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Introduction 

The Reoviridae family – according to current classification – includes 15 genera, namely: 

Cardoreovirus, Mimoreovirus, Orbivirus, Phytoreovirus, Rotavirus, Seadomavirus, 

Aquareovirus, Coltivirus, Cypovirus, Dinovemavirus, Fijivirus, Idnoreovirus, Mycoreovirus, 

Orthoreovirus, Oryzavirus (http://www.ictvonline.org). These viruses not only infect humans 

and other vertebrates (fishes, reptiles, birds, mammals), but are also found in invertebrates 

(clams, insects), fungi and plants (Medveczky et al., 1998, Mertens et al., 2000, Schiff et al., 

2007). Some virus genera are important in public and animal health. 

Avian orthoreoviruses (ARV) belong to the genus Orthoreovirus. These viruses are of 

economic importance, capable of causing significant damage to poultry farms. Clinical 

manifestation of orthoreovirus infections is very diverse, including: arthritis, gastrointestinal 

malabsorption syndrome, myocarditis, pericarditis, hepatitis, osteoporosis and respiratory 

symptoms (Chappell et al., 2000, Jones 2000). However, in approximately 80% of the cases 

the infection does not produce any symptoms (Benavente & Martinez-Costas, 2007).  

The pathogen can spread through air or fecal-oral transmission; there is no known vector 

(Chappell et al., 2000). Most poultry infections are age-dependent; adult animals are more 

resistant against the virus than younger specimens (Benavente & Martinez-Costas, 2007). 

Despite the fact that avian orthoreoviruses can cause significant losses in poultry farms, 

there is a lack of data regarding their characteristics. To this day, we still know very little - 

among other things – about their genome and their evolutionary background, the diversity of 

individual virus strain genomes, and the occurrence of different virus strains in same and 

foreign host species. 
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Aims of the study 

1. Genome sequencing of avian orthoreovirus strains derived from various host species 

originating from Hungary and international sources using different genome amplification 

and sequencing methods. 

2. Describing the genomic organization of avian orthoreovirus strains and investigating the 

phylogenetic connections using bioinformatics tools. 

Materials and Methods 

Reovirus positive samples, virus isolates 

The 21 virus strains used in our experiments have been provided for us in the forms of 

tissue pieces, faeces, tissue supernatants and lyophilizates by CEVA Phylaxia Zrt., the 

National Food Chain Safety Office (NÉBIH) and members of staff at the Haartman Institute-

University of Helsinki. 

We analyzed orthoreovirus strains derived from the following host species: a crow (Corvus 

corne cornix), a domestic goose (Anser anser domestica), a pheasant (Phasianus colchicus) 

and a partridge (Perdix perdix); furthermore, two Muscovy ducks (Cairina moschata), three 

domesticated turkeys (Meleagris gallopavo) and twelve chickens (Gallus gallus domesticus). 

Cell lines 

The orthoreovirus strains isolated from chicken, domesticated turkey, Muscovy ducks, 

domestic goose, partridge, pheasant and crow have been amplified in CEK (Chicken Embryo 

Kidney) primary culture, LMH (chicken-derived leghorn male hepatoma) and/or BHK-21 cell 

lines and the cell-free supernatant has been used to extract viral RNA. 

Molecular methods 

Viral RNA extraction has been performed using the TRIzol method or the QIAmp Viral 

RNA Mini Kit (QIAgen), according to the manufacturers’ instructions. 

The gene amplification method has been selected depending on the sequencing method. 

We used one- or two-step RT-PCR upon determining the sequence of the amplified gene- or 

genome segments using the traditional (Sanger) sequencing. In this case, we designed 

specific and degenerate primers. In other cases, when using high-throughput next generation 

sequencing, we amplified the genome segments using random RT-PCR. We used traditional 
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(Sanger) sequencing for determining the genomic sequence of three strains. In all other 

cases we used next generation sequencing (Ion-Torrent RGM). 

We adapted the method described by Lambden et al. (1992) to determine sequences at 

the 5’ and 3’ ends of the genome segments. 

Sequence analysis and phylogenetics 

To analyze the sequencing data, we did sequence alignments (MULTALIN, GeneDoc). 

Genes were identified using BLASTN and BLASTX (Altschul et al., 1990) alignment search 

tools. 

Data generated by the Ion Torrent sequencing machine was analyzed by the CLC 

Genomics Workbench (www.clcbio.com) software. 

To generate phylogenetic trees, we used the MEGA 5 software (Tamura et al., 2011). We 

selected the best fit substitution model with the help of maximum likelihood (ML) tree-

reconstruction algorithm and Bayesian information criterion. The reliability of the phylogenetic 

tree has been validated by bootstrap analysis repeated 500 times.
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Results 

Genomic composition of avian orthoreoviruses 

The full-length size of the orthoreovirus genomes analyzed by us, depending on the strain, 

were between 22969-23579 base pairs (bps). Each genome segments started and ended 

with a short, highly conserved section. In the case of the crow orthoreovirus, they differed 

from the others on the 5’ end, whereas the segment at the 3’ end was typical in all of the 

analyzed strains. 

The sizes of segments sequenced in full-length was the following: L1 3958-3993 bps, L2 

3796-3829 bps, L3 3902-3907 bps, M1 2282-2288 bps, M2 2154-2158 bps, M3 1996-2026 

bp, S2 1322-1327 bp, S3 1169-1203 bps, S4 1192-1201 bps. The length of untranslated 

regions was between 12-62 bps on the 5’ ends and 30-98 on the 3’ ends. The segments – as 

generally seen in orthoreoviruses – are usually monocistronic. The sizes of translated 

proteins were the following: λA 1293-1295 amino acid (aa), λB 1259 aa, λC 1283-1285 aa, 

µA 732-737 aa, µB 676-675 aa, µNS 630-639 aa, σA 416 aa, σB 367 aa, σNS 367-368 aa. 

The σC protein coding S1 and S4 segments were exceptions. In the case of chicken, turkey, 

partridge and crow orthoreoviruses, the S1 consisted of three partially overlapping ORFs; 

they coded products with the following lengths: p10: 96-99 aa, p17: 146-172 aa and σC: 326 

aa. In the Muscovy duck and domestic goose S1-equivalent S4 segment was found to be 

polycistronic. These strains carried two partially overlapping ORFs on this gene segment, 

encoding the σC (269 aa) and the p10 (95 aa) proteins. 

Phylogenetic analyses - Tvärminne avian virus (TVAV) 

The comparison of main members of the genus Orthoreovirus revealed that the topology 

of the phylogenetic trees, even if slightly, varies by genes. At the same time, in general, the 

TVAV belonged to the same clade as avian orthoreoviruses and appeared to be closely 

related to some bat orthoreoviruses and in an especially close relationship with the unique 

sea lion-isolate SSRV strain. Sequencing data that are more detailed than S-class segments 

suggest that the SSRV and parrot reoviruses might belong to the same species and 

therefore in the case of these genes the TVAV also appears to be in close relationship with 

the psittacine orthoreovirus strains. 

 The analysis of sequence similarity numbers revealed that six out of ten genes shows 

less than 60% (nt) value and only 3 core proteins (λA, λB, σA), and the outer capsid forming 

μB gave >60%, but <75% nt identity with the reference sequences.  
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Phylogenetic analyses – Gallinaceous bird and waterfowl orthoreoviruses 

Most of the analyzed orthoreovirus strains originated from poultry and species that are 

bred for hunting purposes. In my dissertation, I give a detailed comparative analysis of these 

strains by genes and host species. After summarizing the results in short, in general, the 

phylogenetic analyses put the orthoreoviruses of waterfowl (ducks, geese) and gallinaceous 

birds in two separate evolutionary lineages. 

We identified two distinct clusters of waterfowl orthoreoviruses using phylogenetic 

analyses. One of the clusters consists of the classical disease causing Asian and European 

Muscovy Duck Reoviruses (MDRV), and, in the case of at least eight genes, also the strain 

that has been isolated from the Hungarian domestic goose. The other cluster contains the 

recently identified novel duck and goose strains (Novel MDRV, N-MDRV) described in China. 

We did not observe the segregation of strains by host species in the latter cluster. In the case 

of the μNS and σA coding genes, the goose strain from Hungary was a member of a 

separate cluster. To make things more complex, in case of some genes, the MDRV and N-

MDRV strains were categorized in the opposite clusters. Looking at the μB coding gene, the 

N-MDRV strains showed closer genetic relationship with the gallinaceous bird 

orthoreoviruses than the classical disease causing MDRV strains’ homologous gene 

segments. 

The segregation by host species – partly due to the increased number of sequences and 

the more diverse geographical source – was more explicit in the case of gallinaceous bird 

orthoreoviruses. The chicken orthoreoviruses, depending on the genes, can be organized in 

two (or in some cases three) major clusters. One of the major clusters contains the strains 

that have spread through large geographical locations, whereas the other major cluster 

consisted almost exclusively of strains from Hungary. The sequence identity between 

clusters in most comparisons was between 75% nt and 80% aa.  

We observed even lower numbers in the case of σC coding genes. Another interesting 

thing came to our attention while analyzing μB. We identified a formerly unknown 

heterogenic form of this gene in three strains derived from Hungarian chickens. This gene 

variant showed ~65% nt and ~69% aa identity with other chicken reoviruses. This similarity 

value is close to the sequence similarity threshold that is used when orthoreoviruses are 

categorized as separate species. 

The analyzed turkey orthoreoviruses originated from two countries: USA and Hungary. 

Surprisingly, in most cases, the genetic identity of the strains collected from two separate 

geographical regions showed a high level (typically >90% for both nt and aa). The μB gene 

was an exception, in which case the turkey derived strains belonged to two independent 

evolutionary lineages. In general, we also observed that turkey orthoreoviruses were in 
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closer relationship to the dominant chicken orthoreovirus cluster, than with the genetic cluster 

containing most chicken orthoreoviruses found in Hungary. 

The phylogenetic state of the genetically formerly not defined pheasant and partridge 

orthoreoviruses showed further interest. Albeit to this day we could not determine the 

complete genomic sequence of the pheasant strain, we gathered information about most of 

its genome. According to the phylogenetic calculations, the domestically isolated pheasant 

and partridge orthoreovirus strains shared the same cluster in the case of at least eight 

genes. These shared clusters, in certain cases, showed closer relationship with the 

domesticated turkey orthoreoviruses, whereas in other cases with the chicken 

orthoreoviruses. In the matter of the λA and μNS coding genes, either each or both strains 

represented an independent lineage, separate from the clades containing waterfowl derived 

and the chicken and turkey derived strains. 
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Discussion 

Although in the past two-three years, the amount of data regarding the genomic 

organization of orthoreoviruses, therefore avian orthoreoviruses has increased rapidly, by the 

time I started my PhD work only two complete or almost complete ARV genome sequences 

were known. The data later generated by us and other research groups not only aided in 

developing a better understanding of the genomic organization of ARV strains, but also 

helped in understanding the evolutionary connections between the strains.  

Genomic organization of orthoreoviruses 

The structural organization of avian orthoreovirus genomes and genome segments did not 

differ significantly from the previously published results. The size of the genome averaged 

between 23-23.5 bps. We identified untranslated regions at the 5’ and 3’ ends of the 10 

genome segments in the 21 analyzed ARV strains that had evolutionarily conserved 

sequences by genes and host species. Regarding the protein coding regions that are 

localized between the untranslated regions, we found that L1-L3, M1-M3 and S2-S4 

segments were monocistronic in all cases, whereas the S1 segment is bi- or tricistronic. The 

number of coded proteins is 11 or 12; their size is proportional to the length of the genome 

segment (Benavente & Martinez-Costas, 2007). The polycistronic S1 genome segment was 

an exception, as it is the longest among the S-class segments, but the encoded σC protein is 

the shortest among structural proteins. 

In the case of waterfowl, one important structural difference was between the S1 and its 

equivalent S4 segments. In the matter of classical MDRVs, the S4 segment is bicistronic with 

two partially overlapping ORFs, while the S1 segment of N-MDRVs – similarly to 

gallinaceous bird reovirus strains – is tricistronic (Costas et al., 2005; Schmulevitz & Duncan, 

2000).  

Tvärminne avian virus (TVAV) – a potentially new orthoreovirus species 

The TVAV showed mild sequence-identity with the previously known strains that are 

classified as separate orthoreovirus species; upon individual gene comparison, in many 

cases these values were lower than the species demarcation threshold levels accepted by 

the ICTV. In conclusion, the sequence similarity data and the phylogenetic calculations 

suggests that TVAV can be considered as a new orthoreovirus species (Dandár et al., 2014). 
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The evolutionary history of gallinaceous bird and waterfowl orthoreoviruses 

Our molecular studies revealed significant genetic similarities between the Classical 

MDRV and the novel N-MDRV variants. One exception is the µB coding gene, responsible 

for virus penetration, in which case the N-MDRVs are in close relationship with the chicken 

derived ARVs. The waterfowl derived orthoreovirus strains investigated by us – according to 

their molecular structure – can be classified as Classical MDRVs. The analyses showed that 

in case of the strains derived from two Muscovy ducks and a domestic goose, similarly to a 

number of MDRV and N-MDRV isolates from China, belong to the ARV virus species. 

However, on the phylogenetic trees, these strains – with the exception of the previously 

mentioned µB – were in all cases separated from the chicken and turkey derived 

orthoreovirus species.  

Phylogenetic analysis of the gallinaceous bird orthoreoviruses revealed that although the 

turkey derived strains form separate branches inside the evolutionary trees, these branches 

often belong to the same cluster along with chicken derived orthoreovirus strains. One 

explanation could be that chicken and turkey are taxonomically related to each other and 

these species were kept together in poultry yards in the past; therefore, their orthoreoviruses 

probably had a common ancestor and adapted to their currently known host species through 

various evolutionary mechanisms.  

Opposite of the relatively small genetic variability observed in turkey derived orthoreovirus 

strains, the genes of chicken orthoreovirus strains could be organized to many large clusters. 

In some of the major clusters, we can only find strains originating from Hungary. The long 

branches in the topology of some phylogenetic trees suggested the amplification of point 

mutations, whereas the heterogenic distribution of some strains suggested reassortment.  

Analysis of the M2 segment made our observations regarding the importance of 

reassortment less clear. Three chicken derived orthoreovirus strains clustered together as a 

separate branch of the phylogenetic tree. Due to the not so close genetic relationship, we 

assume that the M2 segment was a component of a sole orthoreovirus species derived from 

a foreign host species, which was later inserted into the homologous chicken orthoreovirus 

genome through reassortment. If our assumption is correct, that could mean that in certain 

cases it is possible to exchange genes between different orthoreovirus species. 

Phylogenetic analysis of the homologous pheasant and partridge derived orthoreovirus 

strains currently only leaves us with limited options in exploring the evolutionary background 

of these strains. At the same time, genomes of the analyzed strains showed a mixed, part 

chicken and part turkey derived, mosaic genetic composition that was further complicated by 

the acquisition of genes with standalone phylogenetic ancestry, during the evolution of these 

strains.
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New scientific achievements and conclusions 

1. We were the first to determine the genomic sequence of the hooded crow (Corvus 

corne cornix) derived orthoreovirus. After phylogenetic analyses, we suggested the 

creation of the new reovirus species Corvid reovirus (CRV). 

2. We were the first to determine the genomic sequence of the Muscovy duck (Cairina 

moschata) and domestic goose (Anser anser domestica) derived virus strain. We 

found that all three strains belong to the MDRVs with classical genome organization, 

however we pointed out the possibility of reassortment between Classical MDRV and 

N-MDRV strains; disproving the geographical separation hypothesis of the two 

pathotypes. 

3. We were the first to analyze the pheasant (Phasianus colchicus) derived ARV strain 

with molecular methods. Furthermore, we were the first to determine the genomic 

sequence of a partridge (Perdix perdix) derived orthoreovirus isolate. Due to their 

roles as reservoirs, we suspect that these host species are important in the 

construction/maintenance of the genetic composition of turkey and chicken 

reoviruses. 

4. We were the first to determine the protein coding sequences of the domesticated 

turkey (Meleagris gallopavo) derived orthoreovirus originating from Europe, pointing 

out the high genetic similarity between strains isolated from different geographical 

locations. 

5. We were the first to determine the genomic sequences of orthoreovirus isolates that 

were derived from chicken (Gallus gallus domesticus) without tenosynovitis. 

6. After the analysis of a couple of dozen orthoreovirus strains that we investigated 

phylogenetically, we concluded that there are conserved patterns in the genetic 

composition of orthoreoviruses in different host species, however the reassortment 

with strains derived from a foreign host species allows the insertion of new gene 

variants. 
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