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Mud crab reovirus (MCRV) is the causative agent of a serious disease with high mortality in cultured mud
crab (Scylla serrata). This study sequenced and analyzed 12 genome segments of MCRV. The 12 genome seg-
ments had a total length of 24.464 kb, showing a total G+C content of 41.29% and predicted 15 ORFs.
Sequence analysis showed that the majority of MCRV genes shared low homology with the counterpart
genes of other reoviruses, e.g., the amino acid identity of RNA-dependent RNA polymerase (RdRp) was
lower than 13.0% compared to the RdRp sequences of other reoviruses. Nucleotide and amino acid sequences
of RdRp and capping enzyme suggested MCRV as a single group. Further genome-based phylogenetical anal-
ysis of conserved termini and reovirus polymerase motif indicates that this MCRV belongs to a new genus of
the Reoviridae family, tentatively named as Crabreovirus.
rights reserved.
© 2011 Elsevier Inc. All rights reserved.
Introduction

The mud crab, Scylla serrata, is an economically important marine
species cultured in China; its production exceeded 113 thousandmetric
tons in 2008 (FAO, 2010). Mud crab reovirus (MCRV) is the causative
agent of a “sleeping disease” (SD) with about 70% mortality, severely
damaging the crab cultures in China.MCRV infects the connective tissue
cells of the hepatopancreas, gills, and intestines, and multiplies in the
cytoplasm. The complete viral particle of MCRV is icosahedral, non-
enveloped, and 70 nm in diameter. No obvious spike structures are pre-
sent on the surface of its virions (Weng et al., 2007).

Reoviruses are composed of double-stranded RNA (dsRNA) with 9,
10, 11, or 12 linear genome segments (Attoui et al., 2005a; Mertens et
al., 2005). They have been isolated from a wide range of host species,
includingmammals, birds, reptiles, fish, crustaceans, insects, arachnids,
plants, and fungi. According to the 8th report of the International Com-
mittee on Taxonomy of Viruses (ICTV), the family Reoviridae is classi-
fied into 12 genera that include 69 species (Mertens et al., 2005). In
the years since the last ICTV report, three new Reoviridae genera,
Mimoreovirus, Cardoreovirus, and Dinovernavirus, have been described
(Attoui et al., 2006a: http://www.ictvonline.org/virusTaxonomy.asp?
version=2009), rendering this family 15 distinct genera with total 84
species.

Since the first report of a crab virus by Vago (1966), many outbreaks
of reovirus-infected crab diseases have been described. In addition to
MCRV, these reoviruses include Carcinus mediterraneus W2 virus
(CcRV-W2) from shore crabs, C. mediterraneus, (Mari and Bonami,
1988), Macropipus depurator P virus (MdRV-P) from Mediterranean
swimming crabs, M. depurator (Bonami, 1973) and Eriocheir sinensis
reovirus 905 (EsRV905), from Chinese mitten crab, E. sinensis (Zhang
et al., 2004). EsRV905has been partially sequenced andwas determined
to a new genus and species (Zhang et al., 2004). Based on histopatho-
logical properties, MCRV exhibits similar properties to MdRV-P and
CcRV-W2. In addition, the pattern of dsRNA upon polyacrylamide gel
electrophoresis revealed that MCRV (1/5/6(7)) closely resembled
MdRV-P and CcRV-W2 (both 1/5/6), but was distinct from EsRV905
(3/4/2/3) (Mari and Bonami, 1988; Montanie et al., 1993; Zhang et al.,
2004).

To date, the number of sequenced Reoviridae genomes is well
above 100. However, much less is known about the genomes of the
crab-originating reoviruses MdRV-P, CcRV-W2, and EsRV905. Both
MdRV-P and CcRV-W2 have not been sequenced while EsRV905 has
been only partially sequenced (Mari and Bonami, 1988; Montanie et
al., 1993; Zhang et al., 2004). In this report, we describe for the first
time the sequences of 12 genome segments of MCRV. Phylogenetic
analysis determined that MCRV is a distinctive species of Reoviridae,
suggesting that it should be assigned to a new genus.

Results

MCRV genome sequences

dsRNAs were isolated from purified virions of MCRV (Fig. 2A) and
analyzed by polyacrylamide gel electrophoresis (PAGE). The result of
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PAGE showed there were 12 segments in the genome of MCRV with a
1/5/6 electrophoretic pattern (Fig. 1, lane T1). Full length sequences
of the 12 MCRV segments were obtained and deposited in GenBank
with accession numbers HQ414127–HQ414138 (Table 1). These 12
segments had a total length of 24.464 kb with a total G+C content
of 41.29%. Northern blot analysis revealed that all clones were specif-
ically hybridized, suggesting that each segment was genetically
unique (Fig. 1, lane S1–S12).

Open reading frame (ORF) prediction of the MCRV genome by
ORFfinder (http://www.ncbi.nlm.nih.gov/projects/gorf/) showed
that each segment contained one large ORF (Table 1). Besides these
12 ORFs, three small ORFs were predicted in downstream of segment
4 (1720–2382) and segment 11 (858–992 and 961–1113). However,
we were unable to confirm protein products of these three ORFs by
TNT translation system.

Proteins of MCRV viral particles

Purified virions of MCRV were analyzed by SDS-PAGE (Fig. 2B).
The result revealed there were 7 bands in the protein gels; of these,
6 bands ranged from 7 to 170 kDa and 1 band was approximately
200 kDa. As the position at 7 kD seems to be the bottom of the gel
(notice there is no density in the lane below 7 kD), it is unclear
whether this corresponds to a protein, proteins, or degradation
products.

Analysis of non-coding regions of MCRV genome segments

Analysis of 5′ and 3′ non-coding regions (NCR) of MCRV genome
showed that there are conserved nucleotides at 5′ termini and 3′ ter-
mini. For each segment of MCRV, the positive strand 5′-end was
AUAAAUU (segment 1–2, segment 4–9 and segment 12), AUAAAUA
(segment 3 and 10) or AUAAACU (segment 11). The positive strand
3′-end was GAUCAACGAU (segment 1–4, segment 6, 7, 9, 11 and
12), GAACAACGAU (segment 5 and 8) or GGUAAACUAU (segment
10). In sum, the consensus of MCRV termini sequences is 5′-
AUAAAU/CA/U——GA/GA/UA/CAACG/UAU-3′.

Comparing the conserved termini of MCRV segments with those of
other reoviruses revealed that five nucleotides (AUAAA) in the 5′ termi-
ni were conserved between RRSV (Rice ragged stunt virus, Oryzavirus)
and MCRV, and the last four nucleotides (CG/UAU) in the 3′ termini of
Fig. 1. Northern blot analysis to confirm sequences obtained from cDNA clones. Total dsRNA o
with DIG-labeled cDNA clones prepared from the designed primers. T1 is the total dsRNA of M
MCRV were conserved with those (U/CGAU) of phytoreoviruses (RDV:
Rice dwarf virus, HvRV: Homalodisca vitripennis reovirus, RGDV: Rice
gall dwarf virus) (Table 2). Specially, we compared the conserved NCR
sequences of MCRV with the NCR sequences of segment 1 of EsRV905
and found that only two nucleotides (GA) in the 3′ termini were con-
served between MCRV and EsRV905.

As in the seadornaviruses, Rotavirus A, Rotavirus B (Rotavirus) and
MpRV (Mimoreovirus), the first and last two nucleotides of all 12
genome segments of MCRV are inverted complements (AU and AU).
This is distinct from RRSV, phytoreoviruses and Rotavirus C, where
the first and last nucleotides in each segment are non-complementa-
ry, and distinct from EsRV905, which shows mono-nucleotide com-
plementary. A folding analysis of positive strands of MCRV segments
is performed by the software RNAStructure 5.0. The folding result
predicted that 5′ and 3′ NCRs of 12 MCRV segments are able to be
base-paired, forming panhandle structures (Fig. 3).

Conserved terminal sequences have been reported for all mem-
bers of the Reoviridae, which may be involved in recognition signals
for the viral transcriptase and replicase functions. These sequences
may also be essential for selection and incorporation of the RNAs
into the nascent progeny particles (Mertens et al., 2005). Imperfect
inverted complements of positive strand 5′ and 3′ NCR of reovirus
RNA have been found in many cases as well. It has been suggested
that the complementary nature of sequences in the 5′ and 3′ NCRs
is involved in regulation of RNA function, like translation, replication,
or packaging (Anzola et al., 1987; Chen and Patton, 1998; Patton,
2001; Stenger et al., 2009; Theron and Nel, 1997).

Comparison of MCRV amino acid sequence with other Reoviridae members

Sequence comparisons were completed using BLASTp. All predicted
polypeptides of MCRV were compared to the total gene collection of
Reoviridae using BLASTp alignment. Alignment revealed some identi-
ties between MCRV and other reoviruses (Table 3).

VP1
VP1, encoded by MCRV segment 1, shared partial identities with

RNA-dependent-RNA-polymerases (RdRps) of other reoviruses, specif-
ically VP1 of the genus Seadornavirus (BAV, 21% in positions 706–1053;
KDV, 20% in positions 373–1051; LNV, 19% in positions 452–1044),
Cardoreovirus (EsRV905, 20% in positions 456–1080), and VP2 of
f MCRV was separated by 1% AGE (T2), transferred to nylon membranes, and hybridized
CRV separated by 15% PAGE.

http://www.ncbi.nlm.nih.gov/projects/gorf/


Table 1
Properties of dsRNA segments S1–S12, and conserved sequences at the 5′ and 3′ non-coding regions of MCRV.

5  ́NCR 3  ́NCRAccession 

number

ORF Segment 

Length (bp)

Protein 

Length (aa)
Length (bp) Terminal seq. Terminal seq. Length (bp)

Segment 1 HQ414127 20 − 4297 4327 1425 19 5´-AUAAAUU ------------ GAUCAACGAU -3´ 30

Segment 2 HQ414128 43 − 2664 2721 873 42 5´-AUAAAUU ------------ GAUCAACGAU -3´ 57

Segment 3 HQ414129 21 − 2585 2715 854 20 5´-AUAAAUA ------------ GAUCAAC GAU -3´ 130

Segment 4 HQ414130 21 − 1349 2460 442 20 5´-AUAAAUU ------------ GAUCAACGAU -3´ 1109

Segment 5 HQ414131 56 − 1675 2388 539 55 5´-AUAAAUU ------------ GAACAACGAU -3´ 47

Segment 6 HQ414132 35 − 1858 2202 607 34 5´-AUAAAUU ------------ GAUCAACGAU -3´ 344

Segment 7 HQ414133 85 − 1344 1517 419 84 5´-AUAAAUU ------------ GAUCAACGAU -3´ 173

Segment 8 HQ414134 100 − 996 1303 298 99 5´-AUAAAUU ------------ GAACAACGAU -3´ 307

Segment 9 HQ414135 24 − 1088 1255 354 23 5´-AUAAAUU ------------ GAUCAACGAU -3´ 167

Segment 10 HQ414136 73 − 1044 1244 323 72 5´-AUAAAUA ------------- GGUAAACUAU -3´ 200

Segment 11 HQ414137 38 − 649 1177 203 37 5´-AUAAACU ------------ GAUCAACGAU -3´ 528

Segment 12 HQ414138 212 − 1036 1155 274 211 5´-AUAAAUU ------------GAUCAACGAU -3´ 119

Consensus   5´-AUAAAU/C
A/U -------GA/G

A/U
A/CAACG/UAU-3´
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Aquareovirus A (AQRV-A, 23% in positions 685–865). Prosite analysis
revealed a potyvirus-like (positive-sense single-stranded RNA virus)
RdRp catalytic domain in VP1 of MCRV (aa 816–964). Compared with
Fig. 2. (A) Electronic microscopic graph of MCRV. (B) 12% SDS-PAGE of MCRV particles
with Coomassie blue staining. Asterisk marks the protein band.
the VP1 of Rotavirus A, a structure-available RdRp from non-turreted
reovirus, the VP1 of MCRV contains six similar motifs A–F shared by
RdRps (Fig. 4) (Lu et al., 2008). Like the VP1 of Rotavirus A, VP1 of
MCRV has the conserved acidic residues of active site in these motifs
(Asp822 and Asp827 of motif A; Asp950 and Asp951 of motif C). In
the motif F region, VP1 of MCRV contains similar residues (Arg745,
Lys751 and Arg754) with VP1 of Rotavirus A (Arg452, Arg457 and
Arg460). This kind of arginine residues inmotif F was proposed to func-
tion as stabilizing nucleotides in the P and N sites during initiation (Tao
et al., 2002). These findings strongly suggest that the first genome seg-
ment of MCRV encodes viral RdRp.

Although partial homology existed among the polymerases of
MCRV, seadornavirus, EsRV905, and AQRV-A, the complete amino-
acid sequence identities of polymerases calculated by ClustalW2
(BAV 13.0%, KDV 12.0%, LNV 9.0%, EsRV905 12.0%, and AQRV-A
3.0%) were lower than expected based on previous studies, indicating
that polymerases of most reoviruses within a single genus have less
than 30% amino acid identity (Attoui et al., 2002a, 2005a). Around
50% identities are found in the comparison of nucleotide sequences
(BAV 56.0%, KDV 55.0%, LNV 56.0%, EsRV905 55.0% and AQRV-A
51.0%).
VP2
A BLAST search revealed that VP2 of MCRV, encoded by segment 2,

shared 22% identity with VP3 of BAV (aa position 245–647), VP3 of
KDV (aa position 225–699), VP3 of LNV (aa position 223–659) and
Table 2
Conserved termini comparison.

Genus Species 5´end 3´ end

Crabreovirus MCRV 5´- AUAAA U/C
A/ ---------------U G A/G

A/U
A/CAA CG/UAU -3´

Oryzavirus RRSV 5´-G AUAAA ------------------------------------ GGUGC-3´

Phytoreovirus RDV

HVRV

RGDV

5´-GG U/CA-------------------------------------- U/CGAU -3´

Cardoreovirus EsRV905 5´- GGAUUUA ------------------------- UAUAACA GA C-3´

At 5′ end, the first five nucleotides (AUAAA) of MCRV are conserved with the second to
sixth nucleotides of RRSV (Rice ragged stunt virus, Oryzavirus) (boxed). At 3′ end, the
last 4 nucleotides (CG/UAU) of MCRV are conserved with those (U/CGAU) of
phytoreoviruses (boxed).
RDV: Rice dwarf virus; HVRV: Homalodisca vitripennis reovirus; RGDV: Rice gall dwarf
virus;
※It is the NCR sequence of segment 1 of EsRV, which has only one segment sequence
available in GenBank.

Unlabelled image
Unlabelled image


Fig. 3. Folding of 5′ and 3′ NCRs of MCRV segments. Numbers indicate the nucleotide position.
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Table 3
Amino acid identities between MCRV proteins and other Reoviridae proteins.

MCRV segment (product) Virus/segment GenBank accession % Nt identity % AA identity AA position/% identity Putative function

1 (VP1) BAV/1 NC_004211 56.0 13.0 706–1053/21 RdRp
EsRV/1 AY542965 55.0 12.0 456–1080/20
LNV/1 NC_007736 56.0 9.0 452–1044/19
KDV/1 NC_004210 55.0 12.0 373–1051/20
AQRV-A/2 NC_007583 51.0 3.0 685–865/23

2 (VP2) KDV/3 NC_004213 54.0 13.0 225–699/22 Capping enzyme
BAV/3 NC_004218 55.0 12.0 245–647/22
LNV/3 NC_007738 55.0 11.0 223–659/22
SCRV/4 NC_006000 59.0 9.0 246–486/22

3 (VP3) LNV/2 NC_007737 56.0 10.0 84–134/32 Core shell protein?
LNV/10 NC_007745 76.0 10.0 202–275/22
SCRV/7 NC_006003 61.0 12.0 302–355/42
RDV/6 NC_003763 66.0 8.0 307–349/28
MdRCV/6 NC_008731 52.0 5.0 527–587/29
AQRV-A/4 NC_007585 59.0 10.0 279–306/35

4 (VP4)
5 (VP5)
6 (VP6) LNV/4 NC_007739 53.0 8.0 56–244/22 Outer coat protein?

MRV-2/S1 M10261 62.0 12.0 45–138/34
7 (VP7) RotaV-A/7 NSP3 NC_007555 61.0 6.0 162–247/27
8 (VP8) RRSV/3 P3 NC_003751 73.0 18.0 73–198/22 Major core protein?

PHSV/4 NC_007751 61.0 6.0 20–92/25
9 (VP9)
10 (VP10)
11 (VP11)
12 (VP12) AQRV-A/9 NS2 NC_007589 48.0 6.0 148–192/37

BAV: Banna virus, KDV: Kadipiro virus, LNV: Liao ning virus (Seadornavirus); AQRV-A: Aquareovirus-A; SCRV: St Croix River virus, PHSV: Peruvian horse sickness virus (Orbivirus);
MRV-2: Mammalian orthoreovirus serotype 2 (Orthoreovirus); RDV: Rice dwarf virus (Phytoreovirus); MdRCV: Mal de Rio Cuarto virus (Fijivirus); RotaV-A: Rotavirus-A (Rotavirus);
RRSV: Rice ragged stunt virus (Oryzavirus); EsRV905: Eriocheir sinensis reovirus 905 (Cardoreovirus).
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VP4 of SCRV (St. Croix river virus, Orbivirus) (aa position 246–486).
These four proteins were predicted to be capping enzymes with gua-
nylyltransferase activity (Attoui et al., 2000, 2001, 2006b). These
identities indicate that VP2 of MCRV probably possesses guanylyl-
transferase activity. Similar to the polymerases encoded by VP1, how-
ever, the complete sequence identity of the capping enzymes was so
Fig. 4. Alignment of VP1 of Rotavirus A andMCRV. Identical residues are indicated in black, and si
Rotavirus-A (Rotavirus).
low (BAV 12.0%, KDV 13.0%, LNV 11.0%, and SCRV 9.0%) that MCRV
could not be assigned to the same genus as BAV, KVD, LNV, or SCRV.

Motif scanning showed there is an RGD motif located at aa 606–
608 of VP2. RGD motif is identified as a cell attachment sequence
and has been found in numerous proteins supports cell adhesion in
many, but not all, of these (D'Souza et al., 1991). RGD motif is also
milar residues are shaded in gray. Thehorizontal black barmarks RdRpmotifs A–F. RotaV-A:

ncbi-n:NC_004211
ncbi-n:AY542965
ncbi-n:NC_007736
ncbi-n:NC_004210
ncbi-n:NC_007583
ncbi-n:NC_004213
ncbi-n:NC_004218
ncbi-n:NC_007738
ncbi-n:NC_006000
ncbi-n:NC_007737
ncbi-n:NC_007745
ncbi-n:NC_006003
ncbi-n:NC_003763
ncbi-n:NC_008731
ncbi-n:NC_007585
ncbi-n:NC_007739
ncbi-n:M10261
ncbi-n:NC_007555
ncbi-n:NC_003751
ncbi-n:NC_007751
ncbi-n:NC_007589
image of Fig.�4
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found in the VP2 of BAV (aa 48–50) and a similar sequence SGD exists
in the VP2 of KDV (aa 51–53). VP2 of BAV and KDV was predicted
with a cell-receptor recognition site (Attoui et al., 2000). Here the
VP2 of MCRV is likely to possess the function of cell attachment too.

VP3
VP3, the predicted product of segment 3 shared only 22% to 42% iden-

tity in a short (b60 aa) regionwith VP2 and VP10 of LNV, VP4 of AQRV-A,
NS2 of SCRV, VP6 of RDV, andVP6 ofMdRCV (Mal de Rio Cuarto virus, Fiji-
virus). Among these polypeptides, onlyNS2 of SCRVhas a known function
in RNA binding and shared 12.0% sequence identity with VP3 of MCRV.
The aa identity with these viruses ranges from 5.0% to 12.0% and the
nucleotide identity is from 52% to 76%.

VP6
Viral protein VP6 encoded by segment 6 was found to share 22%

(aa 56–244) identity with VP4 of LNV and 34% (aa 45–138) with
Sigma-1 of MRV-2 (mammalian orthoreovirus-2, Orthoreovirus). The
VP4 of LNV was predicted as the outer coat protein (Attoui et al.,
2006b) and the sigma-1 protein of MRV-2 was identified as a viral
structural protein. But the sigma-1 protein of mammalian orthoreo-
virus is restricted homologous in the coiled-coil region and it is a
serotype-specific protein. A comparison of MRV-1 and MRV-2
sigma-1 only identified two large region of more-similar sequence
(alignment position 184–248 and 344–471). The three sequence
comparison of MRV-1, MRV-2 and MRV-3 sigma-1 even couldn't
identify any large region of similarity (Nibert et al., 1990). Therefore,
the function of MCRV VP6 needs to be further studied.

VP8
The viral protein VP8 encoded by segment 8 shared 22% identity at

aa positions 73–198 with the RRSV P3 protein, which is proposed to
be the major core capsid protein. Complete sequence analysis
revealed 18.0% shared identity between VP8 from MCRV and P3
from RRSV. Since this value approximates the 20% yardstick, it offers
evidence that the two proteins are homologous within Reoviridae
(Mohd Jaafar et al., 2008) and suggests that VP8 is probably the
major core protein of MCRV.

VP7, VP12 and other ORFs
The predicted viral proteins VP7 and VP12 share 27% (aa 162–247)

identity with NSP3 from RotaV-A (Rotavirus A, Rotavirus) and 37% (aa
148–192) with NS2 from AQRV-A, respectively. The five ORFs encoded
by segment 4–5 and 9–11 did not show significant homology with
any known reovirus proteins.

Phylogenetic analysis based on nucleotide sequence of RdRp and the
capping enzyme

Viral RdRp is an important gene for the phylogenetic analysis of
Reoviridae. Indeed, phylogenetic analysis based on gene sequence of
RdRp has been used to confirm the evolutionary status of various spe-
cies (Attoui et al., 2005a, 2006a,b; Mohd Jaafar et al., 2008; Stenger et
al., 2009). 41 available RdRp gene sequences of 14 genera and 1
unclassified specie (Operophtera brumata reovirus, ObRV), were col-
lected from GenBank (species and accession numbers shown in
Table S2) and used to perform the RdRp-based phylogenetic analysis
of MCRV. The phylogenetic analysis revealed that the 42 sequences
(including segment 1 of MCRV) were divided into 16 groups, in
which MCRV was assigned to a single group separate from the 14
genera and ObRV (Fig. 5A). Another analysis based on the amino
acid sequence of RdRp indicated a same division of these 42 viruses.
MCRV still was assigned to a single group (Fig. 5a).

Another phylogenetic analysis was performed based on the
homology of capping enzyme (guanylyltransferase activity) using
the same method (accession numbers are shown in Supplementary
Table S2). Twenty-one available sequences of capping enzymes
from members of Reoviridae in 7 genera were collected. The 22
sequences were divided to 8 groups and the VP2 of MCRV was
found to distribute to a separate group (Fig. 5B, b).

Discussion

According to the PAGE profile, sequencing and Northern blots,
MCRV genome contains 12 distinct dsRNA bands. The result of 12 seg-
ments is inconsistent with that of 13 segments reported by Weng et
al. (2007). Two segments of the previously assigned segment 9–11
now were identified. To clone the third segment, we sliced the co-
migrating bands in 1% agarose gel, and used the full-length amplifica-
tion of cDNAs technique for attaining the cDNAs of these bands,
which were then subcloned and sequenced for 3 times and over 200
clones. However, the full screening of these bands in the cloning
pool failed to isolate the sequence of the third segment. A possible
explanation is that the suspect segment is the degradation product
of one of other segments.

To address the classification problem of MCRV, Weng et al. (2007)
proposed that MCRV should be assigned to family Reoviridae based
on the morphological characteristics of the virions and the identifica-
tion of its segmented dsRNA genome, and suggested MCRV may be a
new member of the DpPV and CcRV-W2 group.

Now twelve sequences of MCRV genome were confirmed, ranging
from 1.155 kb to 4.327 kb in a 1/5/6 electrophoretic pattern. The
number of genome segments is usually the same for viruses within
a single genus. The exception is the genus Mycoreovirus containing
viruses with both 11 and 12 segments (Mertens et al., 2005). Com-
pared with other 12-segment members of Reoviridae, we cannot
find a similar electrophoretic pattern. In brief, distributions were
4/6/2 in Coltivirus (Knudson, 1981), 3/3/6 in Phytoreovirus (Mertens
et al., 2005), 2/4/6 in Seadornavirus (Mertens et al., 2005), 3/4/2/3
in Cardoreovirus (Zhang et al., 2004) and 3/3/6 in Mycoreovirus 3 in
Mycoreovirus (Osaki et al., 2002). This finding reveals that MCRV
probably does not belong to any of the 15 genera currently defined
in Reoviridae.

The level of sequence variation, particularly in the more conserved
genome segments and proteins, can be used to distinguish members
of different genera (Mertens et al., 2005). The amino acid identity of
polymerase is always used as a criterion for genus determination.
According to the eighth report of International Committee on Taxon-
omy of Viruses, the level of variation of polymerases in a single genus
is usually below 67%; that is, members of a single genus should share
at least 33% aa identity (Mertens et al., 2005). The exceptions are
Rotavirus B, aquareoviruses and orthoreoviruses. Comparison of
RdRp sequences between MCRV and other available reoviruses
revealed only 3.0%–13.0% identity, with 3.0% identity with Peruvian
horse sickness virus (PHSV) and AQRV-A, 4.0% with MpRV, 5.0%
with AGCRV, 12.0% with EsRV905, and 13.0% with BAV. A similar re-
sult was found in the comparison of the putative capping enzyme
(VP2).

Conserved terminal sequences have been reported for all Reoviri-
dae members (Mertens et al., 2005). Genome segments of MCRV have
common terminal sequences, 5′-AUAAAU/CA/U——GA/GA/UA/CAACG/UAU-
3′, confirming MCRV as a member of Reoviridae. Moreover, the termi-
nal sequences of members of a given genus tend to be similar or iden-
tical, and large differences in terminal sequences are recognized as a
criterion for defining species parameters in Reoviridae (Attoui et al.,
2002b). The comparison of terminal sequences revealed that MCRV
was conserved with oryzavirus at 5′ termini and phytoreoviruses at
3′ termini. These identities indicate MCRV is related to oryzavirus
and phytoreovirus, however; these are not sufficient to clearly define
MCRV as oryzavirus or phytoreovirus.

The crab reovirus, MCRV belongs to the group of non-turreted reo-
viruses without large projections on the viral surface, similar to



Fig. 5. Neighbor-joining phylogenetic trees. (A) Phylogenetic trees built with RdRp nucleotide sequences of members of Reoviridae. Accession numbers and abbreviations are avail-
able in Supplementary Table S2. The tree illustrates the phylogenetic relationships between the various members of Reoviridae. (a) Phylogenetic trees built with RdRp amino acid
sequences of members of Reoviridae. (B) Phylogenetic tree built with available nucleotide sequences of reovirus capping enzymes. Scale bars at the lower left of the trees indicate
the number of substitutions per site. (b) Tree built with available amino acid sequences of reovirus capping enzymes.Neighbor-joining phylogenetic trees. (A) Phylogenetic trees
built with RdRp nucleotide sequences of members of Reoviridae. Accession numbers and abbreviations are available in Supplementary Table S2. The tree illustrates the phylogenetic
relationships between the various members of Reoviridae. (a) Phylogenetic trees built with RdRp amino acid sequences of members of Reoviridae. (B) Phylogenetic tree built with
available nucleotide sequences of reovirus capping enzymes. Scale bars at the lower left of the trees indicate the number of substitutions per site. (b) Tree built with available amino
acid sequences of reovirus capping enzymes.
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MdRV-P, CcRV-W2, and EsRV905. Based on the number of genome
segments, MCRV is similar to EsRV905, MdRV-P and CcRV-W2 (12)
that infects crabs in freshwater and marine water. The electrophore-
sis pattern of MCRV dsRNA (1/5/6), more closely resembles that of
MdRV-P and CcRV-W2 (both 1/5/6), but is distinct from EsRV905
(3/4/2/3) (Montanie et al., 1993; Weng et al., 2007; Zhang et al.,
2004). MdRV-P, CcRV-W2, and MCRV probably belong to the same
genus. Based on the electrophoretic pattern, homology of RdRp, phy-
logenectic analysis and the comparison of conserved termini, we sug-
gests that MCRV should be a member of a distinct new genus of
family Reoviridae. We temporarily referred to as genus Crabreovirus.

Materials and methods

Virus purification and isolation of nucleic acids

Virus purification was performed as described previously (Weng et
al., 2007). Briefly, 20 g of gill tissue from infected crabs was homoge-
nized in 200 mL PBS buffer (pH 7.4) with an electric blender at 4 °C.
The homogenized tissue was centrifuged at 1000×g for 30 min at
4 °C, after which the supernatant was centrifuged again at 10,000×g
for 1 h at 4 °C. Virionswere pelleted from the supernatant by 2 h centri-
fugation at 200,000×g in a Beckman ultracentrifuge (Optima™ L-
100XP, 70Ti rotor, Beckman Coulter, Inc.) and resuspended in PBS buff-
er. The suspension was layered onto a 25–55% (w/w) sucrose gradient
and centrifuged for 2 h at 200,000×g (SW41 rotor). The recovered frac-
tions with density of 1.42–1.44 g/cm3 were diluted in PBS buffer and
centrifuged for 2 h at 200,000×g. The resuspended pellet was layered
onto a 15–45% (w/w) CsCl gradient and centrifuged again for 8 h at
200,000×g. Viral fractions were collected as described above, diluted in
PBS buffer, centrifuged for 2 h at 200,000×g, and finally resuspended in
0.3 mL of PBS buffer. The RNA was extracted from purified virions using
a PureLink™ 96 Viral RNA Kit (Invitrogen, USA) according to the manual.
Nucleic acids were dissolved in RNase-free water. A 15% polyacrylamide
gel electrophoresis (PAGE) and a 12% SDS-PAGE were used to profile
the genome of MCRV and the proteins of MCRV particles, respectively.

Cloning and nucleotide sequencing

The cDNAs from genome segments ofMCRVwere constructed using
the full-length amplification of cDNAs technique (Maan et al., 2007).
Briefly, approximately 500 ng dsRNA was ligated to a single-stranded
anchor-primer (p-GAC CTC TGA GGA TTC TAA AC/iSp9/T CCA GTT TAG
AAT CC-OHwhere iSp9 is a C9 spacer) by T4 RNA ligase 2 (New England
Biolabs, USA) in a 10 μL reaction mixture containing 1 μL buffer and
10 U ligase. The ligation reaction mixture was incubated for 12 h at
4 °C, and products were extracted using the RNaid Kit (Qbiogene,
USA). The recovered dsRNA was denatured by boiling for 3 min. The
first strand cDNAwas synthesized using SuperScript® III Reverse Tran-
scriptase (Invitrogen, USA) for 50 min at 50 °C. The products were
amplified using Advantage 2 PCR Kit (Clontech, USA) and the single
primer (5′-GAGGGATCCAGTTT AGAATCCTCAGAGGTC-3′). The amplifi-
cation protocol consisted of 30 cycles of denaturation at 95 °C for 30 s
and annealing/extension at 68 °C for 3 min.

After cDNA amplification, the PCR products were separated by 1%
agarose gels and prepared for subcloning. Each band was sliced,
extracted, and ligated to the pGEM-T Easy vector (Promega, USA). Co-
migrating bands were simultaneously processed and screened in the
cloning pool. Finally, the cloning vectors of all bands were sequenced
and all segments are independently determined for 8 times.

Sequence confirmation by Northern blot

Twelve pairs of primers corresponding to the 12 segments of
MCRV were designed for blotting probes (Supplementary Table S1),
and PCR products were labeled with digoxigenin (DIG). For Northern
blot analysis, electrophoresis of MCRV dsRNA was performed on 1%
agarose gels at 7 V/cm for 1.5 h. After dsRNA separation, gels were
placed in formaldehyde-formamide (1:1) solution for 30 min at
65 °C for dsRNA denaturation. Gels were washed with 2× SSC and
placed on ice for 5 min. The ssRNA was transferred to a positively
charged nylon membrane (GE Healthcare, USA). Hybridization and
detection were performed according to the protocols included with
the DIG DNA Labeling and Detection Kit (Roche, Germany).
Bioinformatics analysis

All sequence alignmentswere performed using CLUSTALW software
(Thompson et al., 1994) and the NCBI BLAST program (http://blast.ncbi.
nlm.nih.gov/Blast.cgi). Phylogenetic analyses were performed with
MEGA 4 software (Tamura et al., 2007) using the p-distance determina-
tion algorithm. Sequence relatedness was reported as percentage iden-
tity or percentage genetic distance. Comparisons of obtained MCRV
sequences with those available from nucleic acid and protein databases
were performed using the NCBI gapped BLAST program (http://blast.
ncbi.nlm.nih.gov/Blast.cgi). Sequence identity was calculated by the
ClustalW2 (http://www.ebi.ac.uk/Tools/msa/clustalw2/). Motif scan-
ning and Pfam searching utilized the Prosite program (http://expasy.
org/prosite/) and Motif scan at Myhits (http://myhits.isb-sib.ch/cgi-
bin/motif_scan). RNA folding was finished by RNAStructure 5.0.

Supplementary materials related to this article can be found online
at doi:10.1016/j.virol.2011.09.029.
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