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Abstract: Piscine orthoreovirus (PRV-1) causes heart and skeletal muscle inflammation (HSMI) in
farmed Atlantic salmon (Salmo salar). Recently, a novel PRV (formerly PRV-Om, here called PRV-3),
was found in rainbow trout (Oncorhynchus mykiss) with HSMI-like disease. PRV is considered to be
an emerging pathogen in farmed salmonids. In this study, molecular and antigenic characterization
of PRV-3 was performed. Erythrocytes are the main target cells for PRV, and blood samples that
were collected from experimentally challenged fish were used as source of virus. Virus particles
were purified by gradient ultracentrifugation and the complete coding sequences of PRV-3 were
obtained by Illumina sequencing. When compared to PRV-1, the nucleotide identity of the coding
regions was 80.1%, and the amino acid identities of the predicted PRV-3 proteins varied from
96.7% (λ1) to 79.1% (σ3). Phylogenetic analysis showed that PRV-3 belongs to a separate cluster.
The region encoding σ3 were sequenced from PRV-3 isolates collected from rainbow trout in Europe.
These sequences clustered together, but were distant from PRV-3 that was isolated from rainbow trout
in Norway. Bioinformatic analyses of PRV-3 proteins revealed that predicted secondary structures and
functional domains were conserved between PRV-3 and PRV-1. Rabbit antisera raised against purified
virus or various recombinant virus proteins from PRV-1 all cross-reacted with PRV-3. Our findings
indicate that despite different species preferences of the PRV subtypes, several genetic, antigenic,
and structural properties are conserved between PRV-1 and-3.

Keywords: Piscine orthoreovirus; heart- and skeletal muscle inflammation; PRV-3; rainbow trout

1. Introduction

Rainbow trout (Oncorhynchus mykiss) is farmed in a variety of aquaculture systems in many
countries [1]. Traditionally, rainbow trout is farmed in freshwater systems for production of portion
size fish (300 g), while larger fish (3–5 kg) can be produced when fish are kept in seawater for the
major grow-out period. In Norway, rainbow trout is primarily produced in seawater, and the loss
of fish through the seawater stage has been estimated to 19% of the fish, mostly linked to infectious
diseases [2].
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In 2013, a new infectious disease was reported in rainbow trout in Norway. The disease occurred
in freshwater hatcheries lasting until after sea transfer, and was characterized by lesions resembling
those of heart and skeletal muscle inflammation (HSMI) in Atlantic salmon (Salmo salar), and by
anemia [3]. HSMI in Atlantic salmon is caused by Piscine orthoreovirus (PRV) [4,5]. Screening for
pathogens in the diseased rainbow trout revealed the presence of a PRV-like virus, and the nucleotide
sequence that was obtained for a 562 nt region of the S1 genomic segment revealed 85% identity to
PRV [3]. Experimental challenge studies in rainbow trout using blood as infective material, showed
efficient viral replication in blood cells and in heart [6]. Recently, a PRV that was genetically similar to
the rainbow trout PRV was reported in Coho salmon (Oncorhynchus kisutch) in Chile, suffering from an
HSMI-like disease [7].

HSMI was first reported in Atlantic salmon in Norway in 2004, and occurs primarily in the
marine phase. The disease leads to low to moderate mortality (0–20%), but has usually close to
100% morbidity [8]. The fish appear lethargic and anorectic and the histopathological changes include
mild to severe inflammatory changes in the compact and spongy layer of the myocardium with similar,
but milder changes in red skeletal muscle [9]. Disease outbreaks were initially reported to occur
primarily five to nine months after seawater transfer [10], but now commonly occur earlier with
an increasing number being detected already in the fresh water stage prior to sea water transfer [2].

PRV is recognized as a species of the genus Orthoreovirus, sub-family Spinareovirinae,
family Reoviridae. It is a non-enveloped, icosahedral non-fusogenic virus with a double-stranded
RNA (dsRNA) genome consisting of 10 linear segments L1-3, M1-3, S1-4 [4,11]. PRV is ubiquitous in
seawater farmed Atlantic salmon, but has also frequently been detected in apparently healthy wild
Atlantic salmon and in sea trout (Salmo trutta) [12]. The causality between a Norwegian PRV isolate and
HSMI in Atlantic salmon was recently proven [5], but others report experimental PRV infection without
pathology [13]. No viral genetic markers that were linked to virulence have been identified so far.
In farmed Atlantic salmon, PRV is now found to be present from freshwater pre-smolts until slaughter,
and the prevalence of infection increases after the sea transfer [14]. PRV infection in Atlantic salmon
and cases of HSMI have also been reported from Scotland, Chile, and western North America [7,15–17].

A third variant of PRV, named PRV-2, was recently recognized as the causative agent of
erythrocytic inclusion body syndrome (EIBS) in Coho salmon in Japan [18]. As the name of the
disease implies, erythrocytes are the main target cells for PRV-2, which are similar to PRV in Atlantic
salmon. The genomic organization of the Coho salmon PRV closely resembles that of the Atlantic
salmon PRV. Comparisons at the whole genome level revealed however that the Coho salmon virus is
genetically distinct, with a nucleotide identity of 73.4% in the coding regions [18]. In addition, a virus
resembling PRV has been isolated from wild freshwater fish, largemouth bass (Micropterus salmoides),
during a disease outbreak, and named large mouth bass reovirus (LMBRV) [19].

In this study, we have sequenced and analyzed the coding regions and the protein sequences
of the PRV variant infecting rainbow trout, and analyzed the antigenic properties of this virus when
compared to the PRV variant causing HSMI in Atlantic salmon. The phylogenetic analyses revealed that
the rainbow trout PRV is genetically different from Atlantic salmon PRV. In line with the nomenclature
used for the PRV infecting Coho salmon in Japan, i.e., PRV-2, we propose to name the PRV subtype
infecting Atlantic salmon PRV-1, and the PRV subtype infecting rainbow trout PRV-3 (previously named
PRV-Om).

2. Materials and Methods

2.1. Challenge Experiments

An in vivo experiment to generate PRV-3 positive material was carried out in the experimental
facilities at DTU-VET in Denmark in accordance with the recommendations that are outlined in
the current animal welfare regulations, under license No. 2013-15-2934-00976. The experimental
protocols were approved by the Danish Animal Research Authority. The health status of the fish and
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environmental conditions were monitored on a daily basis during the experiments. Rainbow trout
eyed eggs were provided by a commercial Danish fish farm that is officially free of infectious pancreatic
necrosis virus (IPNV), infectious hematopoietic necrosis virus (IHNV), viral hemorrhagic septicemia
virus (VHSV), and bacterial kidney disease (BKD). Following disinfection with iodine, the fish eggs
were hatched and grown in the wet laboratory facilities at the European Union Reference Laboratory
for fish disease (EURL, Copenhagen, Denmark) in UV-disinfected, recirculated tap water. Prior to
infection, the rainbow trout were moved into a high containment facility harboring flow-through
fresh water system, with a temperature of 12 ◦C ± 1 ◦C. For the production of challenge material,
fish (n = 15) with an average weight of 270 g were anesthetized in water containing benzocaine
(80 mg/L, Sigma) and injected i.p. with 0.1 mL homogenized blood cell pellet from PRV-3 infected
fish diluted 1:4 (v/v) in L-15 medium. The virus isolate (NOR/060214) originated from a rainbow
trout hatchery in Norway. The PRV-3 levels were monitored weekly by non-lethal blood sampling
from five fish, which were marked by clipping of the adipose fin to avoid repeated sampling of the
same fish. At three weeks post challenge (wpc), all of the fish were euthanized by immersing fish in
water containing high concentration of benzocaine (800 mg/L). Blood was collected in heparin tubes,
tested for PRV-3 levels by RT-qPCR, and stored at 4 ◦C. Plasma samples from the blood pellet were
used for Illumina sequencing.

Another challenge trial was carried out in the NMBU aquarium research facility in Oslo,
Norway in accordance with the recommendations of current animal welfare regulations, and the
protocols were approved by the Norwegian Animal Research Authority. Rainbow trout from AquaGen
AS (n = 22), average weight of 580 g were used. Upon challenge, the fish were anesthetized, as described
above, and i.p. injected with 0.1 mL lysate from PRV-3-infected blood cells (1:3 dilution) originating
from the previous experiment (Ct 22.8). The fish were reared in 500 L tanks with flow through
freshwater and hand-fed a commercial diet (Skretting, Stavanger, Norway), at a rate of 2% of calculated
biomass/tank/day. The PRV-3 viral load was determined weekly by RT-qPCR of blood collected by
non-lethal blood sampling from the caudal vein of three anesthetized fish, which were marked by
clipping of the adipose fin to avoid repeated sampling. When the Ct level for PRV-3 in 100 ng blood
cell RNA were below lower than 25, the fish were euthanized, and blood collected on heparinized
tubes. PRV-3 was purified from two blood samples (Ct 17.8 and 19.7). Purified virus was used for
transmission electron microscopy and western blotting.

2.2. Virus Purification

Purification of PRV particles was performed, as previously described using CsCl density gradient
and optimized for PRV from heparinized salmon blood sample [5,20]. In brief, 0.5 mL heparinized
blood was mixed with 4.5 mL L15 medium and homogenized by sonication at 20 kHz for 30 s.
Then, 10% sodium deoxycholate (SOC) was added (1:50), the samples were vortexed and left to
stand for 5 min. This was repeated once, and samples were then incubated for 30 min on ice,
emulsified with solvent vertrel XF, and centrifuged at 9000× g for 10 min at 4 ◦C to remove cell
debris. The supernatant (4.2 mL) was layered over a CsCl gradient composed of 4.2 mL, 1.22 g/mL,
and 4.2 mL 1.45 g/mL. Ultracentrifugation was performed at 30,000× rpm for 16 h, 4 ◦C using
a SW 40TI rotor (Beckman Coulter, Brea, CA, USA) in an Optima LE 80K Ultracentrifuge (Beckman).
Fractions of 0.5 mL were collected using a syringe with a 23 G needle. The density of the fractions
was determined by cross referencing the refractive index [21]. The viral loads of all the fractions were
estimated by RT-qPCR [5]. Fractions with a density corresponding to that of PRV-1 and low Ct values
were chosen for dialysis. Samples were injected into Slide-A-Lyzer Cassette (G2 3.5 kDa MWCO,
Thermo Fisher Scientific) and dialyzed at 4 ◦C with Dulbecco’s PBS without Mg or Ca (Sigma-Aldrich)
for 1 h, 3 h, and then finally 12 h, separated by buffer changes.
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2.3. Transmission Electron Microscopy (TEM)

Ten microliters of the dialyzed samples were used for TEM imaging. Samples were placed on
paraffin film, and the 100 mesh carbon coated copper grids were placed over the drop for 1 min,
washed 5× with distilled water, and stained with 4% aqueous uranyl acetate acid for 3 s. Excess liquid
was removed and the grids were inspected in JEM 1400 Electron Microscope (JEOL Ltd., Tokyo, Japan),
equipped with a TVIPS TemCam-F216 camera (TVIPS GmbH, Gauting, Germany).

2.4. RNA Isolation and RT-qPCR

Total RNA was isolated from pelleted blood cells, purified viral particles, and plasma. A total
of 10 µL purified virus and plasma were diluted to 130 µL in PBS and added 420 µL Trizol LS
(Life Technologies). For blood pellet, a volume of 20 µL was added to 650 µL Qiazol (Qiagen).
The samples were homogenized in QIAzol Lysis Reagent using 5 mm steel beads and TissueLyser II
(Qiagen) for 2 × 5 min at 25 Hz. After the addition of chloroform, the samples were centrifuged and
the aqueous phase was transferred to RNeasy Mini spin column (Qiagen, Hilden, Germany). The RNA
purification followed the manufacturer’s instructions. The RNA was stored at −80 ◦C. The RT-qPCR
assays were performed using the Qiagen OneStep RT-PCR kit (Qiagen) adding 5 µl total RNA to
each reaction tube, following the reaction conditions that were recommended by the manufacturer.
The reverse transcription (RT) step was conducted at 50 ◦C for 30 min, followed by 95 ◦C for 15 min
and 40 cycles of 94 ◦C/30 s, 55 ◦C/30 s, and 72 ◦C/30 s. The primers and probes used in the PRV-3
specific assay have previously been described [3].

2.5. Illumina Sequencing and Genome Assembly

Total RNA extracted from 2 mL of pooled plasma originating from two individuals (Ct 25.78 and
26), from challenge trial 1 was added 0.1 volumes of 3 M sodium acetate (pH 7.5) and 2X volumes of
100% ethanol, and mixed gently. Macrogen (Seoul, Korea) performed library preparation using the
TruSeq RNA Library Prep Kit v2 (Illumina Inc., San Diego, CA, USA), followed by whole genome
de novo sequencing (101 bases, paired-end reads) on an Illumina HiSeq4000 platform (1/7th lane).
Sequences were de novo assembled using the genome assembler software SPAdes (version 3.10.1) [22].

2.6. Sequence and Phylogenetic Analyses

Multiple sequence alignments were performed using AlignX (Vector NTI AdvanceTM 11 package,
InfoMax, Inc.) and phylogenetic analysis in MEGA7 software [23]. Pairwise nucleotide and amino
acid sequence identities were calculated using the Sequences Identities and Similarities (SIAS) server
(http://imed.med.ucm.es/Tools/sias.html). Protein secondary structure predictions were performed
using PSIPRED v3.3, which is available at http://bioinf.cs.ucl.ac.uk/psipred/ [24]. The mVISTA
methods of alignment was used for the comparison of concatenated complete coding sequences of
PRV-3 genome segments with PRV-1, -2, and LMBRV [25]. Phylogenetic trees were constructed using
the RNA-dependent RNA polymerase (RdRp) sequence obtained for PRV-3 in the present study,
together with those from selected PRV-1 strains, PRV-2, Largemouth bass orthoreovirus (LMBRV),
and representative orthoreoviruses from mammals, fish, birds, and reptiles. Maximum likelihood (ML)
was used with the general time-reversible model of nucleotide substitution (best-fit substitution model
that was suggested by the program) with gamma distribution and invariable sites [26]. Bootstrap values
were calculated from 1000 replicates and values above 70 were considered to be significant [27,28].

Partial S1 sequences were obtained from PRV-3 strains from Europe (Denmark (3),
Scotland (1), Germany (1) and Italy (2)) in 2017-2018 (Table S1). Primers PRV-3S1-ORF_F
ATGGCGAACCATAGGACGGCGA and PRV-3-S1-ORF_R-TCACGCCGATGACCACTTGAGCA were
used in PCR. Amplification was carried out using Qiagen OneStep RT-PCR Kit (Qiagen), according to
the manufacturer’s instructions, with 25 pmol of each primer and 5 µl of template. RT-PCR conditions
were 30 min at 50 ◦C, 15 min at 95 ◦C, 30 cycles consisting in 30 s at 94 ◦C, 30 s at 70 ◦C (−0.5 ◦C per

http://imed.med.ucm.es/Tools/sias.html
http://bioinf.cs.ucl.ac.uk/psipred/
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cycle), and 1 min at 72 ◦C, followed by additional 30 cycles of 30 s at 94 ◦C, 30 s at 55 ◦C, and 1 min
at 72, and a final extension at 70 ◦C for 10 min. PCR products were separated by electrophoresis on
a 1.2% (w/v) agarose gel and the DNA bands obtained extracted and purified, following the protocol
of the QIAquick Gel Extraction Kit (Qiagen). Sequencing was done by Eurofins Genomics (Germany)
using the same primers as above.

Phylogenetic analysis of the partial S1 segment (876 nt) included the European PRV-3 strains,
the Norwegian isolate (NOR/060214), and PRV sequences from Norway, Canada, Chile, and Japan
were retrieved from GenBank (Table S1). Sequences were aligned by translation using MUSCLE
v.3.8.425 [29]. ML tree was estimated with the RAxML v.8.2.11 package [30], using the GTM model
with 1000 fast bootstrap replicates and 50% consensus Neighbor-Joining trees was also estimated,
as implemented in Geneious v.11.0.2 (Biomatters Ltd., Auckland, New Zealand)

2.7. SDS-PAGE and Western Blot

Heparinized blood from rainbow trout challenged with PRV-3 collected at 0 wpc and 5 wpc
were used in western blot (WB) analyses. Blood from Atlantic salmon, naïve or infected with PRV-1
were used as negative and positive controls, respectively [31]. Pelleted blood cells of equal volume
were added Nonidet-P40 lysis buffer containing complete ultra mini protease inhibitor cocktail (1:5)
(Sigma). Lysis was performed on ice for 30 min and the samples were then centrifuged at 5000× g
for 5 min. Supernatant mixed with XT buffer and XT reducing agent (Bio-rad) were heated for 5 min
at 95 ◦C and then loaded onto a 4–12% criterion XT bis-tris gel. Separated proteins were transferred
onto a PVDF membrane and incubated overnight at 4 ◦C with antiserum against PRV-1 proteins;
anti-σ1 (1:1000) [32], anti-σ3 (1:500) [13], anti-σNS (1:500) anti-µNS (1:1000) [33], anti-µ1C (1:500) [32],
anti-λ1 (1:500), and anti-PRV-1 (1:25) (antiserum against purified PRV-1 particles) [5]. Horse radish
peroxidase (HRP)-conjugated anti-rabbit IgG (Amersham, GE Healthcare, Buchinghamshire, UK)
(1:20,000) was used as secondary antibody. The Clarity Western ECL Substrate kit was used for
immunodetection (Bio-rad) and MagicMark as molecular weight ladder (XP Western Protein Standard,
Invitrogen). Images were acquired using ChemiDoc XRS+ system and Image one software (Bio-rad).

3. Results

3.1. Morphology of Purified PRV-3 Viral Particles

PRV-3 infected blood pellet (Ct 17.8 and 19.7) that was harvested from rainbow trout at 5 wpc was
used for purification. The CsCl gradient centrifugation did not yield a visible virus band, and fractions
were therefore collected blindly. Fractions with densities between 1.35 and 1.33 g/cm3 were pooled
and dialyzed. PRV-3 particles appeared in TEM as spherical, with an approximately 75 nm diameter.
The icosahedral capsids had two concentric electron dense layers (Figure 1). The appearance of the
viral particles are similar to from that previously observed for PRV-1 [5].

Figure 1. Transmission Electron microscope (TEM) image of negatively stained Piscine orthoreovirus
(PRV)-3 showing approximately 75 nm diameter, spherical shaped virion.
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3.2. The PRV-3 Genome

The genome sequencing and analysis confirmed that PRV-3 is closely related to PRV-1. A total of
106,257,190 Illumina reads (53,128,595 pairs) were generated, and de novo assembly produced a large
number of contigs. Several contigs had a high degree of amino acid sequence similarity to PRV-1.
Careful examination of high coverage contigs revealed that the PRV-3 genome consists of 10 gene
segments, similar to the orthoreoviruses.

Very high coverage was obtained for all segments, with average coverage ranging
430–652× (Table S2), but there was poorer coverage of the segment ends. These sequences could
not be determined for all of the genomic segments. The complete 3’-end sequence was determined
for segment L2 only, being identical to that of ortho- and aquareoviruses, (i.e., UCAUC-3’) [4,34,35].
The sequence at the 5’-ends were obtained for segments L1, L2, and S2, and was identical to that of
PRV-1 (5’-GAUAAA/U), differing from other orthoreoviruses [4]. All the sequences of the coding
regions of the PRV-3 genome were submitted to GenBank (MG253807-MG253816).

A detailed comparison of the PRV-3 coding sequences to PRV-1, PRV-2, and LMBRV was
performed (Figure 2). The comparison showed conserved regions across L, M, and S segments among
PRV, but only conservation between PRV and LMBRV was mainly seen for L1, L3, and M2. It has
previously been reported that PRV-2 λ1, µ1, and p13 contain amino acid residue gaps when compared
to PRV-1 [18]. The PRV-2 λ1 amino acid residue gap (T13) was shared by PRV-3. The remaining 10 open
reading frames (ORFs) in the PRV-3 and PRV-1 genomes were of equal size.

Figure 2. Stacked pair-wise conservation profile analysis. PRV-3 was used as a base sequence in an mVISTA
alignment comparing whole genome segments with PRV-1, PRV-2, and LMBRV. Areas in pink colored
regions illustrate >70% identities. The X-axis indicates the nucleotide sequence length in kb.

Pairwise nucleotide- and amino acid sequence identities between PRV-1 and -3 were
80.1% (segment range 76.5–87.9%) and 90.5% (79.1–96.7%) for the nucleotide and the amino acid
sequences, respectively. For PRV-3 versus PRV-2, the corresponding values were 72.9% (62.6–78.3%)
and 80.0% (59.7–93.0%), respectively (Table 1). The amino acid identities of PRV-1 and PRV-3 were
higher than the nucleotide identities for all the proteins, except σ3 and p13.
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Table 1. Identities of nucleotide and amino acid sequences of ORFs of PRV-1, -2, and -3. a Protein
nomenclature is based on PRV-1.

Segment Protein
Name a Predicted Function

PRV-3 &
PRV-1

PRV-3 &
PRV-2

PRV-1
&PRV-2

nt aa nt aa nt aa

L1 λ3 (Core
RdRp)

RNA-dependent RNA
polymerase 80.9 95.2 76.1 88.4 77.3 89.0

L2 λ2 (Core
turret)

Guanylyltransferase,
methyltransferase 77.8 90.0 70.9 77.1 71.1 76.9

L3 λ1 (Core
shell)

Helicase, NTPase, RNA
triphosphatase 80.3 96.7 78.3 93.0 77.5 92.7

M1 µ2 (Core
NTPase)

NTPase, RNA
triphos-phatase, RNA

binding
78.4 88.7 72.0 78.3 72.2 78.1

M2 µ1 (Outer
shell)

Outer capsid protein,
membrane penetration 81.2 91.5 76.4 84.3 76.4 85.1

M3 µNS
(NS-factory) Non-structural protein 76.5 82.2 62.6 59.7 62.3 59.3

S1
σ3 (Outer

clamp)
σ3: outer capsid protein,

zinc metalloprotein 80.5 79.1 71.3 69.7 71.6 69.7

p13 p13: cytotoxic, integral
membrane protein 85.6 78.2 78.1 63.7 77.3 62.9

S2 σ2 (Core
clamp)

Inner capsid, RNA
binding 80.4 88.8 70.1 73.8 70.2 77.1

S3 σNS
(NS-RNA) Non-structural protein 87.9 94.6 77.8 85.3 76.6 84.7

S4 σ1 (Outer
fibre) Cell attachment protein 80.0 81.6 64.5 64.4 65.5 66.7

Concatenated coding sequences 80.1 90.5 72.9 80.0 73.4 80.3

3.3. High Conservation of Putative Functional Protein Domains between the Three PRV Subtypes

The RNA polymerase encoded by segment L1 displayed highest sequence conservation, while
the µNS (M3), σ3 (S1), and σ1 (S4) proteins displayed the lowest (Table 1). Detailed analyses of all
11 known proteins that were encoded by PRV revealed that most previously predicted secondary
structures and putative functional domains are conserved between PRV-3 and PRV-1 [11].

The PRV S1 segment is bicistronic, encoding the outer capsid σ3 protein and a cytotoxic integral
membrane protein, p13. The p13 is encoded by an overlapping internal reading frame of the S1 segment
(nt 108–482). The predicted transmembrane helical region of p13, aa 26–48 is conserved among the
PRVs. The conserved TM helix of p13 is encoded by the same region as the conserved Cx2Cx16Hx1C
zinc-binding motif in the overlapping reading frame of the σ3 protein (Figure 3). Similarly, the
conserved putative dsRNA binding helical region of σ3 also corresponds to a conserved part of p13.
Notably, due to the restrictive nature of the overlapping reading frames, and conserved functional
domains, the S1 segment nucleotide identity is higher than the amino acid identity/similarity between
the PRVs.
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Figure 3. Alignment of deduced amino acid sequence of S1 segment of PRV-1, PRV-2, and PRV-3.
The σ3 and p13 proteins are encoded in overlapping reading frames. The conserved transmembrane
(TM) helix of p13 are encoded by the same region that encodes the conserved Zn finger motifs of σ3
(motifs labeled with *). Amino acid residues are numbered above. Identical sequence regions in all
three PRVs are indicated by yellow background, identical amino acids shared by only two PRVs are in
blue, and similar amino acids are shown with green background color.

A sequence motif that differ between PRV-3 and PRV-1 was the putative cleavage site in the
µ1 protein, where the µ1C is split in as µ1δ and µ1ϕ (Figure 4). This site was for PRV-1 suggested to be
located at the position F387 [33], which in PRV-3 is replaced by Y387. The secondary structure prediction
and structural comparison of the µ1 protein showed that PRV-3 µ1 protein lacks the aa 72–96 loop
and the alpha helix (aa 279–295) as compared to Mammalian orthoreovirus (MRV) µ1 (Figure S1).
The δ/ϕ cleavage site for MRV is located in the latter domain.

Figure 4. Putative cleavage sites of PRV µ1 protein. The top bar shows the full length µ1 protein,
the middle bar shows the cleavage site of the N-myristoylated fragment µ1N and the bottom picture
represent µ1C cleavage. The second cleavage site at position 387, which generates the δ/ϕ fragments,
has a F387 for PRV-1, which in PRV-3 is replaced by Y387.
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3.4. Phylogenetic Analyses

The evolutionary relationship of PRV-3 to other PRV subtypes and members of the genera
Orthoreovirus and Aquareovirus was determined by phylogenetic analysis. A phylogenetic tree
was constructed using complete RNA dependent RNA polymerase (RdRp) coding sequence
(Figure 5). The tree shows that piscine orthoreoviruses cluster separately from mammalian and
avian orthoreoviruses. Within this cluster, a single monophyletic group was generated by PRV-1
strains with high bootstrap support. Corresponding phylogenetic trees were constructed for all the
coding sequences, revealed similar tree topologies, placing PRV-3 closer to the PRV-1, than to the PRV-2
subtype (Figure S2).

Figure 5. Phylogenetic tree based on complete coding sequences of PRV-3 RdRp (L1) of orthoreoviruses
and aquareoviruses. MRV = Mammalian orthoreovirus, ARV = Avian orthoreovirus, NBV = Nelson
Bay orthoreovirus, RRV = Reptilian orthoreovirus, BroV = Broome virus, BRV = Baboon orthoreovirus,
GCRV = Grass carp reovirus, GSRV = Golden shiner reovirus.

The results of pairwise comparison of nucleotide and amino acid sequences of S1 (σ3) are
summarized in Table S3. The ML phylogenetic tree based on 876 nt of S1 segment showing the
genetic relationship between available PRV-3 isolates is shown in Figure 6. In both ML and NJ
phylogenetic analyses, PRV-3 is recovered as monophyletic group, with 100% bootstrap support.
Within PRV-3, there are two well supported clades; one clade (3a) includes only the Norwegian isolate
NOR/060214; whereas, the second clade (3b) includes sequences belonging to strains from different
countries worldwide, including Chile, Denmark, Scotland, Germany, and Italy. Differences between
PRV-3a and PRV-3b are 35 to 40 nt, or 6 to 10 aa in σ3 ORF. Within clade 3b, European sequences form
a well-supported group (BS = 92%), different from the Chilean PRV-3 sequences. Within European
sequences, differences of 0 to 2 aa are observed; whereas, the aa differences range from 2 to 7 aa when
comparing the Chilean sequences with the European ones (Table S3). In summary, the three variants of
PRV each form a monophyletic group.
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Figure 6. Phylogenetic analysis of partial nucleotide sequence of S1 segment of various PRV-3 isolates.
The inner box represent the tree topography drawn in scale 0.5. Tree shows two PRV-3 clades, PRV-3a,
and PRV-3b with strong support.

3.5. Serological Cross-Reaction between PRV-1 and PRV-3

The specificities of rabbit polyclonal antisera previously raised against the recombinant variants
of PRV-1 σ3, σ1, σNS, µNS, µ1C, and λ1 were tested towards PRV-3 on western blot (Figure 7).
The sera targeting the σ3 (outer capsid), σ1 (outer fiber), σNS (non-structural), and λ1 (core shell) all
cross-reacted with PRV-3, producing bands that were corresponding to protein sizes of 35.6 kDa (σ3),
34.6 kDa (σ1), 39 kDa (σNS), and 141.5 kDa (λ1), respectively. The pattern of staining was identical
to that observed for PRV-1. The antiserum targeting µNS identified two size variants from the PRV-3
sample, one of 83.5 kDa, and one weakly present at 76 kDa. Only the 76 kDa variant was seen for PRV-1
(Figure 7, lane 4), but two size variants have been observed in a previous study [33]. The 83.5 kDa band
corresponds to the full-length protein. The 76 kDa band possibly represents secondary translation
initiation at M57 (77.5 kDa) or M85 (74.4 kDa).

The antiserum against PRV-1 µ1 produced a 70 kDa band from PRV-3 infected blood cells on
WB (Figure 7). Previous study of PRV-1 infected blood cells recognized four different variants of the
µ1 protein, with sizes of 74.1, 70, 37, and 32 kDa, emerging at different stages during infection [33].
According to proteomic analysis of the PRV-1 µ1c fragments, the full-length PRV-1 µ1 protein of
74.2 kDa is most likely cleaved at N42P43 to form µ1N and the 70 kDa µ1C. The smaller fragments are
likely to be generated following the second proteolytic cleavage of µ1C, possibly at F387S388, releasing
the δ (37.7 kDa) and φ (32.1 kDa) fragments [33].

Rabbit antisera raised against purified PRV-1 particles produced bands of 70, 35 kDa in WB of
PRV-1 virus particles, and similar for PRV-3 (Figure 8). The two bands most likely represent the outer
capsid proteins of PRV, i.e., the µ1 (70 kDa), σ3 (37 kDa), and σ1 (35 kDa). In addition, more weakly
stained bands were seen for purified PRV-1 corresponding to protein sizes of around 60 (apparent dual
band) and 50 kDa.
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Figure 7. Western blots of PRV-3 and PRV-1 blood pellets using polyclonal antisera developed against
recombinant proteins of PRV-1 σ1, σ3, σNS, µ1, µNS, and λ1. Lane 1-3 Rainbow trout: L1 negative
control, L2-L3 PRV-3 infected samples. Lane 4-5 Atlantic salmon: L4 PRV-1 infected, L5: negative
control. Arrowheads denote differing µ1 fragments in PRV-1.

Figure 8. Purified PRV-3 (Lanes 1–3; Ct values for loaded virus particles were 22.7, 20.6 and 20.6,
respectively) and PRV-1 (Lane 4; Ct value 17.1) particles analyzed by western blotting using antiserum
against PRV-1. � µ1, * σ3, ** σ1.
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4. Discussion

The aims of the present study were to perform genetic and antigenic characterization of the PRV
variant recently identified in farmed rainbow trout. Complete coding nucleotide sequences of all the
genomic segments were obtained from RNA isolated from plasma of infected fish. To classify as a new
species within genus Orthoreovirus, the nucleotide sequence identities of homologous genome segments
should be <60% equal to other orthoreoviruses, the amino acid sequence identities for more conserved
proteins <65% and for more divergent outer capsid proteins <35% [36]. The new PRV from rainbow
trout does not fulfill these criteria, thus it classifies as a Piscine orthoreovirus, together with PRV-1 and
PRV-2. Furthermore, the 5′-terminal sequences are conserved for the particular orthoreovirus species.
The 5′-terminal sequences were obtained for segments L1, L2, and S2 and were identical to those of
PRV-1. We therefore propose the name PRV-3.

Previous studies have shown that important structural and functional motifs in proteins of
orthoreoviruses are highly conserved [11,37]. The PRV-1, PRV-2, and PRV-3 showed the highest
sequence conservation in the L class segments, which encode proteins that are involved in transcription
and replication, and in the core virus structure. The single amino acid (T13) gap observed in λ1 for
both PRV-3 and PRV-2 when compared to PRV-1 is preceded by a highly basic N-terminal region
(M1ERLKRKDKYKNT13 . . . ). It is interesting that the single aa gap is shared by two subtypes that
were separated by large geographical distance and possibly differing host specificities. This may
indicate a functional or structural role of this gap.

During the virus entry, the µ1 is autocleaved at N-terminal N42P43 and the release N-myristoylated
fragment µ1N to facilitate core delivery [38,39]. This autolytic cleavage site residue is conserved
between PRV and other orthoreoviruses [11]. In MRV, the second cleavage of the C-terminal
µ1 generates the φ fragment, which is linked to optimal infectivity [40]. The third domain of
MRV µ1 protein consists of five α helices and contain a protease cleavage site for δ-φ cleavage [41].
The differences in this second cleavage site and the generation of differently sized δ and φ fragments
observed between PRV and MRV could be linked to structural differences that were observed in this
region; the loop region aa 72–96 of MRV µ1 protein is shown to contribute to the stabilization of the
capsids [42]. PRV, avian orthoreovirus (ARV), and aquareoviruses all lack this loop [43,44], which could
be linked with evolutionary adaptation of the virus to different host species [42].

The lowest overall conservation for PRV-3 segments was observed for the M3 segment. The major
gene product from this gene segment is the non-structural protein µNS, which is a multifunctional
protein that is interacting with and recruiting other viral proteins to viral factories [45]. Although this
segment has the lowest identity to other orthoreoviruses, it still has highly conserved predicted
secondary structure [11]. The multifunctionality of µNS protein is likely a major contributing factor to
the low conservation at the primary sequence level.

The phylogenetic analysis using the ORF for the RdRp showed that the fish orthoreoviruses,
PRV1-3 and LMBRV form part of a larger monophyletic group that is separate from the other
orthoreoviruses, with high bootstrap support. Within this larger fish orthoreovirus group, the PRVs
form a monophyletic group. The phylogenetic analysis of the individual segments and of the
concatenated sequences confirms that PRV-3 is genetically divergent and represents a new subtype
of PRV.

The S1 sequence has high genetic homogeneity (96.1–100%) between PRV-1, but the identity
between S1 of PRV-1 and PRV-3 was significantly lower (80.8%). Interestingly, the S1 segment of a PRV
from Coho salmon in Chile with HSMI-like disease, together with sequences that were obtained from
rainbow trout in Chile [7] cluster with the PRV-3 subtype and show high nucleotide identity to the
clade of European PRV-3. Interestingly, PRV-3 has been detected in different countries in Europe both
in clinical disease outbreaks in rainbow trout and in surveillance samples collected from healthy brown
trout, which expands the list of susceptible species for this new PRV subtype.

A high conservation of protein structure in general between homologous PRV-1 and PRV-3
proteins were supported by secondary structure predictions. The ability of PRV-3 to infect both
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rainbow trout and Atlantic salmon and to target the same cell types as PRV-1 confirms the close
relationship between PRV-1 and PRV-3 [6]. The cross-reaction of the PRV-1 σ1 antiserum with PRV-3
in western blot suggests that linear, but not necessarily conformational, epitopes of the outer fiber
receptor-binding protein are conserved between PRV-1 and PRV-3. There are three serotypes in MRV
and more than 11 serotypes that were described for ARV. For the serotyping of PRV, virus neutralization
tests would have to be developed. This would require the ability to propagate the virus in cell cultures,
which has not been successful for PRV so far.

Reoviruses are characterized by broad genetic diversity, which can be increased by their capacity
of genome segment reassortment [46]. Investigation of the genetic diversity of PRV variants will aid in
studies of pathogenesis of various host species and pathogen tracing. Atlantic salmon and rainbow
trout are usually not stocked in the same farm, but can be present in different farms in close proximity.
The occurrence of PRV-1 and PRV-3 infected fish in the dense and highly populated farming situations
increase the risk of interactions between these PRV subtypes. The high level of sequence similarities,
and the fact that PRV-3 can infect Atlantic salmon [6], increases the probability that new variants
of PRV may evolve through the compatible reassortment of gene segments following a co-infection,
as observed for ARV and MRV [47].

Reoviruses are ubiquitous in aquatic environment and are associated with fish diseases and
mortality [19,48]. The finding of PRV variants in salmonid species other than Atlantic salmon have
linked these PRV variants to diseases symptoms different from those of HSMI, in particular with
anemia [3,18]. This indicates species-specific mechanisms of pathogenesis. Whether the species-specific
disease characteristics are due to genetic differences in the PRV subtypes, salmonid host specific factors
or a combination of both remains to be elucidated. The PRV-3 genome sequence that is reported in
this study could be useful for studies of molecular pathogenesis and molecular epidemiology, and the
observed antigenic relatedness between the PRVs could potentially be used for the development of
vaccines and diagnostic methods. Future studies will aim to phenotypically characterize PRVs to better
understand their tissue tropism, virulence, and possible re-assortment.

5. Conclusions

PRV-3 is a novel subtype of Piscine orthoreovirus reported from diseased rainbow trout. This is the
first study describing the complete coding genome sequences of PRV-3 and the antigenic relationship
between PRV-1 and PRV-3. The genome sequence was obtained by Illumina sequencing of plasma
from infected fish. This study also reports for the first time that PRV-3 is present in several
European countries.

Supplementary Materials: The following are available online at http://www.mdpi.com/1999-4915/10/4/170/s1:
Figure S1: The secondary structure prediction and structural comparison of the µ1 protein; Figure S2: Phylogenetic
trees constructed with genome segments of PRV-3; Table S1: List of sequences used for analysis and its NCBI
accession numbers; Table S2: Number of reads targeting each PRV-3 segment from the Illumina HiSeq4000 run;
Table S3: Nucleotide and amino acid variation between the partial S1 (nt 876) sequences of PRV isolates used in
the phylogenetic analysis.

Acknowledgments: This research work was supported by grant 237315/E40 of Research Council of Norway.
K.D. acknowledges the financial assistance provided by the Indian Council of Agricultural Research (ICAR)
through the ICAR International Fellowship for PhD. A special thanks to Anna Toffan, IZSVe, Eann Munro,
Marine Scotland Science; Mikolaj Adamek, University of Hannover for providing access to PRV-3 positive samples.
Thanks to Elisabeth F. Hansen and Stine Braaen for their technical assistance. All the Aquatic animal health group
at DTU-AQUA is acknowledged for the support in testing European samples.

Author Contributions: For research K.D.: study design, experiments, analysis, interpretation of data, drafting,
revising and approving the manuscript. N.V.: challenge experiment, S1 sequencing, revising and approving the
manuscript. T.M.: sequence analysis and interpretation, writing, revising and approving the manuscript. Ø.W.:
study design, virus purification, interpretation of data revising and approving the manuscript. A.C: S1 sequence
analysis, revising and approving the manuscript. I.B.N.: sigma NS expression, revising and approving the
manuscript. A.B.O.: experiments, revising and approving the manuscript. M.K.D.: study design, interpretation
of data drafting, revising and approving the manuscript. T.T.: NGS data curation, revising and approving the
manuscript. E.R.: Study design, analysis, interpretation of data, drafting, revising and approving the manuscript.

http://www.mdpi.com/1999-4915/10/4/170/s1


Viruses 2018, 10, 170 14 of 16

Conflicts of Interest: The authors declare that no financial or commercial conflict of interest exists in relation to
the content of this article.

References

1. FAO. Fao Yearbook of Fishery and Aquaculture Statistics—2014; Food and Agriculture Organization of the
United Nations: Rome, Italy, 2016.

2. Hjeltnes, B.; Bornø, G.; Jansen, M.D.; Haukaas, A.; Walde, C. The Fish Health Report 2015; Norwegian
Veterinary Institute: Oslo, Norway, 2016.

3. Olsen, A.B.; Hjortaas, M.; Tengs, T.; Hellberg, H.; Johansen, R. First description of a new disease in rainbow
trout (Oncorhynchus mykiss (Walbaum)) similar to heart and skeletal muscle inflammation (HSMI) and
detection of a gene sequence related to piscine orthoreovirus (PRV). PLoS ONE 2015, 10, e0131638. [CrossRef]
[PubMed]

4. Palacios, G.; Lovoll, M.; Tengs, T.; Hornig, M.; Hutchison, S.; Hui, J.; Kongtorp, R.T.; Savji, N.; Bussetti, A.V.;
Solovyov, A.; et al. Heart and skeletal muscle inflammation of farmed salmon is associated with infection
with a novel reovirus. PLoS ONE 2010, 5, e11487. [CrossRef] [PubMed]

5. Wessel, O.; Braaen, S.; Alarcon, M.; Haatveit, H.; Roos, N.; Markussen, T.; Tengs, T.; Dahle, M.K.; Rimstad, E.
Infection with purified piscine orthoreovirus demonstrates a causal relationship with heart and skeletal
muscle inflammation in atlantic salmon. PLoS ONE 2017, 12, e0183781. [CrossRef] [PubMed]

6. Hauge, H.; Vendramin, N.; Taksdal, T.; Olsen, A.B.; Wessel, O.; Mikkelsen, S.S.; Alencar, A.L.F.; Olesen, N.J.;
Dahle, M.K. Infection experiments with novel piscine orthoreovirus from rainbow trout (Oncorhynchus mykiss)
in salmonids. PLoS ONE 2017, 12, e0180293. [CrossRef] [PubMed]

7. Godoy, M.G.; Kibenge, M.J.; Wang, Y.; Suarez, R.; Leiva, C.; Vallejos, F.; Kibenge, F.S. First description
of clinical presentation of piscine orthoreovirus (PRV) infections in salmonid aquaculture in chile and
identification of a second genotype (Genotype II) of PRV. Virol. J. 2016, 13, 98. [CrossRef] [PubMed]

8. Kongtorp, R.T.; Kjerstad, A.; Taksdal, T.; Guttvik, A.; Falk, K. Heart and skeletal muscle inflammation in
atlantic salmon, Salmo salar L.: A new infectious disease. J. Fish Dis. 2004, 27, 351–358. [CrossRef] [PubMed]

9. Kongtorp, R.T.; Taksdal, T.; Lyngoy, A. Pathology of heart and skeletal muscle inflammation (HSMI) in
farmed atlantic salmon Salmo salar. Dis. Aquat. Organ. 2004, 59, 217–224. [CrossRef] [PubMed]

10. Kongtorp, R.T.; Taksdal, T. Studies with experimental transmission of heart and skeletal muscle inflammation
in atlantic salmon, Salmo salar L. J. Fish Dis. 2009, 32, 253–262. [CrossRef] [PubMed]

11. Markussen, T.; Dahle, M.K.; Tengs, T.; Lovoll, M.; Finstad, O.W.; Wiik-Nielsen, C.R.; Grove, S.; Lauksund, S.;
Robertsen, B.; Rimstad, E. Sequence analysis of the genome of piscine orthoreovirus (PRV) associated with
heart and skeletal muscle inflammation (HSMI) in atlantic salmon (Salmo salar). PLoS ONE 2013, 8, e70075.
[CrossRef]

12. Garseth, A.H.; Fritsvold, C.; Opheim, M.; Skjerve, E.; Biering, E. Piscine reovirus (PRV) in wild atlantic
salmon, Salmo salar L., and sea-trout, Salmo trutta L., in Norway. J. Fish Dis. 2013, 36, 483–493. [CrossRef]
[PubMed]

13. Garver, K.A.; Johnson, S.C.; Polinski, M.P.; Bradshaw, J.C.; Marty, G.D.; Snyman, H.N.; Morrison, D.B.;
Richard, J. Piscine orthoreovirus from western north america is transmissible to atlantic salmon and sockeye
salmon but fails to cause heart and skeletal muscle inflammation. PLoS ONE 2016, 11, e0146229. [CrossRef]
[PubMed]

14. Lovoll, M.; Alarcon, M.; Bang Jensen, B.; Taksdal, T.; Kristoffersen, A.B.; Tengs, T. Quantification of piscine
reovirus (PRV) at different stages of atlantic salmon Salmo salar production. Dis. Aquat. Organ. 2012, 99, 7–12.
[CrossRef] [PubMed]

15. Di Cicco, E.; Ferguson, H.W.; Schulze, A.D.; Kaukinen, K.H.; Li, S.; Vanderstichel, R.; Wessel, O.; Rimstad, E.;
Gardner, I.A.; Hammell, K.L.; et al. Heart and skeletal muscle inflammation (HSMI) disease diagnosed on
a British Columbia salmon farm through a longitudinal farm study. PLoS ONE 2017, 12, e0171471. [CrossRef]
[PubMed]

16. Ferguson, H.W.; Kongtorp, R.T.; Taksdal, T.; Graham, D.; Falk, K. An outbreak of disease resembling heart
and skeletal muscle inflammation in Scottish farmed salmon, Salmo salar L., with observations on myocardial
regeneration. J. Fish Dis. 2005, 28, 119–123. [CrossRef] [PubMed]

http://dx.doi.org/10.1371/journal.pone.0131638
http://www.ncbi.nlm.nih.gov/pubmed/26176955
http://dx.doi.org/10.1371/journal.pone.0011487
http://www.ncbi.nlm.nih.gov/pubmed/20634888
http://dx.doi.org/10.1371/journal.pone.0183781
http://www.ncbi.nlm.nih.gov/pubmed/28841684
http://dx.doi.org/10.1371/journal.pone.0180293
http://www.ncbi.nlm.nih.gov/pubmed/28678799
http://dx.doi.org/10.1186/s12985-016-0554-y
http://www.ncbi.nlm.nih.gov/pubmed/27296722
http://dx.doi.org/10.1111/j.1365-2761.2004.00549.x
http://www.ncbi.nlm.nih.gov/pubmed/15189375
http://dx.doi.org/10.3354/dao059217
http://www.ncbi.nlm.nih.gov/pubmed/15264718
http://dx.doi.org/10.1111/j.1365-2761.2008.00983.x
http://www.ncbi.nlm.nih.gov/pubmed/19236557
http://dx.doi.org/10.1371/annotation/746a9036-0e54-4a9a-ab16-adb108a3a227
http://dx.doi.org/10.1111/j.1365-2761.2012.01450.x
http://www.ncbi.nlm.nih.gov/pubmed/23167652
http://dx.doi.org/10.1371/journal.pone.0146229
http://www.ncbi.nlm.nih.gov/pubmed/26730591
http://dx.doi.org/10.3354/dao02451
http://www.ncbi.nlm.nih.gov/pubmed/22585298
http://dx.doi.org/10.1371/journal.pone.0171471
http://www.ncbi.nlm.nih.gov/pubmed/28225783
http://dx.doi.org/10.1111/j.1365-2761.2004.00602.x
http://www.ncbi.nlm.nih.gov/pubmed/15705157


Viruses 2018, 10, 170 15 of 16

17. Marty, G.D.; Morrison, D.B.; Bidulka, J.; Joseph, T.; Siah, A. Piscine reovirus in wild and farmed salmonids in
British Columbia, Canada: 1974–2013. J. Fish Dis. 2015, 38, 713–728. [CrossRef] [PubMed]

18. Takano, T.; Nawata, A.; Sakai, T.; Matsuyama, T.; Ito, T.; Kurita, J.; Terashima, S.; Yasuike, M.; Nakamura, Y.;
Fujiwara, A.; et al. Full-genome sequencing and confirmation of the causative agent of erythrocytic inclusion
body syndrome in coho salmon identifies a new type of piscine orthoreovirus. PLoS ONE 2016, 11, e0165424.
[CrossRef] [PubMed]

19. Sibley, S.D.; Finley, M.A.; Baker, B.B.; Puzach, C.; Armien, A.G.; Giehtbrock, D.; Goldberg, T.L. Novel
reovirus associated with epidemic mortality in wild Largemouth Bass (Micropterus salmoides). J. Gen. Virol.
2016, 97, 2482–2487. [CrossRef] [PubMed]

20. Mendez, I.I.; Hermann, L.L.; Hazelton, P.R.; Coombs, K.M. A comparative analysis of freon substitutes in the
purification of reovirus and calicivirus. J. Virol. Methods 2000, 90, 59–67. [CrossRef]

21. Bruner, R.; Vinograd, J. The evaluation of standard sedimentation coefficients of sodium RNA and sodium
DNA from sedimentation velocity data in concentrated NaCl and CsCl solutions. Biochim. Biophys. Acta
1965, 108, 18–29. [CrossRef]

22. Bankevich, A.; Nurk, S.; Antipov, D.; Gurevich, A.A.; Dvorkin, M.; Kulikov, A.S.; Lesin, V.M.; Nikolenko, S.I.;
Pham, S.; Prjibelski, A.D.; et al. Spades: A new genome assembly algorithm and its applications to single-cell
sequencing. J. Comput. Biol. 2012, 19, 455–477. [CrossRef] [PubMed]

23. Kumar, S.; Stecher, G.; Tamura, K. Mega7: Molecular evolutionary genetics analysis version 7.0 for bigger
datasets. Mol. Biol. Evol. 2016, 33, 1870–1874. [CrossRef] [PubMed]

24. Jones, D.T. Protein secondary structure prediction based on position-specific scoring matrices. J. Mol. Biol.
1999, 292, 195–202. [CrossRef] [PubMed]

25. Frazer, K.A.; Pachter, L.; Poliakov, A.; Rubin, E.M.; Dubchak, I. Vista: Computational tools for comparative
genomics. Nucleic Acids Res. 2004, 32, W273–W279. [CrossRef] [PubMed]

26. Tamura, K. Estimation of the number of nucleotide substitutions when there are strong
transition-transversion and G+C-content biases. Mol. Biol. Evol. 1992, 9, 678–687. [PubMed]

27. Hungnes, O.; Jonassen, T.O.; Jonassen, C.M.; Grinde, B. Molecular epidemiology of viral infections—How
sequence information helps us understand the evolution and dissemination of viruses. Apmis 2000, 108, 81–97.
[CrossRef] [PubMed]

28. Tamura, K.; Stecher, G.; Peterson, D.; Filipski, A.; Kumar, S. Mega6: Molecular evolutionary genetics analysis
version 6.0. Mol. Biol. Evol. 2013, 30, 2725–2729. [CrossRef] [PubMed]

29. Edgar, R.C. Muscle: A multiple sequence alignment method with reduced time and space complexity.
BMC Bioinform. 2004, 5, 113. [CrossRef] [PubMed]

30. Stamatakis, A. Raxml version 8: A tool for phylogenetic analysis and post-analysis of large phylogenies.
Bioinformatics (Oxford, England) 2014, 30, 1312–1313. [CrossRef] [PubMed]

31. Lund, M.; Rosaeg, M.V.; Krasnov, A.; Timmerhaus, G.; Nyman, I.B.; Aspehaug, V.; Rimstad, E.; Dahle, M.K.
Experimental piscine orthoreovirus infection mediates protection against pancreas disease in atlantic salmon
(Salmo salar). Vet. Res. 2016, 47, 107. [CrossRef] [PubMed]

32. Finstad, O.W.; Falk, K.; Lovoll, M.; Evensen, O.; Rimstad, E. Immunohistochemical detection of piscine
reovirus (PRV) in hearts of atlantic salmon coincide with the course of heart and skeletal muscle inflammation
(HSMI). Vet. Res. 2012, 43, 27. [CrossRef] [PubMed]

33. Haatveit, H.M.; Wessel, O.; Markussen, T.; Lund, M.; Thiede, B.; Nyman, I.B.; Braaen, S.; Dahle, M.K.;
Rimstad, E. Viral protein kinetics of piscine orthoreovirus infection in atlantic salmon blood cells. Viruses
2017, 9, 49. [CrossRef] [PubMed]

34. Attoui, H.; Fang, Q.; Mohd Jaafar, F.; Cantaloube, J.F.; Biagini, P.; de Micco, P.; de Lamballerie, X.
Common evolutionary origin of aquareoviruses and orthoreoviruses revealed by genome characterization of
golden shiner reovirus, grass carp reovirus, striped bass reovirus and golden ide reovirus (genus Aquareovirus,
family Reoviridae). J. Gen. Virol. 2002, 83, 1941–1951. [CrossRef] [PubMed]

35. Duncan, R. Extensive sequence divergence and phylogenetic relationships between the fusogenic and
nonfusogenic orthoreoviruses: A species proposal. Virology 1999, 260, 316–328. [CrossRef] [PubMed]

36. Attoui, H.; Mertens, P.P.C.; Becnel, J.; Belaganahalli, S.; Bergoin, M.; Brussaard, C.P.; Chappell, J.D.; Ciarlet, M.;
del Vas, M.; Dermody, T.S.; et al. Family—Reoviridae. In Virus Taxonomy: Ninth Report of the International
Committee on Taxonomy of Viruses; Elsevier: San Diego, CA, USA, 2012; pp. 541–637.

http://dx.doi.org/10.1111/jfd.12285
http://www.ncbi.nlm.nih.gov/pubmed/25048977
http://dx.doi.org/10.1371/journal.pone.0165424
http://www.ncbi.nlm.nih.gov/pubmed/27788206
http://dx.doi.org/10.1099/jgv.0.000568
http://www.ncbi.nlm.nih.gov/pubmed/27488948
http://dx.doi.org/10.1016/S0166-0934(00)00217-2
http://dx.doi.org/10.1016/0005-2787(65)90104-8
http://dx.doi.org/10.1089/cmb.2012.0021
http://www.ncbi.nlm.nih.gov/pubmed/22506599
http://dx.doi.org/10.1093/molbev/msw054
http://www.ncbi.nlm.nih.gov/pubmed/27004904
http://dx.doi.org/10.1006/jmbi.1999.3091
http://www.ncbi.nlm.nih.gov/pubmed/10493868
http://dx.doi.org/10.1093/nar/gkh458
http://www.ncbi.nlm.nih.gov/pubmed/15215394
http://www.ncbi.nlm.nih.gov/pubmed/1630306
http://dx.doi.org/10.1034/j.1600-0463.2000.d01-31.x
http://www.ncbi.nlm.nih.gov/pubmed/10737453
http://dx.doi.org/10.1093/molbev/mst197
http://www.ncbi.nlm.nih.gov/pubmed/24132122
http://dx.doi.org/10.1186/1471-2105-5-113
http://www.ncbi.nlm.nih.gov/pubmed/15318951
http://dx.doi.org/10.1093/bioinformatics/btu033
http://www.ncbi.nlm.nih.gov/pubmed/24451623
http://dx.doi.org/10.1186/s13567-016-0389-y
http://www.ncbi.nlm.nih.gov/pubmed/27769313
http://dx.doi.org/10.1186/1297-9716-43-27
http://www.ncbi.nlm.nih.gov/pubmed/22486941
http://dx.doi.org/10.3390/v9030049
http://www.ncbi.nlm.nih.gov/pubmed/28335455
http://dx.doi.org/10.1099/0022-1317-83-8-1941
http://www.ncbi.nlm.nih.gov/pubmed/12124458
http://dx.doi.org/10.1006/viro.1999.9832
http://www.ncbi.nlm.nih.gov/pubmed/10417266


Viruses 2018, 10, 170 16 of 16

37. Xu, W.; Coombs, K.M. Conserved structure/function of the orthoreovirus major core proteins. Virus Res.
2009, 144, 44–57. [CrossRef] [PubMed]

38. Nibert, M.L.; Fields, B.N. A carboxy-terminal fragment of protein mu 1/mu 1C is present in infectious
subvirion particles of mammalian reoviruses and is proposed to have a role in penetration. J. Virol.
1992, 66, 6408–6418. [PubMed]

39. Nibert, M.L.; Odegard, A.L.; Agosto, M.A.; Chandran, K.; Schiff, L.A. Putative autocleavage of reovirus µ1
protein in concert with outer-capsid disassembly and activation for membrane permeabilization. J. Mol. Biol.
2005, 345, 461–474. [CrossRef] [PubMed]

40. Snyder, A.J.; Danthi, P. Cleavage of the c-terminal fragment of reovirus µ1 is required for optimal infectivity.
J. Virol. 2018, 92. [CrossRef] [PubMed]

41. Liemann, S.; Chandran, K.; Baker, T.S.; Nibert, M.L.; Harrison, S.C. Structure of the reovirus
membrane-penetration protein, µ1, in a complex with is protector protein, σ3. Cell 2002, 108, 283–295.
[CrossRef]

42. Sarkar, P.; Danthi, P. The µ1 72–96 loop controls conformational transitions during reovirus cell entry. J. Virol.
2013, 87, 13532–13542. [CrossRef] [PubMed]

43. Zhang, X.; Jin, L.; Fang, Q.; Hui, W.H.; Zhou, Z.H. 3.3 A Cryo-EM structure of a nonenveloped virus reveals
a priming mechanism for cell entry. Cell 2010, 141, 472–482. [CrossRef] [PubMed]

44. Zhang, X.; Tang, J.; Walker, S.B.; O’Hara, D.; Nibert, M.L.; Duncan, R.; Baker, T.S. Structure of avian
orthoreovirus virion by electron cryomicroscopy and image reconstruction. Virology 2005, 343, 25–35.
[CrossRef] [PubMed]

45. Haatveit, H.M.; Nyman, I.B.; Markussen, T.; Wessel, O.; Dahle, M.K.; Rimstad, E. The non-structural protein
muns of piscine orthoreovirus (PRV) forms viral factory-like structures. Vet. Res. 2016, 47, 5. [CrossRef]
[PubMed]

46. Goral, M.I.; Mochow-Grundy, M.; Dermody, T.S. Sequence diversity within the reovirus S3 gene: Reoviruses
evolve independently of host species, geographic locale, and date of isolation. Virology 1996, 216, 265–271.
[CrossRef] [PubMed]

47. Tang, Y.; Lin, L.; Sebastian, A.; Lu, H. Detection and characterization of two co-infection variant strains
of avian orthoreovirus (ARV) in young layer chickens using next-generation sequencing (NGS). Sci. Rep.
2016, 6, 24519. [CrossRef] [PubMed]

48. Fan, Y.; Rao, S.; Zeng, L.; Ma, J.; Zhou, Y.; Xu, J.; Zhang, H. Identification and genomic characterization of a novel
fish reovirus, hubei grass carp disease reovirus, isolated in 2009 in China. J. Gen. Virol. 2013, 94, 2266–2277.
[CrossRef] [PubMed]

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.virusres.2009.03.020
http://www.ncbi.nlm.nih.gov/pubmed/19720241
http://www.ncbi.nlm.nih.gov/pubmed/1328674
http://dx.doi.org/10.1016/j.jmb.2004.10.026
http://www.ncbi.nlm.nih.gov/pubmed/15581891
http://dx.doi.org/10.1128/JVI.01848-17
http://www.ncbi.nlm.nih.gov/pubmed/29298891
http://dx.doi.org/10.1016/S0092-8674(02)00612-8
http://dx.doi.org/10.1128/JVI.01899-13
http://www.ncbi.nlm.nih.gov/pubmed/24089575
http://dx.doi.org/10.1016/j.cell.2010.03.041
http://www.ncbi.nlm.nih.gov/pubmed/20398923
http://dx.doi.org/10.1016/j.virol.2005.08.002
http://www.ncbi.nlm.nih.gov/pubmed/16153672
http://dx.doi.org/10.1186/s13567-015-0302-0
http://www.ncbi.nlm.nih.gov/pubmed/26743679
http://dx.doi.org/10.1006/viro.1996.0059
http://www.ncbi.nlm.nih.gov/pubmed/8615001
http://dx.doi.org/10.1038/srep24519
http://www.ncbi.nlm.nih.gov/pubmed/27089943
http://dx.doi.org/10.1099/vir.0.054767-0
http://www.ncbi.nlm.nih.gov/pubmed/23851441
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Challenge Experiments 
	Virus Purification 
	Transmission Electron Microscopy (TEM) 
	RNA Isolation and RT-qPCR 
	Illumina Sequencing and Genome Assembly 
	Sequence and Phylogenetic Analyses 
	SDS-PAGE and Western Blot 

	Results 
	Morphology of Purified PRV-3 Viral Particles 
	The PRV-3 Genome 
	High Conservation of Putative Functional Protein Domains between the Three PRV Subtypes 
	Phylogenetic Analyses 
	Serological Cross-Reaction between PRV-1 and PRV-3 

	Discussion 
	Conclusions 
	References

