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Abstract  Grass carp reovirus (GCRV) is a relatively new virus first isolated in China and is a 
member of the Aquareovirus genus of the Reoviridae family. Recent report of genomic se-
quencing showed that GCRV shared high degree of homology with mammalian reovirus (MRV). 
As a step of our effort to understand the structural basis of GCRV pathogenesis, we determined 
the three-dimensional (3D) structure of GCRV capsid at 17 Å resolution by electron cryomicro-
scopy. Each GCRV capsid has a multilayered organization, consisting of an RNA core, an inner, 
middle and outer protein layer. The outer layer is made up of 200 trimers that are arranged on an 
incomplete T=13 icosahedral lattice. A characteristic feature of this layer is the depression re-
sulting from the absence of trimers around the peripentonal positions, revealing the underlying 
trimers on the middle layer. There are 120 subunits in the inner layer arranged with T=1 symme-
try. These structural features are common to other members of the Reoviridae. Moreover, 
SDS-PAGE analysis showed that GCRV virions contain seven structural proteins (VP1-VP7). 
These structural proteins have a high degree of sequence homology to MRV, consistent with the 
structural similarities observed in our study. The high structural similarities of isolated GCRV and 
MRV suggest that future structural studies focusing on GCRV entering into and replicating within 
its host cell are necessary in order to fully understand the structural basis of GCRV pathogenesis. 
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Grass carp reovirus (GCRV) is the first aquatic vi-
rus isolated and characterized in mainland China[1]. In 
1983, it was reported that GCRV was the agent that 
caused severe outbreaks of infectious hemorrhage 
disease in grass carp (Cyenopharyngodon idellus). 
Subsequently, a series of relatively systematic analyses 
have been conducted to characterize the biological and 
molecular properties of GCRV[2－8]. More than 50 
aquareoviruses have been identified since the first 
reovirus-like virus was isolated from aquatic tissues by 
Meyers in 1979[9]. Many of these isolates cause as- 

ymptomatic infection or infections with very minor 
diseases. It has been recognized that GCRV is the most 
pathogenic among all aquareovirus isolates reported to 
date[10,11]. Therefore, GCRV provides a good model 
system to study aquareovirus replication and patho-
genesis and such studies also have significance in the 
fish farming agriculture.  

GCRV has been classified as a member of genus 
Aquareovirus of family Reoviridea. GCRV virion has 
a multilayered spherical structure enclosing a genome  
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consisting of 11 segments of dsRNA[3]. Due to the lack 
of standard serotypes, classification of aquareovirus 
into the Aquareovirus genus is currently done mainly 
based on RNA:RNA hybridization[12]. According to 
Rangel et al.[10], six different genetic groups (Aquareo- 
virus genogroups A－F) have been identified among 
aquareovirus isolates based on reciprocal RNA blot 
hybridization and those not belonging to genogroups 
A―F, such as GCRV, are classified into group G. 
More recently, genetic sequences and phylogenic 
analyses of GCRV and three other aquareovirus iso-
lates have suggested that GCRV is a member of 
genogroup C[8]. Further sequences comparisons 
showed that GCRV has a common evolutionary origin 
with mammalian reovirus (MRV) with a high level of 
sequence homology. The three-dimensional (3D) 
structure of a striped bass reovirus (a member of the 
genogroup A) and its structural changes upon trypsin 
treatment have been reported, which showed structures 
similar to those of mammalian reovirus particles[13,14]. 
A preliminary 3D structure of GCRV at 35-Å resolu-
tion was first reported by Xu et al.[15], however, a de-
tailed structural comparison with other reoviruses was 
not possible due to the low resolution of that 3D map.  

Among the nine genera of the Reoviridae, substan-
tial progress has been made in the structural and func-
tional studies of members in the orthoreovirus, rotavi-
rus, orbivirus, phytoreovirus, cypovirus genera[16―20]. 
In contrast, much less is known about the structural 
properties of aquareoviruses. As a step toward under-
standing the structural basis of GCRV pathogenesis, 
we determined the 3D structure of GCRV by electron 
cryomicroscopy (cryoEM) to 17-Å resolution and 
correlated with its biochemical and genetic analyses. 
Our results revealed detailed structural organization 
and protein subunit features of GCRV, thus laid a 
foundation for future studies aimed at understanding 
the structure function relationships during GCRV in-
fection and replication. 

1  Materials and methods 

1.1  Cell and virus stain 

CIK (Ctenopharyngodon idellus kidney) cell line, 

established by Zuo et al.[21], was used for the propaga-
tion of GCRV. Strain GCRV873 was isolated from 
Shaoyang, Hunan Province in China and stored in the 
author’s laboratory[3]. 

1.2  Virus purification 

GCRV capsids were pelleted from virus-containing 
cell culture media through a 30% sucrose cushion at 
40000 rpm (250000 g) in a Sorvall rotor (SW41T1) for 
2 h, 4℃. The resulting pellet was re-suspended in 10 
mmol/L phosphate buffered salient (PBS) and loaded 
onto a 15%―50% sucrose gradient and centrifuged in 
a Sorvall SW41T1 rotor at 30000 rpm (120000 g) for 
1 h, 4℃. A sharp band was clearly visible in the gra-
dient and was collected and checked through negative 
stain transmission electron microscopy to confirm the 
presence of highly purified virus particles. SDS-  
polyacrylamide electrophoresis (SDS-PAGE) was used 
to reveal the protein components of the virus prepara-
tion[22]. This band was resuspended in 4 mL of PBS 
and pelletted by centrifugation at 40000 rpm (214000 
g) in a Sorvall rotor (AH-650), 4℃ for 2 h. The pellet 
was resuspended in PBS to make a concentration of 
about 1 mg/mL for cryoEM sample preparation. 

1.3  CryoEM 

CryoEM of GCRV capsids was performed using 
established procedures. Briefly, 2.5 μL of purified 
sample was applied to carbon-coated Quantifoil holey 
grids with 2 μm-diameter holes (Quantifoil Micro 
Tools GmbH, Germany) and quickly frozen in liquid 
ethane so that the virions were suspended in a thin 
layer of vitreous ice across the holes of the supporting 
film. Digital cryoEM images were recorded at an ef-
fective magnification of 83062× and 200 kV in a 
JEOL 2010F FEG transmission electron cryomicro-
scope, which is equipped with a Gatan 4k × 4k CCD 
digital camera (Gatan, Pleasanton Ca.). Focal pair 
CCD pictures of 4k × 4k size were recorded and pre-
processed for translation and rotation correction using 
the JAMES semi-automatic data collection program[23]. 
An electron dose of ~12 electrons·Å−2·micrograph−1 
was used. The electron beam was underfocused with a 
1.8 μm difference between close-to-focus (~1 μm un-
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der-focus) and far-from-focus (~2.8 μm under-focus) 
pictures in each focal pair. The pixel size of the CCD 
images is equivalent to 1.805 Å/pixel at the specimen 
level. For data processing, all images were averaged 
by combining adjacent pixels to yield a final sampling 
size of 3.61 Å/pixel at the specimen scale. 

1.4  Data processing and 3D reconstruction 

Imaging processing and 3D reconstruction was per-
formed with our established procedure using the 
IMIRS software package[24,25] in a Microsoft Windows 
XP PC. Focal pair method was used for orientation 
estimation[25]. Briefly, individual GCRV particles were 
boxed out from far-from-focus digital images. A list of 
initial orientation estimates were first generated for 
each particle image using common-lines[26]. A pre-
liminary model was then computed from 20 particles 
that showed the best self-common-line phase residuals 
and that had been refined by cross-common-line phase 
residual minimization among all 20 particles. The in-
correct orientations were then eliminated from the list 
of initial orientation estimates of each particle by 
evaluating the cross-common-line phase residual be-
tween the particle and projection images of the pre-
liminary model. The selected orientations were then 
refined by a global refinement which minimized the 
cross-common-line phase residuals across all selected 
particles and later with a projection-based refinement 
that optimized the match between the image and the 
projections computed from the initial 3D model. The 
new model reconstructed from these refinements was 
used as a template for the next round of particle selec-
tion and refinement, resulting in a further improved 
model. This process was iterated several times until no 
further improvement in the cross-common-line phase 
residual between particle images and the computed 
projections were noted. The orientations of the far- 
from-focus particle images were directly used as the 
starting orientations for their corresponding 
close-to-focus particles and were further refined itera-
tively as described above. The final structure was 
computed to 17 Å-resolution by merging 348 particles 
extracted. The 3-D visualization of the generated 
structure was carried out using Iris Explorer (NAG, 
Inc., Downers Grove, Ill.). 

2  Results and discussion 

2.1  GCRV purification 

A large quantity of purified GCRV particles was 
obtained by using density gradient centrifugation 
method. A transmission electron micrograph (TEM) 
image of negatively stained preparation is presented in 
Fig. 1. The density gradient-purified GCRV particles 
appeared to have the same size and morphology with a 
clear double capsid shell structure organization.  
 

 
 

Fig. 1.  Purified GCRV particles observed by TEM. 

 

2.2  CryoEM image of GCRV 

The close-to-focus and far-from-focus cryoEM im-
ages of a representative focal pair of GCRV embedded 
in vitreous ice is shown in Fig. 2(a) and (b), respec-
tively. The GCRV virion was rather spherical with no 
recognizable surface spikes. Fig. 2(c) and (d) also 
show the corresponding power spectrum computed 
from the close-to-focus and far-from-focus images 
shown in Fig. 2(a) and (b), which showed that there 
was high-resolution information stored in these images. 
It was evident from these spectra that the furthest ring 
of contrast transfer function (CTF) in the spectrum of 
the far-from-focus extended out to 1/15 Å−1 while that 
in the close-to-focus reached 1/9Å−1.  

2.3  Radial density plots 

The radial density distribution of the GCRV particle 
reconstruction is shown in Fig. 3. This plot shows the 
distribution of the virion particle densities as a func-
tion of radius. Four distinctive sections can be re-
solved in each intact GCRV particle, corresponding to  
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Fig. 2.  A focal pair cryoEM pictures of GCRV and their power spectra. (a) and (b), Close-to-focus (a) and far-from-focus (b) cryoEM images; (c) 
and (d), power spectra of close-to-focus (c) and far-from-focus (d) images. 

 

 
Fig. 3.  GCRV radial density plots. Different dashed line denotes the 
RNA core, the inner, middle, and outer layers, respectively. 

viral RNA core, inner layer, middle layer and outer 
layer. Their radii were 0－240 Å, 240―285 Å, 285―
370 Å, 370―410 Å, respectively. 

2.4  GCRV 3D reconstruction 

The 17 Å reconstruction of GCRV was displayed 
using shaded surface representation color-coded ac-
cording to particle radius and examined along an ico-
sahedral three-fold from outside (Fig. 4(a)) and inside 
using cutaway view (Fig. 4(b)). Each GCRV particle 
has a diameter of 820 Å composed of multiple layers 
of densities. The outer layer consists of 600 subunits 
arranged on an incomplete T=13 icosahedral lattice 
and is ~40 Å in thickness. Surrounding each icosahe-
dral 3-fold symmetry axis are 3 characteristic density  
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Fig. 4.  3D reconstruction of GCRV. (a) Shaded surface representations of GCRV reconstruction viewed along an icosahedral threefold axis. The 3D 
map is color coded according to particle radius such that RNA core is red, inner layer is orange, middle layer is green and the outer layer with 6-fold 
related trimeric subunits is aquamarine. “3”, “5”, and “6” represent icosahedral 3-, 5-, and local 6-fold axes. The surface view reveals that the outer 
layer is composed of 600 subunits arranged on an incomplete T=13 icosahedral lattice. The absence of trimers around each 5-fold axis results in de-
pressions around the 5-fold axes that expose underlying subunit arrangement. (b) Cutaway view revealing different layers of density. (c) Shaded rep-
resentation of inner layer as viewed along a 3-fold axis including densities up to a radius of 285 Å, revealing 60 dimers arranged on a T=1 icosahedral 
lattice. A channel penetrating the inner layer is observed at each 5-fold axis (red arrow). (d) Cutaway view of the inner layer and RNA core (red) as 
viewed along a 3-fold axis. 

 
rings, each made up of 6 shared trimers related by lo-
cal 6-fold axes (Fig. 4(a)). These intra- and in-
ter-trimeric interactions led to the formation of a net-
work of connected densities on the outer shell that 
provide further stabilization of the outer layer. A dis-
tinguishing feature on the outer layer was the 5-fold 
proximal depressions resulting from missing peripen-
tonal trimers. The absence of these trimers exposes the 
protein subunit arrangement of the inner layer. This 
structure organization shares striking similarity to that 
of the MRV[16]. Interestingly, Rotavirus, which also  

contains a genome of 11 dsRNA segments, comprises 
260 subunits of trimers on outer layer[17], thus having a 
different outer shell structure. Further careful struc-
tural comparison of GCRV and MRV indicates that 
they shared many similarities[27]. The only difference 
is that MRV contains a hemagglutinin protein σ1 for 
cell attachment which is located at the distal end of the 
5-fold axis[16], but no such protein was identified in 
GCRV. 

The characteristics of the inner layer include a 
channel along each 5-fold axis (Fig. 4(c)). The inner  

 



598 Science in China Ser. C Life Sciences 

layer has a diameter of about 570 Å and consists of 60 
dimers arranged on a T=1 icosahedral lattice (Fig. 
4(c)). Radial dissection of GCRV structure encom-
passing only the inner layer further showed that these 
channels transversed through the inner layer and con-
nect to the RNA shell (Fig. 4(d)), which appeared to 
be common to other members of the Reoviridae, such 
as MRV, BTV, Rotavirus, suggesting a similar en-
dogenous RNA replication mechanism within an intact 
virus particle may be employed by all these viruses[28]. 
Examination of the arrangement of the 200 trimers on 
the outer and middle layers and the 120 subunits on 
the inner core suggests that each subunit of the inner 
layer interacts with two subunits of the middle layer, 
thus strengthening the interlayer interactions. The core 
of the particle contains an RNA shell located under-
neath the inner layer (Fig. 4(d)). Moreover, the struc-
tural organization of two distinct shells encloses a 
highly ordered RNA layer, which may provide an op-
timal position and the necessary space for endogenous 
transcription and releasing into host cell. The inner 
layer might assist transcription, and the channels 
might facilitate exit of transcribed nascent RNA; 
whereas, the trimers of the outer layer might play a 
role in interaction with host cells[29]. 

2.5  Capsid protein analysis  

To further identify the components of matured 
GCRV capsid, the purified virion was analyzed by 
using SDS-polyacrylamide (SDS-PAGE) gel (Fig. 5). 
Seven structural protein components were identified 
with molecular weight about 138, 137, 136, 79, 67, 43, 
34 kD respectively. Three of the seven proteins VP1, 
VP2 and VP3 have similar, large molecular mass. VP6 
and VP7 have small molecular mass. In addition, VP5 
was the most abundant protein while VP4 was the 
least. These results were consistent with both aquareo-
virus and MRV protein properties[12,16], and prediction 
results deduced from genome amino acid sequences of 
GCRV[5,8]. 

Based on sequence analysis and homology between 
GCRV and MRV, we can predict that among the seven 
structural proteins in GCRV, five form the inner and 
middle layers, including VP1, VP2, VP3, VP4 and 

VP6, corresponding to λ2, λ3, λ1, μ2, σ2  in MRV, 
respectively. These proteins may play a role in virus 
transcription and replication. VP5 and VP7 were as-
signed as outer shell proteins, corresponding to μ1 and 
σ3  of MRV, having similar structural and function 
roles, which might be related to virus entry and inter-
action between virus and host cells during infection[16]. 

 

 

Fig. 5.  SDS-PAGE analysis of GCRV virion protein. 

 
GCRV VP3 was a primary component of in the in-

ner layer. Because GCRV VP1 and MRV λ2  share 
similar enzymatic domains, we propose that VP1 is the 
turret protein that decorates the five-fold vertices. In-
deed, GCRV VP1 contains two methylase domains 
and other domains responsible for nascent RNA proc-
essing and release[16]. VP2 was defined as parti-
cle-associated reovirus RNA polymerase (MRV ana-
logue λ3),  which is likely to be located inside the in-
ner layer around each fivefold vertex to participate in 
initiation of syntheses of mRNA. VP4 (MRV analogue 
μ2) might be a coadjutant of VP2 for facilitating ini-
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tiation and elongation of mRNA. VP6, similar to σ2  
protein in MRV,  might be a stabilizing clamp to en-
hance VP3 (λ1 analogue) core frame intensity[28]. It 
should be pointed out that in the non-turreted members 
of in family Reoviridae, such as in Orbiviruses and 
rotaviruses, there is no σ2-protein or its homolog, the 
proteins that constitute the innermost shell (VP2 and 
VP3 in rotaviruses and orbiviruses, respectively) can 
self-assemble into icosahedral particles[28]. 

In the outer layer, GCRV VP5 and VP7 were pre-
sent in virions with 1:1 ratio, corresponding to MRV 
μ1 and σ3, having similar structure and function. Our 
3D model shows that these two proteins have the same 
copy number, i.e. 200 trimers. As revealed in Fig. 5, 
VP5 was also the most abundant protein in GCRV, 
similar to MRV  μ1[16].  It might be located in the in-
termediate layer of the particle (see Fig. 4(a) and (b), 
green mark). The trimers on the outer shell might 
function as a receptor recognition site during virus and 
host cell interaction and entry of virus into host 
cells[16]. 

No fibre-like hemagglutinin structure was found in 
GCRV, which is same as another aquareovirus 
SBRV[13], different from MRV (σ1 protein ). The puri-
fied virions maintained their intact structure as re-
vealed by both TEM and cryo-EM, it is unlikely the 
fibre-like structure was lost or degraded during sample 
purification. Although the precise role of hemaggluti-
nation in reovirus infection is unknown, the absence of 
a hemagglutinin in GCRV suggests that the way of 
host cell to recognize GCRV might be different from 
that for MRV. 

Previous study has showed that the genomic struc-
ture and sequences of GCRV and MRV shared the 
high level of identity[5,8]. This high level of identity is 
reflected in their structures[30]. The structure of GCRV 
reported here resembles that of the MRV. Several dif-
ferences between GCRV and MRV indeed exist, such 
as numbers of genome segments, antigenicity, cyto-
pathic effects and host spectrum, reflecting their di-
vergent evolutiontrait. In this regard, determination of 
GCRV structure at high resolution and its conforma- 

tion changes during virus transcription will help to 
elucidate the molecular and structural mechanism of 
its transcription regulation. 
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