%) with strains ISR528, ISR529 and ISR5212 isolated in Israel in
2005 in association with tenosynovitis and with strain USP_BR_1365-2 isolated in Brazil
in 2019 in association of runting-stunting syndrome (91.3% nt, 90.8% aa) [5,23]. Moreover,
a large number of isolates from healthy flocks (e.g., HUN-168, HUN-178, HUN-182 and
others) were also closely related to strains ISR528, ISR529 and ISR5212 and USP_BR_1365-2.
The isolates HUN-129 and HUN-131 originating from 15-day-old broilers suffering from
malabsorption syndrome clustered with strain 17227-M-10 (nt, 96.5-96.7%, aa, 94.3-94.7%)
which was isolated from the same farm in Hungary, but in 2010. The clinical signs of
diseased birds in 2010 were necrotic enteritis, pericarditis and nephritis [24]. Similarly,
three nearly identical strains (HUN-142, HUN-143 and HUN-144) were isolated from a
42-day-old flock showing no clinical signs and these isolates were closely related to another
Hungarian strain, 17203-M-06, isolated from diseased chicken flock in 2006 (nt, 95.3%; aa,
95.2%). In the 2006 cases, airsacculitis, necrotic enteritis and pericarditis were observed
after necropsy [24].

Vaccination history was available for breeder flocks, where immunization programs
started with the live S1133 vaccine at the age between 5 and 9 weeks, and a booster was
given usually at the age of 12-14 weeks with inactivated vaccine containing strains 1733
and 2408. Broiler flocks were not vaccinated, they received only maternal antibodies from
their vaccinated parents. In a single flock, one cluster 4 and two cluster 1 isolates were
detected, the latter composing a common genogroup with vaccine strains, but sharing only
73-74% nt and aa identities with S1133 (as well as with inactivated vaccine strains). Eleven
isolates belonging to cluster 2 and cluster 5 were isolated from vaccinated breeders, while
61 isolates belonging to cluster 1, 2, 3 and 4 were isolated from unvaccinated broilers.

4. Discussion

In this paper, the results of a single-year survey of ARV infections are presented
from the East-Central region of Europe, predominantly from Hungary. Sampling in our
study was part of a routine health survey of chicken flocks; thus, only those flocks were
investigated where field visits were performed in this period by collaborating expert
veterinarians. The diagnostic workflow was based on virus isolation and RT-PCR detection.
Although this protocol may have introduced some bias in the detection success favoring
to ARV strains that can be more readily isolated in cell culture, the number of isolates
from multiple locations permitted us to describe considerable genetic diversity among co-
circulating strains. With this approach we may have missed additional ARV-positive flocks;
however, the fact that the survey was not syndrome-specific helped us to understand
that ARVs circulate in healthy flocks at a large proportion in Hungary and perhaps in
neighboring countries. The circulation of ARVs in healthy flocks may increase the risk for
symptomatic infection to occur when breeding or fattening circumstances change. All ARV
strains were isolated from the digestive tract (proventriculus, small intestine and caecum)
regardless of the observed disease. ARVs from lame birds were isolated also from the gut
and not from the tendon or synovial fluid. Although the finding that a large number of
gut samples contained infectious ARV is not surprising, the failure of ARV isolation from
the tendon of birds with tenosynovitis is somewhat unexpected and this finding opposes



Animals 2023, 13,2137

10 0f 13

to those reported by other groups [7,8,25]. It is possible that in this study the tendon
samples were accessed at a later stage of disease when infectious viruses were absent in the
synovium, or, other factors (perhaps suboptimal transport or storage conditions) prevented
the isolation of ARVs in the laboratory.

A main objective of the study was the description of strain diversity as recent reports
from parts of the world imply that probable vaccine breakthrough events are associated
with emerging strains that often share low genetic similarity with vaccine strains [7].
Despite the short study period, considerable countrywide diversity of ARV strains was
seen in Hungary indicating that multiple genotypes circulate simultaneously. During
the short survey period we identified the five globally common genetic clusters [26,27].
These five clusters were defined as Kant and co-workers suggested [20]. We did not ignore
the efforts by other authors who wished to extend this classification scheme with a sixth
genotype [2,6,21,22]; however, relevant studies in this respect are controversial and, in some
studies, the newly assigned sixth genetic cluster is clearly a divergent branch within one
of the originally identified genetic clusters (Figure 4). Thus, in the absence of agreement
concerning classification of ARVs, we chose to use the original scheme recommended in
the early 2000s and this decision was supported by the finding that all study strains could
be classified into the extant clusters reported by Kant et al. [20].

Most of the isolates belonged to cluster 2 (n = 43); this was followed by cluster 4 strains
(n = 24), then cluster 1 and 5 strains (with two isolates each) and cluster 3 with a single
identified strain.

Furthermore, when analyzing the strains’ origin within each genotype, close related-
ness was seen between some Hungarian cluster 2 and cluster 4 strains and those originated
from Romania, Russia and Ukraine, respectively. Poultry trade between these countries
may have contributed to the spread of strains with shared oC gene, however, given that
reoviruses readily undergo reassortment, a whole genome analysis would be needed to
assess the true genetic similarity between strains and potentially imply trade-associated
spread of ARV clones. Simple methods to generate reoviral whole genome sequences are
available and these procedures can be readily integrated in laboratory workflows whenever
the origin and transmission routes of ARVs becomes a matter of scientific interest or legal
debate [24,28].

Literature data show that cluster 1 strains are globally common [4,26]. In our study,
cluster 1 strains were found in two out of 72 isolates (3%) with available sequence data,
furthermore, these two cluster 1 isolates were only distantly related to S1133. Additionally,
cluster 1 strains are relatively often reported from wild birds. Of interest, some of these
wild bird origin ARV strains are closely related to the vaccine strain, 51133, which is
widely used in live attenuated vaccines [29,30]. These findings raise some intriguing
questions concerning the risk of infection of wild birds in close contact with flocks of chicken
vaccinated with 51133 and their possible role in perpetuating of chicken-associated ARV
strains among birds in nature. Nonetheless, vaccine-derived (i.e., S1133-like) reoviruses
were not isolated in this study, a finding that indicates that the length of vaccine strain
shedding did not overlap with sampling, or, there might have been other factors that
prevented the isolation of vaccine strains. Similar to cluster 1 strains, cluster 2 to cluster
5 strains are also geographically widespread, and strains belonging to these four clusters
were reported from all five continents [26]. Outbreaks in America have been dominated by
cluster 1, 2 and 5 strains. Interestingly, only a few cluster 4 isolates were identified in South
America, while in North America cluster 4 strains were detected in high numbers, even if it
was not the dominant genotype [2,4,6,20-23,26,31,32]. From European countries (such as,
Hungary, Germany, Greece, Poland, Romania, Russia, Spain, Ukraine and the Netherlands),
mostly cluster 4 isolates were reported, and clusters 4 and 2 strains were predominant in
Asia and the Middle East [5,11,20,24,26].

In this study, ARVs were detected from birds with clinical presentation of runting-
stunting syndrome, lameness, uneven growth rate and increased mortality in the flock.
We could not find any association between the phylogenetic classification of the isolates
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and the disease caused by ARV, although the number of samples was relatively low
(41 genotyped ARV strains from 10 flocks with ARV associated syndromes). Similar
findings were published by Kant et al. (2003) in their milestone genetic characterization
study, and a lack of association between pathology and oC based phylogeny was reported in
subsequent studies [2,5,20,22,26]. Thus, accumulating evidence suggests that cC genotype
specificity may not be at all or may not be the only viral determinant associated with
a particular ARV-related disease. It is likely that other genetic features, including some
relevant mutations in key genes, or, the constellation of a particular set of ARV gene variants
may contribute to the pathogenicity. There is no doubt that ARV research would benefit
from the future development of a plasmid-based reverse genetics system and the toolset of
site-directed mutagenesis.

5. Conclusions

In conclusion, this study reaffirms the worldwide distribution of the major genetic
clusters of chicken origin ARVs. The diversity of strains isolated from unvaccinated broilers
was greater than those detected from vaccinated animals (i.e., broiler breeders), but further
investigations are needed to understand the relative importance of different vaccination
schemes on the selection of novel strains in different chicken breeds.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/ani13132137/s1.

Author Contributions: B.G., K.B. and S.F. contributed to the study conception and design. Ma-
terial preparation, data collection, and analysis were performed by B.G., R.V.-K,, K.I., EK., M.D.
and S.F. The first draft of the manuscript was written by B.G. and all authors commented on pre-
vious versions of the manuscript. All authors have read and agreed to the published version of
the manuscript.

Funding: This work was supported by the National Scientific Research Fund of Hungary [K120201].
Additional support was provided by the National Laboratory for Infectious Animal Diseases, Antimi-
crobial Resistance, Veterinary Public Health, and Food Chain Safety, RRF-2.3.1-21-2022-00001.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The datasets generated during the current study are available in the
GenBank under the accession numbers OP816667-OP816738.

Acknowledgments: We thank Imre Horvath-Papp for sharing the samples collected in Romania,
Ukraine and Russia.

Conflicts of Interest: B.G. is employed by Intervet Hungaria Kft. The remaining authors declare that
the research was conducted in the absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

1. Jones, R.C. Reovirus Infections. In Diseases of Poultry, 13th ed.; Swayne, D.E., Ed.; Wiley-Blackwell: Hoboken, NJ, USA, 2013;

pp- 351-373.

2. Ayalew, LEE.; Gupta, A.; Fricke, ]J.; Ahmed, K.A.; Popowich, S.; Lockerbie, B.; Tikoo, S.K.; Ojkic, D.; Gomis, S. Phenotypic,
genotypic and antigenic characterization of emerging avian reoviruses isolated from clinical cases of arthritis in broilers in
Saskatchewan, Canada. Sci. Rep. 2017, 7, 3565. [CrossRef] [PubMed]

3.  Banyai, K; Dandar, E.; Dorsey, K.M.; Mato, T.; Palya, V. The genomic constellation of a novel avian orthoreovirus strain associated
with runting-stunting syndrome in broilers. Virus Genes 2010, 42, 82-89. [CrossRef] [PubMed]

4. De Carli, S.; Wolf, ] M.; Gréf, T.; Lehmann, EK.M.; Fonseca, A.S.K.; Canal, C.W.; Lunge, V.R. Genotypic characterization and
molecular evolution of avian reovirus in poultry flocks from Brazil. Avian Pathol. 2020, 49, 611-620. [CrossRef] [PubMed]

5. Goldenberg, D.; Pasmanik-Chor, M.; Pirak, M.; Kass, N.; Lublin, A.; Yeheskel, A.; Heller, D.; Pitcovski, J. Genetic and antigenic
characterization of sigma C protein from avian reovirus. Avian Pathol. 2010, 39, 189-199. [CrossRef]


https://www.mdpi.com/article/10.3390/ani13132137/s1
https://www.mdpi.com/article/10.3390/ani13132137/s1
https://doi.org/10.1038/s41598-017-02743-8
https://www.ncbi.nlm.nih.gov/pubmed/28620186
https://doi.org/10.1007/s11262-010-0550-z
https://www.ncbi.nlm.nih.gov/pubmed/21116842
https://doi.org/10.1080/03079457.2020.1804528
https://www.ncbi.nlm.nih.gov/pubmed/32746617
https://doi.org/10.1080/03079457.2010.480969

Animals 2023, 13, 2137 12 0f13

10.

11.

12.

13.
14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Lu, H.; Tang, Y.; Dunn, P.A.; Wallner-Pendleton, E.A.; Lin, L.; Knoll, E.A. Isolation and molecular characterization of newly
emerging avian reovirus variants and novel strains in Pennsylvania, USA, 2011-2014. Sci. Rep. 2015, 5, 14727. [CrossRef]
Sellers, H.S. Current limitations in control of viral arthritis and tenosynovitis caused by avian reoviruses in commercial poultry.
Vet. Microbiol. 2017, 206, 152-156. [CrossRef]

Souza, S.O.; De Carli, S.; Lunge, V.R.; Ikuta, N.; Canal, C.W.; Pavarini, S.P,; Driemeier, D. Pathological and molecular findings of
avian reoviruses from clinical cases of tenosynovitis in poultry flocks from Brazil. Poult. Sci. 2018, 97, 3550-3555. [CrossRef]
Troxler, S.; Rigomier, P; Bilic, I.; Liebhart, D.; Prokofieva, I.; Robineau, B.; Hess, M. Identification of a new reovirus
causing substantial losses in broiler production in France, despite routine vaccination of breeders. Vet. Rec. 2013, 172,
556. [CrossRef]

Matthijnssens, J.; Attoui, H.; Banyai, K.; Brussaard, C.P.D.; Danthi, P.; del Vas, M.; Dermody, T.S.; Duncan, R.; Fang, Q.; Johne,
R.; et al. ICTV Virus Taxonomy Profile: Spinareoviridae 2022. J. Gen. Virol. 2022, 103, 001781. [CrossRef]

Dandar, E.; Balint, A.; Kecskeméti, S.; Szentpali-Gavallér, K.; Kisfali, P.; Melegh, B.; Farkas, S.L.; Banyai, K. Detection and
characterization of a divergent avian reovirus strain from a broiler chicken with central nervous system disease. Arch. Virol. 2013,
158, 2583-2588. [CrossRef]

Davis, J.F,; Kulkarni, A.; Fletcher, O. Myocarditis in 9- and 11-Day-Old Broiler Breeder Chicks Associated with a Reovirus
Infection. Avian Dis. 2012, 56, 786-790. [CrossRef]

Jones, R.C. Avian reovirus infections. Rev. Sci. Tech. 2000, 19, 614-625. [CrossRef]

Hall, T.A. BioEdit: A User-Friendly Biological Sequence Alignment Editor and Analysis Program for Windows 95/98/NT. Nucleic
Acids Symp. Ser. 1999, 41, 95-98.

Larsson, A. AliView: A fast and lightweight alignment viewer and editor for large datasets. Bioinformatics 2014, 30, 3276-3278.
[CrossRef]

Altschul, S.E; Gish, W.; Miller, W.; Myers, EW.; Lipman, D.]. Basic local alignment search tool. . Mol. Biol. 1990, 215, 403-410.
[CrossRef]

Kearse, M.; Moir, R.; Wilson, A.; Stones-Havas, S.; Cheung, M.; Sturrock, S.; Buxton, S.; Cooper, A.; Markowitz, S.; Duran, C.; et al.
Geneious Basic: An integrated and extendable desktop software platform for the organization and analysis of sequence data.
Bioinformatics 2012, 28, 1647-1649. [CrossRef]

Kumar, S.; Stecher, G.; Li, M.; Knyaz, C.; Tamura, K. MEGA X: Molecular Evolutionary Genetics Analysis across Computing
Platforms. Mol. Biol. Evol. 2018, 35, 1547-1549. [CrossRef]

Mubhire, B.M.; Varsani, A.; Martin, D.P. SDT: A Virus Classification Tool Based on Pairwise Sequence Alignment and Identity
Calculation. PLoS ONE 2014, 9, e108277. [CrossRef]

Kant, A.; Balk, F; Born, L.; van Roozelaar, D.; Heijmans, J.; Gielkens, A.; ter Huurne, A. Classification of Dutch and German avian
reoviruses by sequencing the sigmaC protein. Vet. Res. 2003, 34, 203-212. [CrossRef]

Palomino-Tapia, V.; Mitevski, D.; Inglis, T.; van der Meer, F.; Abdul-Careem, M.F. Molecular characterization of emerging avian
reovirus variants isolated from viral arthritis cases in Western Canada 2012-2017 based on partial sigma (o)C gene. Virology 2018,
522, 138-146. [CrossRef]

Yamaguchi, M.; Miyaoka, Y.; Hasan, A.; Kabir, H.; Shoham, D.; Murakami, H.; Takehara, K. Isolation and Molecular Characteriza-
tion of Fowl Adenovirus and Avian Reovirus from Breeder Chickens in Japan in 2019-2021. J. Vet. Med. Sci. 2022, 84, 238-243.
[CrossRef] [PubMed]

De la Torre, D.; Astolfi-Ferreira, C.S.; Chacén, R.D.; Puga, B.; Piantino Ferreira, A.]. Emerging new avian reovirus variants from
cases of enteric disorders and arthritis/tenosynovitis in Brazilian poultry flocks. Br. Poult. Sci. 2021, 62, 361-372. [CrossRef]
[PubMed]

Farkas, S.L.; Marton, S.; Dandar, E.; Kugler, R.; Gal, B.; Jakab, E.; Balint, A.; Kecskeméti, S.; Bényai, K. Lineage diversification,
homo- and heterologous reassortment and recombination shape the evolution of chicken orthoreoviruses. Sci. Rep. 2016, 6, 36960.
[CrossRef] [PubMed]

Croville, G.; Delpont, M.; Genin, ].; Robertet, L.; Delverdier, M.; Lucas, M.N.; Guerin, J.L. Avian reovirus outbreak associated with
tenosynovitis in the French label certified poultry production. In Proceedings of the 13émes Journées de la Recherche Avicole et
Palmipedes a Foie Gras, Tours, France, 2021 March 2019; pp. 228-233.

Kovécs, E.; Varga-Kugler, R.; Mato, T.; Homonnay, Z.; Tatar-Kis, T.; Farkas, S.; Kiss, I.; Banyai, K.; Palya, V. Identification of the
main genetic clusters of avian reoviruses from a global strain collection. Front. Vet. Sci. 2023, 9, 1094761. [CrossRef] [PubMed]
Sellers, H.S. Avian Reoviruses from Clinical Cases of Tenosynovitis: An Overview of Diagnostic Approaches and 10-Year Review
of Isolations and Genetic Characterization. Avian Dis. 2022, 66, 420-426. [CrossRef]

Chrzastek, K.; Sellers, H.S.; Kapczynski, D.R. A Universal, Single-Primer Amplification Protocol to Perform Whole-Genome
Sequencing of Segmented dsRNA Avian Orthoreoviruses. Avian Dis. 2022, 66, 479—-485. [CrossRef]

Choi, Y.-R,; Kim, S.-W.; Shang, K.; Park, J.-Y.; Zhang, J.-F; Jang, H.-K.; Wei, B.; Cha, S.-Y.; Kang, M. Avian Reoviruses
from Wild Birds Exhibit Pathogenicity to Specific Pathogen Free Chickens by Footpad Route. Front. Vet. Sci. 2022, 9,
844903. [CrossRef]

Kim, 5.-W.; Choi, Y.-R,; Park, J.-Y.; Wei, B.; Shang, K.; Zhang, J.-F; Jang, H.-K.; Cha, S.-Y.; Kang, M. Isolation and Genomic
Characterization of Avian Reovirus from Wild Birds in South Korea. Front. Vet. Sci. 2022, 9, 794934. [CrossRef]


https://doi.org/10.1038/srep14727
https://doi.org/10.1016/j.vetmic.2016.12.014
https://doi.org/10.3382/ps/pey239
https://doi.org/10.1136/vr.101262
https://doi.org/10.1099/jgv.0.001781
https://doi.org/10.1007/s00705-013-1739-y
https://doi.org/10.1637/10267-060712-Case.1
https://doi.org/10.20506/rst.19.2.1237
https://doi.org/10.1093/bioinformatics/btu531
https://doi.org/10.1016/S0022-2836(05)80360-2
https://doi.org/10.1093/bioinformatics/bts199
https://doi.org/10.1093/molbev/msy096
https://doi.org/10.1371/journal.pone.0108277
https://doi.org/10.1051/vetres:2002067
https://doi.org/10.1016/j.virol.2018.06.006
https://doi.org/10.1292/jvms.21-0616
https://www.ncbi.nlm.nih.gov/pubmed/34980758
https://doi.org/10.1080/00071668.2020.1864808
https://www.ncbi.nlm.nih.gov/pubmed/33448227
https://doi.org/10.1038/srep36960
https://www.ncbi.nlm.nih.gov/pubmed/27830770
https://doi.org/10.3389/fvets.2022.1094761
https://www.ncbi.nlm.nih.gov/pubmed/36713877
https://doi.org/10.1637/aviandiseases-D-22-99990
https://doi.org/10.1637/aviandiseases-D-22-99999
https://doi.org/10.3389/fvets.2022.844903
https://doi.org/10.3389/fvets.2022.794934

Animals 2023, 13, 2137 13 0f 13

31. Egafia-Labrin, S.; Hauck, R.; Figueroa, A.; Stoute, S.; Shivaprasad, H.L.; Crispo, M.; Corsiglia, C.; Zhou, H.; Kern, C.; Crossley,
B.; et al. Genotypic Characterization of Emerging Avian Reovirus Genetic Variants in California. Sci. Rep. 2019, 9, 9351. [CrossRef]

32. Tang, Y.; Lu, H. Genomic characterization of a broiler reovirus field strain detected in Pennsylvania. Infect. Genet. Evol. 2015, 31,
177-182. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1038/s41598-019-45494-4
https://doi.org/10.1016/j.meegid.2015.01.029

	Introduction 
	Materials and Methods 
	Samples, Data, and Laboratory Processing 
	Virus Isolation 
	Nucleic Acid Extraction and Amplification of C Gene 
	Data Analysis 

	Results 
	Incidence of ARVs in Chicken 
	Study Strain Classification, Pathology, Molecular Epidemiology 

	Discussion 
	Conclusions 
	References

