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In 1973, rotaviruses A (RVAs) were discovered as major causative agents of acute gastroenteritis in infants 
and young children worldwide.  The infectious RV virion is an icosahedral particle composed of three 
concentric protein layers surrounding the 11 double-stranded (dsRNA) segments.  An in vitro replication 
system for RVs in permanent cell lines was developed in 1982 and expanded to replication in intestinal 
organoids in 2015.  However, the details of rotavirus (RV) entry into cells and particle maturation 
mechanisms at the molecular level remain incompletely understood.  Slowing down human RVA replication 
in cell culture on ice allowed morphological visualization of virus particle entry and the assembly of triple-
layered particles (virion).  Although RVAs are non-enveloped viruses, after virus attachment to the cell 
membrane, the virus enters the cell by perforating the plasma membrane by a fusion mechanism involving 
VP5* of the cleaved VP4 protein, as the alternative virus entry route besides the receptor-mediated 
endocytosis which is generally accepted.  After assembling double-layered particles (DLPs) in viroplasm or 
cytoplasm, they appear to be connected with the endoplasmic reticulum (ER) membrane and become 
coated with outer capsid proteins (VP4 and VP7) in a coating process.  The perforation of the ER 
membrane is caused by an unknown mechanism following interaction between non-structural protein 4 
(NSP4) and the inner capsid protein VP6 of the DLPs.  The coating process is closely related to the 
formation of a hetero-oligomeric complex (NSP4, VP4 and VP7).  These lines of evidence suggest the 
existence of novel mechanisms of RV morphogenesis.
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Introduction
Rotaviruses A (RVAs) were discovered in 1973 as 

major causative agents of acute gastroenteritis (AGE) in 
infants and young children (Bishop et al. 1973; Flewett et 
al. 1973).  Rotaviruses (RVs) are excreted in stools and fre-
quently associated with diarrheal disease.  RV infects 
enterocytes and induces diarrheal illness through the 
destruction of absorptive enterocytes, intestinal secretion 
stimulated by RV non-structural protein 4 and activation of 
the enteric nervous system (Estes and Greenberg 2013).  
The management of RV infection focuses on the prevention 
and treatment of dehydration.  RV vaccine is recommended 
for routine use in all countries globally.  Despite the global 
introduction of vaccinations for RV over a decade ago, RV 
infections still result in > 200,000 deaths annually, most in 
low-income countries (Tate et al. 2016).

RVs are nonenveloped viruses, members of the family 
Reoviridae.  RV has a genome consisting of 11 segments of 
double-stranded (ds)RNA surrounded by a triple-layered 

protein capsid.  The RNA segments encode six structural 
viral proteins (VP1 to VP4, VP6 and VP7) and six non-
structural proteins (NSP1 to NSP6) (Table 1).  RVs are clas-
sified serologically by a scheme that allows for the presence 
of multiple groups (based on VP6) and of multiple sero-
types within each group (based on VP4 and VP7 neutraliz-
ing epitopes).

The successful establishment of a cell culture model 
for human rotavirus (Sato et al. 1981; Kutsuzawa et al. 
1982) and the achievement of RVA replication in intestinal 
organoids (Saxena et al. 2016) vastly improved our under-
standing of rotavirus replication.  However, virus cell entry 
and virion morphogenesis are complex processes that are 
not yet fully understood.  In the case of RVs, findings have 
suggested two methods for virus entry and virion assembly.  
Triple-layered particles (TLPs) can enter the cell by either 
endocytosis or direct cell membrane penetration (Suzuki et 
al. 1984b, 1985, 1986; Kaljot et al. 1988; Estes and 
Greenberg 2013; Desselberger 2014), whereas virion 
assembly occurs by either a budding process (Estes and 
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Greenberg 2013; Desselberger 2014) or membrane perfora-
tion (Suzuki et al. 1984b, 1993; Suzuki 1996).  We previ-
ously reported a series of morphological investigations of 
RV using transmission electron microscopy (TEM) (Suzuki 
and Konno 1975; Suzuki et al. 1981, 1984a, b, 1985, 1986, 
1993; Suzuki 1996) and virological investigations (Kitaoka 
et al.  1984, 1986a, b).  Our knowledge of RV cell entry and 
virion assembly as explored by these methods has been 
complemented by other similar studies (Altenburg et al. 
1980; Petrie et al. 1982, 1983, 1984; Poruchynsky et al. 
1991) and been expanded by numerous more recent investi-
gations (Kaljot et al. 1988; Fukudome et al. 1989; Jourdan 
et al. 1997; Lawton et al. 1997; Dormitzer et al. 2004; 
Jayaram et al. 2004; Silvestri et al. 2004; Lopez et al. 2005; 
Patton et al. 2006; Trask and Dormitzer 2006; Lu et al. 
2008; Maruri-Avidal et al. 2008; Chen et al. 2009; Baker 
and Prasad 2010; Kim et al. 2010; Aoki et al. 2011; Trask et 
al. 2012; Abdelhakim et al. 2014; Rodriguez et al. 2014; 
Arias et al. 2015; Salgado et al. 2017).  This paper discusses 
gaps in current knowledge of RV morphogenesis, present-
ing findings obtained by TEM and relevant molecular bio-
logical studies.

Rotavirus Structure and Classification
RV particles have a distinctive morphological appear-

ance and three types of particle have been observed by 
TEM using negative staining (Fig. 1) (Altenburg et al. 
1980; Suzuki et al. 1981, 1984a, b, 1985; Kabcenell et al. 
1988; López et al. 2005).  The RV virions are non-envel-
oped and TLPs of 100 nm in diameter, including the VP4 
that spans the VP6 and VP7 layers, and extends out from 
the particle (Figs. 1a and 2).  Double-layered particles 
(DLPs) lack the outer layer (VP7 and VP4) and have VP6 
of the middle layer exposed on their surface (Figs. 1a and 
2).  Single-layered particles, also termed cores, lack the 
middle layer, resulting in the exposure of VP2.  As a unique 
morphogenic pathway of RV, transient enveloped particles 
(TEPs) are formed by the budding of DLPs into the endo-
plasmic reticulum (ER) lumen (Estes and Greenberg 2013), 
and can be observed by TEM using a thin section method 
(Figs. 1b and 2).

The infectious RV virion is an icosahedral particle 
composed of three concentric protein layers surrounding 
the 11 dsRNA segments (Table 1) (Settembre et al. 2011).  
Each segment encodes one protein, with the exception of 
segment 11, which encodes two NSPs, NSP5 and NSP6, in 
the case of RVA (Estes and Greenberg 2013).  Depending 
on the particular RV species, certain RNA segments encode 
two or more viral proteins.  In addition, the core contains 
the RNA-dependent RNA polymerase, VP1 and the capping 
enzyme, VP3.  For several RV strains, complete gene-pro-
tein assignment has been achieved (Estes and Greenberg 
2013).

According to the serological reactivity and genetic 
variability of the middle layer protein VP6, at least 10 dif-
ferent groups, also termed species, have been differentiated 
(termed RVA-RVJ) (Matthijnssens et al. 2012; Mihálov-
Kovács et al. 2015; Bányai et al. 2017).  The outer capsid 
proteins, VP4 and VP7, are used in a dual classification 
system (Table 1), where VP4 determines the P type and 
VP7 determines the G type.  Although 32 G types and 47 P 
types are currently known (Rotavirus Classification 
Working Group 2017), only a few G and P genotype combi-
nations (G1P[8], G2P[4], G3P[8], G4P[8], G9P[8] and 
G12P[8]) substantially contribute to the burden of disease 
in humans (Matthijnssens et al. 2009).  An extension of the 
dual classification system into genotyping of all 11 seg-
ments was described in 2008 (Matthijnssens et al. 2008) 
and is increasingly used for studying the molecular epide-
miology, evolution of RVs, and the impact of rotavirus vac-
cination.  In humans, the existence of two major genotype 
constellations, referred to as Wa-like and DS-1-like strains, 
has been reported (Matthijnssens et al. 2009).

Rotavirus Replication  
Attachment

RV attachment is a complex process (López and Arias 
2004; López et al. 2005); however, progress is being made 
owing to new molecular and structural information on the 
outer capsid proteins and an understanding of differences in 
virus strains (Estes and Greenberg 2013).  The TLP inter-
acts via its VP4 spikes with cellular receptors (attachment 
receptors), which contain sialic acid (SA) at terminal or 
sub-terminal positions.  The initial cell attachment step is 
followed by the interactions of viral proteins [VP8* (pro-
duced by cleavage of VP4 into VP5* and VP8*) and VP7] 
with multiple co-receptors, including integrins (α2β1, α4β1, 
αvβ, and αxβ2) and hsc70, which have been found to be 
associated with cell membrane lipid microdomains 
(Fukudome et al. 1989; López and Arias 2004; Baker and 
Prasad 2010; Estes and Greenberg 2013; Desselberger 
2014).  RV attachment to host cells is also mediated by 
binding partners on the host cell surface, including sialogly-
cans, such as gangliosides GM1 and GM1a and host-blood 
group antigens (HBGAs) (Arias et al. 2015).  RV-HBGA 
interactions are dependent on the RV P genotype, and 
studying these interactions has provided new insight into 

Fig. 1.  Rotavirus structures.
 Panel a: Four TLPs and one DLP (white arrow) in a neg-

ative contrast preparation.  Panel b: Three TEPs in the 
cisternae of the rough endoplasmic reticulum in thin sec-
tion.  TEPs revealed radial bars between the envelope 
and DLPs, like the spokes of a wheel.  Bars represent 100 
nm.
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host range restrictions and interspecies transmission of dif-
ferent RV strains (Saxena et al. 2015).

Virus Cell Entry
For non-enveloped viruses, the mechanism appears to 

rely on viral capsid proteins disrupting or forming pores in 
cellular plasma membranes (Sieczkarski and Whittaker 
2005).  An important issue is how the viral genome is 
detached from the core.  RV contains 11 segments of 
dsRNA as its genome and RNA polymerase to synthesize 
its own RNAs endogenously (Table 1) (Estes and 
Greenberg 2013).  After RV attachment, TLPs can enter the 
cell by either endocytosis (Lawton et al. 1997; Chen et al. 

2009; Trask et al. 2012; Estes and Greenberg 2013; Periz et 
al. 2013; Abdelhakim et al. 2014; Arias et al. 2015; Salgado 
et al. 2017) or direct cell membrane penetration (Kaljot et 
al.  1988; Estes and Greenberg 2013; Desselberger 2014), 
as also evidenced by TEM studies (Suzuki et al. 1984b, 
1985, 1986).

Receptor-mediated endocytosis
Following RV attachment to cellular receptors, it is 

generally accepted that the TLPs are internalized into the 
cytoplasm by receptor-mediated endocytosis (Estes and 
Greenberg 2013; Abdelhakim et al. 2014; Desselberger 
2014).  RVs are internalized into cells by clathrin-dependent 
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Fig. 2.  The proposed schematic of the rotavirus replication cycle.
 The triple-layered particle (TLP) is schematically shown at top.  The outer layers of TLP consist of VP4 (magenta bars) 

and VP7 (yellow).  Inner layer of TLP and the outer layer of double-layered particle (DLP) consist of VP6 (blue), VP2 
(beneath VP6, in black), VP1 and VP3 (greenish brown), and double-stranded RNAs (red).  The schematic also delin-
eates virus entry (top left half), DLP assembly (bottom left half), and TLP assembly (right half), marked with dotted 
lines.  For details, see each section on the replication cycle (direct cell membrane penetration, TEP formation, and  
recoating of outer proteins on DLP).

 Top left half indicates direct cell entry and uncoating of transcriptionally active TLP by perforation of the cell mem-
brane.  In the TLP, red fine line from inner capsid of TLP (probably (+)RNAs?) results in cotton wool ball-like structure 
in cytoplasm.

 Bottom left half indicates the DLP assembly route through the formation of transient enveloped particle (TEP) that con-
sists of DLP, VP4 (short magenta bars) and envelope (black).  VP4 of TEP weakly attaches to VP6 via NSP4, and the 
attached VP4 is repressed by envelope (represented as shortened bars).  Thus, the DLP assembly is achieved via viro-
plasm-TEP-DLP system.  In viroplasm, replication and packaging of the viral genome into the viral capsids take place.  
DLPs assemble at the periphery of viroplasm and bud across the endoplasmic reticulum (ER) membrane with NSP4 act-
ing as an intracellular receptor interacting with VP6, forming TEP.  TEPs swell and rupture, resulting in DLPs in the ER 
lumen, and DLPs are released from a cell through cell lysis.  The budding process serves to create a vehicle to transport 
DLPs from the cytoplasm to the ER lumen, but does not participate in the TLP assembly.

 Right half indicates the TLP assembly route via recoating of outer proteins on DLP in collaboration with hetero-oligo-
mer (orange half balls) at the perforation area of the ER membrane.  DLPs assemble at the periphery of viroplasm and 
attach to the ER membrane.  The formed TLP is released through cell lysis.
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or -independent endocytic pathways, depending on the 
virus strain (Arias et al. 2015).  Following entry, RVs travel 
to different endosomal compartments, such as early endo-
somes, maturing endosomes and late endosomes, and lose 
their outer layer before existing in the cytosolic space (Arias 
et al. 2015).  Promptly (typically within 10 min), the outer-
layer proteins are lost and transcriptionally active DLPs 
enter the cytosol (Salgado et al. 2017).

Uncoating of TLPs via endocytosis
It has been proposed that, at the exit of TLP from the 

endosomal compartment, the RV spike protein VP4 under-
goes an initial conformational change, triggered by 
unknown factors (Arias et al. 2015).  The decrease of cal-
cium in endosomes promotes the release of VP7, and VP4 
is believed to undergo a rearrangement of VP5* to a fold-
back conformation, which leads to the interaction of a 
hydrophobic domain of this VP4 subunit with the endo-
somal membrane to disrupt it (Abdelhakim et al. 2014; 
Salgado et al. 2018).

In DLPs released into the cytoplasm, the polymerase 
complex (VP1 and VP3) is activated to transcribe capped 
positive-sense RNA [(+)RNAs] from each of the 11 double-
stranded RNA (dsRNA) genome segments (Table 1) 
(Lawton et al. 1997; Chen et al. 2009; Trask et al. 2012; 
Periz et al. 2013; Salgado et al. 2017).  In transcriptionally 
active DLPs, the class I channels at the five-fold-vertices 

increase in diameter, permitting the release of ss(+)RNA 
transcripts into the cytoplasm (Trask et al. 2012).  
Monoclonal antibodies binding to epitopes near the class I 
channels narrow their lumen and block transcription (Kohli 
et al. 1994; Aiyegbo et al. 2013).  It is still unclear how the 
5′ ends of the (+)RNAs are capped by VP3 before exit 
through the class I channels (Lu et al. 2008).  This is the 
widely accepted view that the uncoating of TLPs occurs 
after endocytosis and results in DLPs in the cytoplasm.  A 
recent report indicated that after endocytosis the uptake of 
TLP leads promptly to loss of the outer-layer proteins and 
escape of the transcriptionally active DLP into the cyto-
plasm (Salgado et al. 2017).

Direct cell entry through membrane penetration
RVs usually grow in vitro in the presence of trypsin, 

which cleaves the viral VP4 into its subunits VP5* and 
VP8* to gain maximal infectivity (Table 1) (Estes et al. 
1981; Kitaoka et al. 1986b; Estes and Greenberg 2013).  To 
obtain a non-infectious RV with uncleaved VP4, monolayer 
infected with infectious RV is incubated at 4°C, and 60 min 
later is washed with cold MEM.  Thereafter, the cultures are 
kept in trypsin-free MEM for 24 h at 37°C.  Non-infectious 
RVs with uncleaved VP4 are capable of being adsorbed on 
cells at 4°C (Kitaoka et al. 1986b).  VP4 spikes of RV 
grown in the absence of trypsin are indistinguishable from 
those of particles grown in the presence of trypsin 

Genome
 segment

Encoded
protein

Location in
virus particles

Functions

1 VP1 Core ssRNA binding, RNA dependent RNA polymerase, complex with VP3

2 VP2 Core RNA binding, required for replicase activity of VP1

3 VP3 Core ssRNA binding complex with VP1, guanylyltransferase, methyltransferase 

4 VP4 Outer capsid P-type neutralization angigen, attachment protein, protease-enhanced infectivity,
 virulence, fusion with cell membrane
 <Mature protein modified; cleaved VP5*+VP8* (cleaved by trypsin or cellular protease) >

5 NSP1 Nonstructural
 inner capsid

RNA binding, interferon antagonist, E3 ligase 

6 VP6 Inner capsid Subgroup antigen, species deteminant,  protection (intracellular neutralization),
 required for transcription

7 NSP3 Nonstructural Inhibits host  protein translation

8 NSP2 Nonstructural Essential for viroplasm formation

9 VP7 Outer capsid G-type neutarlization antigen, glycoprotein calsium-dependent trimer
  <Mature protein modified; cleaved signal peptide glycosylation>

10 NSP4 Nonstructural RER transmembrane glycoprotein, viroporin, intracellular receptor for DLPs, role in
 morphogenesis of TLPs, interacts with  viroplasms and autophagy pathway, modulates
 intracellular calsium and RNA replicatioon, enterotoxin (secreted), virulence

11 NSP5 Nonstructural Essential for viroplasms formation, RNA binding, protein kinase, interaction with VP2
 and NSP6

NSP6 Nonstructural Interaction with NSP5, localization in viroplasms

Table 1.  Rotavirus proteins.

ssRNA, single stranded RNA; mRNA, messenger RNA; RER, rough endoplasmic reticulum; TLPs, triple-layered parti-
cles; DLPs, double-layered particles.
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(Rodriguez et al. 2014), suggesting that proteolytic cleav-
age of VP4 mainly achieves conformational changes 
enabling viral entry into cells.

To determine the effect of trypsin treatment of non-
infectious human RVs on hemagglutinin (HA) activities and 
infectivity, RV suspensions are treated with various concen-
trations of trypsin for several minutes at 37°C.  Trypsin 
treatment decreases the HA titer of non-infectious human 
RV and conversely increases their infectivity (Kitaoka et al. 
1984, 1986b).  Most strains isolated from humans and many 
animal rotaviruses do not have HA activities, bind to and 
infect NA-treated cells (Ciarlet and Estes 1999).

Kinetic studies have revealed that RVs enter cells rap-
idly (Estes and Greenberg 2013).  To visualize the cell entry 
step by TEM, we slowed down the virus entry process at a 
low temperature (4°C) and successfully showed direct cell 
membrane penetration by infectious human RV (Figs. 2 and 
3) (Suzuki et al. 1985, 1986).  The TEM observations of 
virus cell entry indicated that, at the attachment site of a 
TLP to the cell membrane, an electron-dense thin line is 
expelled from the virus core into the cytoplasm through 
radial space between the capsomere and the cell membrane 
pore forming its attachment site, suggesting perforation of 
the cell membrane (Figs. 2, 3a and b) (Suzuki et al. 1985, 
1986).  This is the first such observation among animal 
viruses.  These results are supported by a paper describing 
that infectious RVs increase cell membrane permeability, as 
measured by 51Cr, [14C]choline and [3H]inositol release 
from prelabelled cells (Kaljot et al. 1988).  In contrast, 
when human RV grown in a trypsin-free medium is used to 
infect cells, its mode of penetration into the cytoplasm is 
mediated by endocytosis (Fig. 4) (Suzuki et al. 1985).  

Nevertheless, we could not detect any evidence of viral rep-
lication.

These early results were supported by subsequent 
molecular studies.  It is conceivable that trypsin plays an 
important role in dissolution of the outer layer of TLP at the 
cell membrane to facilitate the entry of viral nucleoids into 
the cell.  VP4 contains discrete functional domains: in vitro 
treatment of virions with trypsin results in specific cleavage 
of VP4, and yields subunits consisting of polypeptides 
VP8* and VP5* with concomitant enhancement of viral 

Fig.  3.  Overview of the process of rotavirus cell entry.
 For details, see the section on the direct cell membrane penetration.  The black arrow indicates the changes of the total 

and internal shapes of TLP from round to oval (a).  The white arrow indicates the point of perforation of the ER mem-
brane, and the arrowheads indicate the long electron-dense thin line ejected from the core of TLP into the cytoplasm 
through the space of radial capsomere and the pore of the cell membrane (a).  The series of processes in rotavirus cell 
entry result in cotton-wool-like structures in the cytoplasm (b).  The panels (c, e, f) are TLPs visualized by a combina-
tion of staining and shadowing: mild disruption of TLP by EDTA (c, f) and by heat shock (e).  Projections (arrows) are 
observed on the periphery of TLPs (c, e, f), suggesting the release of nucleic acids from active TLP.  Some components 
of the nucleocapsid inside the projection of inner capsid form a funnel-shaped structure (arrow), which is observed 
clearly in trypsin-treated culture fluid (d).  These figures are modified from a previous paper (Suzuki et al. 1986).  Bars 
represent 100 nm.

Fig. 4.  The endocytosis of non-infectious rotavirus.
 This figure indicates endocytosis.  The cell is inoculated 

with non-infectious rotavirus grown in trypsin-free medi-
um and cultivated in trypsin-free medium at 37°C for 24 
h.  This figure is modified from a previous paper (Suzuki 
et al. 1985).  Bar represents 100 nm.
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infectivity (Table 1) (Estes et al. 1981; Gilbert and 
Greenberg 1998; Kim et al. 2010; Rodriguez et al. 2014).  
The likely membrane-binding surfaces are the set of three 
hydrophobic loops at the apex of each VP5* β barrel, which 
is distal to the foot in the spike conformation (Dormitzer et 
al. 2004).  Their conformational similarity to the fusion 
loops of class II and class III viral fusion proteins has been 
described (Dormitzer et al. 2004), and one of them has an 
amino-acid sequence related to the sequence of the E1 
fusion loop of the Semliki Forest virus (Mackow et al. 
1988; Levy-Mintz and Kielian 1991).  Like the fusion loops 
and peptides of enveloped virus entry proteins, these hydro-
phobic surfaces are hidden on the mature virion and 
exposed only during a conformational change triggered by 
events that accompany entry (Settembre et al. 2011; Trask 
et al. 2012; Abdelhakim et al. 2014).

Uncoating of TLPs via perforation of the cell membrane
Upon higher-magnification TEM observation using a 

thin section method, the shapes of TLP and its core change 
from round to oval (Fig. 3a), suggesting TLP activation 
(Suzuki et al. 1985, 1986).  An electron-dense thin line, 
probably consisting of nucleic acids of TLPs, is extruded 
from TLPs into the cytoplasm through perforation of the 
cell membrane, and finally results in a cotton wool ball-like 
structure in the cytoplasm, which is visible at a depth of 
less than 200 nm from the adhering cell surface and soon 
disappears (Figs. 2, 3a, and b), in the same way as in polio-
virus cell entry (Brandenburg et al. 2007).  Transcriptase 
activity is masked in TLPs, but heat shock and EDTA treat-
ments release it (Cohen 1977).  Our early studies under a 
TEM using a combination of staining and shadowing meth-
ods (Bartlett et al. 1974; Yazaki and Miura 1980) indicated 
that EDTA and heat shock treatments cause mild damage to 
virus particles and viral RNA of TLPs is extruded (Fig. 3c, 
e, and f) (Suzuki et al. 1986).  After discharge of the nucleo-
protein under EDTA treatment, empty TLPs with funnel-
shaped structures which allow the passage of nucleic acids 
are shown (Fig. 3c), and the same structures are found in 
culture fluids (Fig. 3d).  Upon higher-magnification TEM 
observation using negative staining, some parts of the 
nucleocapsid aligned within the funnel-shaped structure are 
apparently derived from the inner capsid, which consist of a 
space of radial capsomere sheathed inside by components 
of the nucleocapsid (Fig. 3d), probably the class I channel.  
It appears that the nucleocapsid plays an important role in 
the process of viral RNA ejection, probably via the activa-
tion of RNA polymerase.  However, these early studies had 
a limitation of not confirming the specific character of the 
above materials expelled from TLPs.  Viral mRNA is used 
for translation or as a template for RNA synthesis during 
genome replication.  The RNA is then packaged into new 
DLPs within viroplasm (Fig. 2).

The loss of outer capsid VP7 activates the internal 
polymerase complex to transcribe capped positive-sense 
RNA [(+) RNA] from each of the 11 dsRNA genome seg-

ments for release into the cytosol (Lawton et al. 1997; Chen 
et al. 2009; Trask et al. 2012; Salgado et al. 2017).  The 
capped transcripts are released through aqueous channels at 
the five-fold axes of these intact particles (Hu et al. 2012).  
Once these initial transcripts have been translated, RV NSPs 
then coordinate various stages of genome replication and 
viral assembly by adapting and modifying the cellular 
machinery during this movement of genome dsRNA.  VP7 
completely covers the tip of VP6, and inhibits transcription 
by preventing the conformational change of VP6 
(Thouvenin et al. 2001).  This is supported by the findings 
of transcriptional inhibition by VP6-specific antibodies 
(Kohli et al. 1994; Aiyegbo et al. 2013).  These molecular 
studies and TEM observations provide grounds for the sug-
gestion that even partial disruption of VP7 protein at the 
fusion point results in transcriptionally active TLP.  
However, these key lines of evidence require further 
detailed investigation.

These results led us to conclude that RV uncoating 
proceeds via two steps.  At the first step, a change of the 
outer layer VP4 of TLP occurs by proteolytic digestion by 
trypsin.  The endogenous transcriptase in such particles is 
in a switched-off state.  At the second step, TLP results in 
fusion of the cell membrane, probably with partial disrup-
tion of the VP7 outer layer at the fusion point, followed by 
conversion into particles with activated transcriptase.  It is 
assumed that this two-step process through the perforation 
of the cell membrane induces RV uncoating.

Triple-Layered Particle (TLP) Assembly
The review of rotaviruses indicated important points: 

(a) precise mechanisms of how the envelope on particles 
was removed, (b) the hetero-oligomeric complexes function 
in particle budding through the ER, and (c) how the outer 
capsid was assembled onto the newly made DLPs (Estes 
and Greenberg 2013).  There are two TLP assembly pro-
cesses in the relationship between DLP and ER membrane, 
namely, a budding process (Estes and Greenberg 2013; 
Desselberger 2014) and a perforation process (Suzuki et al. 
1993; Suzuki 1996).  Notably, NSP4 plays an important 
role in TLP assembly, especially in terms of selecting one 
of the above two processes.

DLP assembly
Replication and packaging of the viral genome into the 

viral capsids take place in specialized, cytoplasmic com-
partments, called viroplasm, which form at an early stage of 
infection.  These are large, non-membrane-bound, electron-
dense structures rich in viral RNA and viral proteins (VP1, 
VP2 and VP3) and VP6 and non-structural proteins (NSP2, 
NSP5 and NSP6) (Table 1) (Petrie et al. 1982, 1984; 
Fabbretti et al. 1999; Silvestri et al. 2004; Patton et al. 
2006; Hu et al. 2012; Trask et al. 2012; Estes and 
Greenberg 2013; Desselberger 2014; Viskovska et al. 
2014).  NSP2 and NSP5 are critically important for the 
nucleation of viroplasm and virus replication (Table 1) 
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(Silvestri et al. 2004; Vascotto et al. 2004; Campagna et al. 
2005).  The ss+RNAs released from DLPs either remain in 
the cytoplasm, where they serve as templates for the trans-
lation of RV proteins, or are trapped in viroplasm, where 
they will be used for assortment, packaging and replication 
to become genomic dsRNA (McDonald and Patton 2011; 
Trask et al. 2012).  The function of any given (+)RNA dur-
ing infection is thought to be determined by its intracellular 
localization (Silvestri et al. 2004).  NSP2 and NSP5 are 
assumed to co-localize around transcribing DLP.  NSP5 has 
been shown to self-associate and to interact with RNA and 
NSP2 (Table 1) (Martin et al. 2011).  The numerous interac-
tions of NSP2 and NSP5 suggest that viroplasm forms as 
large, semiregular networks designed to sequester viral 
RNAs and capsid proteins for assembly into nascent virions 
(Trask et al. 2012).  Consistent with this model, the RNA-
dense bodies are the sites of early virion assembly and fur-
ther (secondary) (+)RNA transcription by nascent progeny 
DLPs.  Viroplasm-associated RV (+)RNAs are selectively 
packaged into assembling VP2 cores and replicated by VP1 
into the dsRNA genome (Silvestri et al. 2004).

TEP formation
It is generally accepted that DLPs assembled at the 

periphery of viroplasm bud across the ER membrane with 
NSP4 acting as an intracellular receptor interacting with 
VP6 (Au et al. 1989; O’Brian et al. 2000; Xu et al. 2000; 
López et al. 2005), although no specific mechanism for the 
exit of DLPs from viroplasm is currently known (Trask et 
al. 2012).  NSP4 has VP6 and VP4 binding domains, and 
topographically VP4 is localized on the cytoplasmic side of 
the ER membrane (Au et al. 1989; Maass and Atkinson 
1990; Hu et al. 2012; Estes and Greenberg 2013; Viskovska 
et al. 2014).  During the budding process, VP4 (that inter-
acts with the cytosolic domain of NSP4), NSP4 and VP7 
are incorporated into TEPs (López et al. 2005).  Once TEPs 

are inside the ER, the high-calcium environment of the 
lumen triggers the lateral interaction of VP7 molecules 
(located on the outside of the lipid envelope) promoting the 
surface protein layer to tighten and to interact with the VP6 
layer, excluding the lipids and NSP4 during this process 
(López et al. 2005).  There is some evidence that distur-
bance of the lipid homeostasis of RV-infected cells 
decreases TLP formation more profoundly than DLP forma-
tion (Cheung et al. 2016).

The observations from TEM suggest that DLPs assem-
ble at the periphery of viroplasm and bud across the ER 
membrane (Fig. 5a), as described in other report (Estes and 
Greenberg 2013).  Furthermore, interestingly, DLPs, which 
appear not to be associated with viroplasm, also show bud-
ding (Fig. 5d) (Suzuki et al. 1993; Suzuki 1996) (Table 1).  
This finding contradicts the viroplasm-associated DLP 
assembly theory as the current model for the assembly of 
TLP.  We generally use the human RV for TEM study, in 
which viroplasm is relatively rare.  The critical concentra-
tion of NSP2 outside of viroplasm is far too low for DLPs 
assembly (Borodavka et al. 2017, 2018).  It has been shown 
that primary human RV clinical isolates grow very well in 
secondary monkey kidney cells, far better than in MA104 
African green monkey kidney cells (Ward et al. 1984).  
Furthermore, the simian rotavirus SA11 can be grown at a 
high titer (Estes et al. 1979) and has a high frequency of 
viroplasm in infected cells (Altenburg et al. 1980; Petrie et 
al. 1982, 1984).  Therefore, SA11 is frequently used for the 
molecular study of viroplasms in relation to DLP assembly 
(Petrie et al. 1982, 1984; Fabbretti et al. 1999; Silvestri et 
al. 2004; McDonald and Patton 2011; Patton et al. 2006; Hu 
et al. 2012; Trask et al. 2012; Estes and Greenberg 2013; 
Desselberger 2014; Viskovska et al. 2014).  These results 
suggest that the number of viroplasm is related to the 
growth of RV.

TEM study revealed the important finding that TEPs 

Fig. 5.  Budding process.
 The panel (a) indicates the budding process at the periphery of viroplasm (V) and TEP formation.  The panels (b, c) 

show the disruption of TEPs (arrow heads) and DLP formation (arrow).  The panel (d) suggests that TEP assembly via 
budding process (white arrow) is not associated with viroplasm, and the TEP interior exhibits radial bars between the 
envelope and core (DLP) particle (arrow).  These figures are modified from our previous paper (Suzuki et al. 1984b, 
1993).  Bars represent 100 nm.
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swell and rupture, resulting in DLPs in the ER lumen (Figs. 
2, 5b and c) (Suzuki et al. 1984a, 1993; Suzuki 1996).  
Higher-magnification analysis of TEPs revealed radial bars 
between the envelope and DLPs, like the spokes of a wheel 
(Fig. 5d) (Suzuki et al. 1993).  It is assumed that the spoke 
structures correspond to VP4 because TEPs contain VP4 
(López, et al. 2005).  VP4 weakly attaches to VP6, and only 
the additional assembly of VP7 to the particles lock VP4 
proteins in place (Trask and Dormitzer 2006; Aoki et al. 
2009).  Disruption of TEPs is related to viroporin-mediated 
calcium-activated autophagy (Crawford et al. 2012; 
Crawford and Estes 2013).  By using an immunogold-
labelled mAb to VP4 (K-1532) (Kitaoka et al. 1986b), the 
outer capsid layer of TLP is labelled, but neither DLP nor 
TEP is (Fig. 6b and c) (Suzuki 1996).  Serial TEM figures 
indicated TEP assembly and its disruption to associated 
with the reappearance of DLP (Fig. 5b and c).  These obser-
vations led us to conclude that the budding process serves 
to create a vehicle to transport DLPs from the cytoplasm to 
the ER lumen, but does not participate in TLP assembly 
(Fig. 2).

Since EM studies with viruses are performed with a 
large number of particles and since virus preparations usu-
ally contain a vast excess of noninfectious particles, it is not 
possible to determine by this method alone whether indi-
vidual events are part of a pathway leading to productive 
infection in the case of rotaviruses.  It is known that the 
ratio of physical to infectious viral particles may vary 
between 100 and 10,000 (Méndez et al. 1999).  The uncoat-
ing efficiency is 20 to 50%; of the uncoated particles, about 
10 to 15% synthesized detectable RNA (Salgado et al. 
2017).  These results suggest that the high rates of detection 
of viroplasm and TEPs in infected cells have misled 
researchers to believe that they play key roles in TLP 
assembly.

Several factors mediate the increase of DLPs.  
RV-infected cells treated with tunicamycin (TM, N-linked 
glycosylation inhibitor) are known to accumulate TEPs in 
the ER lumen and DLPs in the culture medium (Petrie et al. 
1983; Suzuki et al. 1984a; Trask et al. 2012).  Although TM 
inhibits the glycosylation of both VP7 and NSP4, studies of 
the maturation of a variant of SA11 (clone 28), which pro-
duces a non-glycosylated VP7, have shown that the glyco-
sylation of NSP4, but not necessarily VP7, is essential for 
removal of the envelope (Estes et al. 1982; Kabcenell and 
Atkinson 1985; Estes and Cohen 1989).  Viruses produced 
in calcium free medium, and in the presence of the calcium 
ionophore A23187, have been found to be exclusively TEPs 
and DLPs (Poruchynsky et al. 1991).  The structural plastic-
ity of NSP4 is regulated by pH and Ca2+ (Sastri et al. 2014).  
Based on these facts, it is conceivable that both the glyco-
sylation of NSP4 and the presence of calcium are indispens-
able for virion assembly.

Recoating of outer proteins on DLP
Arguably, one of the least understood aspects of RV 

biology is the process by which the assembling particle 
penetrates the ER membrane to acquire its outer capsid 
(Trask et al. 2012).  We successfully and comprehensively 
characterized the process of recoating of DLPs during their 
transport across the ER membrane (Fig. 6a) (Suzuki et al. 
1993; Suzuki 1996).  At the junction of DLPs and the ER 
membrane, the lower half of DLPs in the cytoplasm appears 
to present a smooth surface, which is an original DLP char-
acteristic, whereas the upper half of DLP is an irregular sur-
face with high-density materials in the ER lumen, as in the 
recoating of VP4 and VP7 (Fig. 6a).  The outer capsid layer 
of TLP is labelled by an immunogold-labelled mAb to VP4 
(K-1532) (Fig. 6b and c) (Kitaoka et al. 1986b; Suzuki 
1996).  These results provide evidence that the transport of 
DLP from the cytoplasm to the ER lumen through the ER 
membrane results in TLP assembly (Fig. 2).  However, the 
perforation of the ER membrane is caused by an unknown 
mechanism following interaction between NSP4 and the 
inner capsid protein VP6 of DLP.

A number of basic studies in cellular and molecular 
biology have indicated that the formation of a hetero-oligo-
meric complex (NSP4, VP4 and VP7) is an important factor 
for TLP assembly (Kabcenell et al. 1988; Maass and 
Atkinson 1990; Poruchynsky et al. 1991).  Thus, the TEM 
observations support the view that, during the recoating 
process, the VP4 and VP7 outer surface proteins fold onto 
the DLPs as a hetero-oligomeric complex and result in 
TLPs, although the correct order of attachment (first VP4 
and then VP7) to DLPs is essential for optimal TLP assem-
bly (Trask and Dormitzer 2006).  This is the first direct evi-
dence of outer capsid recoating and TLP assembly as a 
novel recoating process.

The novel mechanism involved in the recoating of 
outer shell proteins on DLPs remains an important issue in 
terms of how both DLP and the ER membrane participate 
in the perforation of the ER membrane.  However, no study 
has specifically focused on this, so further studies are 
required.  In conjunction with these two processes, namely, 
the budding and perforation processes, TEM observations 
suggested that the single attachment of VP4 to the ER 
membrane through NSP4 leads to the budding process, 
whereas the attachment of a hetero-oligomeric complex to 
the ER membrane leads to the perforation process (Fig. 2).  
These results give rise to the view that NSP4 is critical for 
the selection of the above two processes, and is regulated 
by NSP4, probably as an ER chaperone.  Among the ER 
chaperones, grp78 (also known as BiP), protein disulphide 
isomerase, calnexin and calreticulin are important for the 
formation of infectious virus, but grp94 (also known as 
endoplasmin) and ERp57 are not (Maruri-Avidal et al. 
2008).  Against this background, there is a need for further 
study to clarify NSP4’s role as the key ER chaperone for 
virion assembly.

Final step of intact virion assembly
In the ER of SA11-infected cells, there are two pools 
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of VP7, namely, virus-associated VP7 of intact particles and 
membrane-associated VP7 (Kabcenell et al. 1988).  VP7 
has a peptidase cleavage site between Ala50 and Gln51, 
resulting in the removal of a signal peptide (Table 1) 
(Stirzaker et al. 1987; Estes and Greenberg 2013).  ER 
retention of VP7, a prerequisite for these steps, requires 
both the VP7 signal peptide and the first ~31 residues of the 
mature protein (Stirzaker and Both 1989; Maass and 
Atkinson 1994).  However, the precise mechanism by 
which RV particles disconnect from the ER membrane is 
not well understood.

TEM study has indicated the existence of a final step 
of virion assembly (Fig. 6d, e and f) (Suzuki et al. 1993; 
Suzuki 1996).  The outer surface of the TLP stretches from 
the ER membrane forming bridge, which is eventually dis-
rupted.  It is assumed that this process, which corresponds 
to the scission of stretching VP7 tail from the ER mem-
brane, results in the emergence of virus-associated VP7 of 
intact particles, as membrane-associated VP7.  These TEM 
observations led us to conclude that the last step of intact 
virion assembly is key evidence supporting the existence of 
the perforation pathway for TLP assembly (Fig. 2).  The 
infectious cycle ends when progeny virus is released by 
host cell lysis in nonpolarized cells (Estes and Greenberg 

2013), but is released from the apical pole of human intesti-
nal cells before cell lysis (Jourdan et al. 1997).

NSP4 releases Ca2+ from intracellular stores (Tian et 
al. 1994) by acting as a viroporin (Hyser et al. 2010).  The 
NSP4-triggered increase of intracellular (Ca2+) activates a 
kinase-dependent pathway, which leads to autophagy 
(Crawford et al. 2012; Crawford and Estes 2013).  
However, at present, the involvement of unknown factors in 
the final step of intact virion assembly cannot be ruled out.

Perspective
Although RV is a non-enveloped virus, interestingly, 

RV utilizes cell membrane perforation twice during its life 
cycle: cell entry and virion assembly.  Further research is 
needed to fully elucidate the details of these processes.  A 
major challenge for future RV research is to elucidate how 
viral proteins cooperate during membrane penetration.
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proteins.  By using immunogold labelling of KUN-infected cells with mAb to VP4, the outer capsid layers of TLPs are 
labelled (white arrows) but neither DLP (arrow) no TEPs (arrow heads) are (b, c).  The panels (d, e, f) indicate final 
steps of intact virion assembly.  The reticular materials of encased TLPs are expanded from the ER membrane (arrow in 
the panel d), disrupted (white arrows in the panels e, f), and TLPs are released to the ER lumen as an intact virion (white 
arrows head in the panels e, f).  These figures are modified from our previous paper (Suzuki et al. 1984b, 1993).  Bar 
represents 100 nm.



H. Suzuki294

Conflict of Interest
The author declares no conflict of interest.

References
Abdelhakim, A.H., Salgado, E.N., Fu, X., Pasham, M., Nicastro, 

D., Kirchhausen, T. & Harrison, S.C. (2014)  Structural corre-
lates of rotavirus cell entry.  PLoS Pathog., 10, e1004355.

Aiyegbo, M.S., Sapparapu, G., Spiller, B.W., Eli, I.M., Williams, 
D.R., Kim, R., Lee, D.E., Liu, T., Li, S., Woods, V.L. Jr., 
Nannemann, D.P., Meiler, J., Stewart, P.L. & Crowe, J.E. Jr. 
(2013)  Human rotavirus VP6-specific antibodies mediate 
intracellular neutralization by binding to a quaternary structure 
in the transcriptional pore.  PLoS One, 8, e61101.

Altenburg, B.C., Graham, D.Y. & Estes, M.K. (1980)  Ultrastruc-
tural study of rotavirus replication in cultured cells.  J. Gen. 
Virol., 46, 75-85.

Aoki, S.T., Settembre, E.C., Trask, S.D., Greenberg, H.B., 
Harrison, S.C. & Dormitzer, P.R. (2009)  Structure of rotavirus 
outer-layer protein VP7 bound with a neutralizing Fab.  
Science, 324, 1444-1447.

Aoki, S.T., Trask, S.D., Coulson, B.S., Greenberg, H.B., Dormitzer, 
P.R. & Harrison, S.C. (2011)  Cross-linking of rotavirus outer 
capsid protein VP7 by antibodies or disulfides inhibits viral 
entry.  J. Virol., 85, 10509-10517.

Arias, C.F., Silva-Ayala, D. & Lopez, S. (2015)  Rotavirus entry: a 
deep journey into the cell with several exits.  J. Virol., 89, 
890-893.

Au, K.S., Chan, W.K., Burns, J.W. & Estes, M.K. (1989)  Receptor 
activity of rotavirus nonstructural glycoprotein NS28.  J. 
Virol., 63, 4553-4562.

Baker, M. & Prasad, B.V. (2010)  Rotavirus cell entry.  Curr. Top. 
Microbiol. Immunol., 343, 121-148.

Bányai, K., Kemenesi, G., Budinski, I., Földes, F., Zana, B., 
Marton, S., Varga-Kugler, R., Oldal, M., Kurucz, K. & Jakab, 
F. (2017)  Candidate new rotavirus species in Schreiber’s bats, 
Serbia.  Infect. Genet. Evol., 48, 19-26.

Bartlett, N.M., Gillies, S.C., Bullivant, S. & Bellamy, A.R. (1974)  
Electron microscopy study of reovirus reaction cores.  J. 
Virol., 14, 315-326.

Bishop, R.F., Davidson, G.P., Holmes, I.H. & Ruck, B.J. (1973)  
Virus particles in epithelial cells of duodenal mucosa from 
children with acute non-bacterial gastroenteritis.  Lancet, 2, 
1281-1283.

Borodavka, A., Desselberger, U. & Patton, J.T. (2018)  Genome 
packaging in multi-segmented dsRNA viruses: distinct mecha-
nisms with similar outcomes.  Curr. Opin. Virol., 33, 106-112.

Borodavka, A., Dykeman, E.C., Schrimpf, W. & Lamb, D.C. 
(2017)  Protein-mediated RNA folding governs sequence-
specific interactions between rotavirus genome segments.  
Elife, 6, pii: e27453.

Brandenburg, B., Lee, L.Y., Lakadamyali, M., Rust, M.J., Zhuang, 
X. & Hogle, J.M. (2007)  Imaging poliovirus entry in live 
cells.  PLoS Biol., 5, e183.

Campagna, M., Eichwald, C., Vascotto, F. & Burrone, O.R. (2005)  
RNA interference of rotavirus segment 11 mRNA reveals the 
essential role of NSP5 in the virus replicative cycle.  J. Gen. 
Virol., 86, 1481-1487.

Chen, J.Z., Settembre, E.C., Aoki, S.T., Zhang, X., Bellamy, A.R., 
Dormitzer, P.R., Harrison, S.C. & Grigorieff, N. (2009)  
Molecular interactions in rotavirus assembly and uncoating 
seen by high-resolution cryo-EM.  Proc. Natl. Acad. Sci. USA, 
106, 10644-10648.

Cheung, W., Gaunt, E., Lever, A. & Desselberger, U. (2016)  Rota-
virus replication: the role of lipid droplets.  In Viral Gastroen-
teritis, edited by Svensson, L., Desselberger, U., Greenberg, 
H.B. & Estes, M.K. Elsevier Academic Press, Amsterdam, pp 
175-187.

Ciarlet, M. & Estes, M.K. (1999)  Human and most animal rota-
virus strains do not require the presence of sialic acid on the 
cell surface for efficient infectivity.  J. Gen. Virol., 80 (Pt 4), 
943-948.

Cohen, J. (1977)  Ribonucleic acid polymerase activity associated 
with purified calf rotavirus.  J. Gen. Virol., 36, 395-402.

Crawford, S.E. & Estes, M.K. (2013)  Viroporin-mediated calcium-
activated autophagy.  Autophagy, 9, 797-798.

Crawford, S.E., Hyser, J.M., Utama, B. & Estes, M.K. (2012)  
Autophagy hijacked through viroporin-activated calcium/
calmodulin-dependent kinase kinase-beta signaling is required 
for rotavirus replication.  Proc. Natl. Acad. Sci. USA, 109, 
E3405-3413.

Desselberger, U. (2014)  Rotaviruses.  Virus Res., 190, 75-96.
Dormitzer, P.R., Nason, E.B., Prasad, B.V. & Harrison, S.C. (2004)  

Structural rearrangements in the membrane penetration protein 
of a non-enveloped virus.  Nature, 430, 1053-1058.

Estes, M.K. & Cohen, J. (1989)  Rotavirus gene structure and func-
tion.  Microbiol. Rev., 53, 410-449.

Estes, M.K., Graham, D.Y., Gerba, C.P. & Smith, E.M. (1979)  
Simian rotavirus SA11 replication in cell cultures.  J. Virol., 
31, 810-815.

Estes, M.K., Graham, D.Y. & Mason, B.B. (1981)  Proteolytic 
enhancement of rotavirus infectivity: molecular mechanisms.  
J. Virol., 39, 879-888.

Estes, M.K., Graham, D.Y., Ramig, R.F. & Ericson, B.L. (1982)  
Heterogeneity in the structural glycoprotein (VP7) of simian 
rotavirus SA11.  Virology, 122, 8-14.

Estes, M.K. & Greenberg, H.B. (2013)  Rotaviruses.  In Fields 
Virology, 6th ed., edited by Knipe D.M. & Howley P.M. 
Wolters Kluwer Health /Lippincott Williams & Wilkins, Phila-
delphia, pp. 1347-1401.

Fabbretti, E., Afrikanova, I., Vascotto, F. & Burrone, O.R. (1999)  
Two non-structural rotavirus proteins, NSP2 and NSP5, form 
viroplasm-like structures in vivo.  J. Gen. Virol., 80, 333-339.

Flewett, T.H., Bryden, A.S. & Davies, H. (1973)  Letter: virus 
particles in gastroenteritis.  Lancet, 2, 1497.

Fukudome, K., Yoshie, O. & Konno, T. (1989)  Comparison of 
human, simian, and bovine rotaviruses for requirement of 
sialic acid in hemagglutination and cell adsorption.  Virology, 
172, 196-205.

Gilbert, J.M. & Greenberg, H.B. (1998)  Cleavage of rhesus rota-
virus VP4 after arginine 247 is essential for rotavirus-like 
particle-induced fusion from without.  J. Virol., 72, 5323-
5327.

Hu, L., Crawford, S.E., Hyser, J.M., Estes, M.K. & Prasad, B.V. 
(2012)  Rotavirus non-structural proteins: structure and func-
tion.  Curr. Opin. Virol., 2, 380-388.

Hyser, J.M., Collinson-Pautz, M.R., Utama, B. & Estes, M.K. 
(2010)  Rotavirus disrupts calcium homeostasis by NSP4 
viroporin activity.  MBio, 1, e00265-10.

Jayaram, H., Estes, M.K. & Prasad, B.V. (2004)  Emerging themes 
in rotavirus cell entry, genome organization, transcription and 
replication.  Virus Res., 101, 67-81.

Jourdan, N., Maurice, M., Delautier, D., Quero, A.M., Servin, A.L. 
& Trugnan, G. (1997)  Rotavirus is released from the apical 
surface of cultured human intestinal cells through nonconven-
tional vesicular transport that bypasses the Golgi apparatus.  J. 
Virol., 71, 8268-8278.

Kabcenell, A.K. & Atkinson, P.H. (1985)  Processing of the rough 
endoplasmic reticulum membrane glycoproteins of rotavirus 
SA11.  J. Cell Biol., 101, 1270-1280.

Kabcenell, A.K., Poruchynsky, M.S., Bellamy, A.R., Greenberg, 
H.B. & Atkinson, P.H. (1988)  Two forms of VP7 are involved 
in assembly of SA11 rotavirus in endoplasmic reticulum.  J. 
Virol., 62, 2929-2941.

Kaljot, K.T., Shaw, R.D., Rubin, D.H. & Greenberg, H.B. (1988)  
Infectious rotavirus enters cells by direct cell membrane pene-
tration, not by endocytosis.  J. Virol., 62, 1136-1144.



Rotavirus Morphogenesis 295

Kim, I.S., Trask, S.D., Babyonyshev, M., Dormitzer, P.R. & 
Harrison, S.C. (2010)  Effect of mutations in VP5 hydrophobic 
loops on rotavirus cell entry.  J. Virol., 84, 6200-6207.

Kitaoka, S., Fukuhara, N., Tazawa, F., Suzuki, H., Sato, T., Konno, 
T., Ebina, T. & Ishida, N. (1986a) Characterization of mono-
clonal antibodies against human rotavirus hemagglutinin.  J. 
Med. Virol., 19, 313-323.

Kitaoka, S., Suzuki, H., Numazaki, T., Sato, T., Konno, T., Ebina, 
T., Ishida, N., Nakagomi, O. & Nakagomi, T. (1984)  Hemag-
glutination by human rotavirus strains.  J. Med. Virol., 13, 
215-222.

Kitaoka, S., Suzuki, H., Numazaki, Y., Konno, T. & Ishida, N. 
(1986b)  The effect of trypsin on the growth and infectivity of 
human rotavirus.  Tohoku J. Exp. Med., 149, 437-447.

Kohli, E., Pothier, P., Tosser, G., Cohen, J., Sandino, A.M. & 
Spencer, E. (1994)  Inhibition of in vitro reconstitution of rota-
virus transcriptionally active particles by anti-VP6 monoclonal 
antibodies.  Arch. Virol., 135, 193-200.

Kutsuzawa, T., Konno, T., Suzuki, H., Kapikian, A.Z., Ebina, T. & 
Ishida, N. (1982)  Isolation of human rotavirus subgroups 1 
and 2 in cell culture.  J. Clin. Microbiol., 16, 727-730.

Lawton, J.A., Estes, M.K. & Prasad, B.V. (1997)  Three-dimen-
sional visualization of mRNA release from actively tran-
scribing rotavirus particles.  Nat. Struct. Biol., 4, 118-121.

Levy-Mintz, P. & Kielian, M. (1991)  Mutagenesis of the putative 
fusion domain of the Semliki Forest virus spike protein.  J. 
Virol., 65, 4292-4300.

López, S. & Arias, C.F. (2004)  Multistep entry of rotavirus into 
cells: a Versaillesque dance.  Trends Microbiol., 12, 271-278.

López, T., Camacho, M., Zayas, M., Nájera, R., Sánchez, R., Arias, 
C.F. & Lopez, S. (2005)  Silencing the morphogenesis of rota-
virus.  J. Virol., 79, 184-192.

Lu, X., McDonald, S.M., Tortorici, M.A., Tao, Y.J., Vasquez-Del 
Carpio, R., Nibert, M.L., Patton, J.T. & Harrison, S.C. (2008)  
Mechanism for coordinated RNA packaging and genome 
replication by rotavirus polymerase VP1.  Structure, 16, 1678-
1688.

Maass, D.R. & Atkinson, P.H. (1994)  Retention by the endo-
plasmic reticulum of rotavirus VP7 is controlled by three adja-
cent amino-terminal residues.  J. Virol., 68, 366-378.

Maass, D.R. & Atkinson, P.H. (1990)  Rotavirus proteins VP7, 
NS28, and VP4 form oligomeric structures.  J. Virol., 64, 
2632-2641.

Mackow, E.R., Shaw, R.D., Matsui, S.M., Vo, P.T., Dang, M.N. & 
Greenberg, H.B. (1988)  The rhesus rotavirus gene encoding 
protein VP3: location of amino acids involved in homologous 
and heterologous rotavirus neutralization and identification of 
a putative fusion region.  Proc. Natl. Acad. Sci. USA, 85, 
645-649.

Martin, D., Ouldali, M., Ménétrey, J. & Poncet, D. (2011)  Struc-
tural organisation of the rotavirus nonstructural protein NSP5.  
J. Mol. Biol., 413, 209-221.

Maruri-Avidal, L., López, S. & Arias, C.F. (2008)  Endoplasmic 
reticulum chaperones are involved in the morphogenesis of 
rotavirus infectious particles.  J. Virol., 82, 5368-5380.

Matthijnssens, J., Bilcke, J., Ciarlet, M., Martella, V., Bányai, K., 
Rahman, M., Zeller, M., Beutels, P., Van Damme, P. & Van 
Ranst, M. (2009)  Rotavirus disease and vaccination: impact 
on genotype diversity.  Future Microbiol., 4, 1303-1316.

Matthijnssens, J., Ciarlet, M., Heiman, E., Arijs, I., Delbeke, T., 
McDonald, S.M., Palombo, E.A., Iturriza-Gómara, M., Maes, 
P., Patton, J.T., Rahman, M. & Van Ranst, M. (2008)  Full 
genome-based classification of rotaviruses reveals a common 
origin between human Wa-Like and porcine rotavirus strains 
and human DS-1-like and bovine rotavirus strains.  J. Virol., 
82, 3204-3219.

Matthijnssens, J., Otto, P.H., Ciarlet, M., Desselberger, U., Van 
Ranst, M. & Johne, R. (2012)  VP6-sequence-based cutoff 
values as a criterion for rotavirus species demarcation.  Arch. 

Virol., 157, 1177-1182.
McDonald, S.M. & Patton, J.T. (2011)  Rotavirus VP2 core shell 

regions critical for viral polymerase activation.  J. Virol., 85, 
3095-3105.

Méndez, E., López, S., Cuadras, M.A., Romero, P. & Arias, C.F. 
(1999)  Entry of rotaviruses is a multistep process.  Virology, 
263, 450-459.

Mihálov-Kovács, E., Gellért, A., Marton, S., Farkas, S.L., Fehér, 
E., Oldal, M., Jakab, F., Martella, V. & Bányai, K. (2015)  
Candidate new rotavirus species in sheltered dogs, Hungary.  
Emerg. Infect. Dis., 21, 660-663.

O’Brien, J.A., Taylor, J.A. & Bellamy, A.R. (2000)  Probing the 
structure of rotavirus NSP4: a short sequence at the extreme C 
terminus mediates binding to the inner capsid particle.  J. 
Virol., 74, 5388-5394.

Patton, J.T., Silvestri, L.S., Tortorici, M.A., Vasquez-Del Carpio, R. 
& Taraporewala, Z.F. (2006)  Rotavirus genome replication 
and morphogenesis: role of the viroplasm.  Curr. Top. Micro-
biol. Immunol., 309, 169-187.

Periz, J., Celma, C., Jing, B., Pinkney, J.N., Roy, P. & Kapanidis, 
A.N. (2013)  Rotavirus mRNAS are released by transcript-
specific channels in the double-layered viral capsid.  Proc. 
Natl. Acad. Sci. USA, 110, 12042-12047.

Petrie, B.L., Estes, M.K. & Graham, D.Y. (1983)  Effects of tunica-
mycin on rotavirus morphogenesis and infectivity.  J. Virol., 
46, 270-274.

Petrie, B.L., Graham, D.Y., Hanssen, H. & Estes, M.K. (1982)  
Localization of rotavirus antigens in infected cells by ultra-
structural immunocytochemistry.  J. Gen. Virol., 63, 457-467.

Petrie, B.L., Greenberg, H.B., Graham, D.Y. & Estes, M.K. (1984)  
Ultrastructural localization of rotavirus antigens using 
colloidal gold.  Virus Res., 1, 133-152.

Poruchynsky, M.S., Maass, D.R. & Atkinson, P.H. (1991)  Calcium 
depletion blocks the maturation of rotavirus by altering the 
oligomerization of virus-encoded proteins in the ER.  J. Cell 
Biol., 114, 651-656.

Rodríguez, J.M., Chichón, F.J., Martin-Forero, E., González- 
Camacho, F., Carrascosa, J.L., Castón, J.R. & Luque, D. 
(2014)  New insights into rotavirus entry machinery: stabiliza-
tion of rotavirus spike conformation is independent of trypsin 
cleavage.  PLoS Pathog., 10, e1004157.

Rotavirus Classification Working Group (2017)  KU Leuven Labo-
ratory of Viral Metagenomics.

 https://rega.kuleuven.be/cev/viralmetagenomics/virus-classifi 
cation/rcwg

 [Accessed: October 18, 2018].
Salgado, E.N., Garcia Rodriguez, B., Narayanaswamy, N., 

Krishnan, Y. & Harrison, S.C. (2018)  Visualization of calcium 
ion loss from rotavirus during cell entry.  J. Virol., 92, e01327-
18.

Salgado, E.N., Upadhyayula, S. & Harrison, S.C. (2017)  Single-
particle detection of transcription following rotavirus entry.  J. 
Virol., 91, e00651-17.

Sastri, N.P., Viskovska, M., Hyser, J.M., Tanner, M.R., Horton, 
L.B., Sankaran, B., Prasad, B.V. & Estes, M.K. (2014)  Struc-
tural plasticity of the coiled-coil domain of rotavirus NSP4.  J. 
Virol., 88, 13602-13612.

Sato, K., Inaba, Y., Shinozaki, T., Fujii, R. & Matumoto, M. (1981)  
Isolation of human rotavirus in cell cultures: brief report.  
Arch. Virol., 69, 155-160.

Saxena, K., Blutt, S.E., Ettayebi, K., Zeng, X.L., Broughman, J.R., 
Crawford, S.E., Karandikar, U.C., Sastri, N.P., Conner, M.E., 
Opekun, A.R., Graham, D.Y., Qureshi, W., Sherman, V., 
Foulke-Abel, J., In, J., et al. (2016)  Human intestinal 
enteroids: a new model to study human rotavirus infection, 
host restriction, and pathophysiology.  J. Virol., 90, 43-56.

Settembre, E.C., Chen, J.Z., Dormitzer, P.R., Grigorieff, N. & 
Harrison, S.C. (2011)  Atomic model of an infectious rotavirus 
particle.  EMBO J., 30, 408-416.



H. Suzuki296

Sieczkarski, S.B. & Whittaker, G.R. (2005)  Viral entry.  Curr. Top. 
Microbiol. Immunol., 285, 1-23.

Silvestri, L.S., Taraporewala, Z.F. & Patton, J.T. (2004)  Rotavirus 
replication: plus-sense templates for double-stranded RNA 
synthesis are made in viroplasms.  J. Virol., 78, 7763-7774.

Stirzaker, S.C. & Both, G.W. (1989)  The signal peptide of the 
rotavirus glycoprotein VP7 is essential for its retention in the 
ER as an integral membrane protein.  Cell, 56, 741-747.

Stirzaker, S.C., Whitfeld, P.L., Christie, D.L., Bellamy, A.R. & 
Both, G.W. (1987)  Processing of rotavirus glycoprotein VP7: 
implications for the retention of the protein in the endoplasmic 
reticulum.  J. Cell Biol., 105, 2897-2903.

Suzuki, H. (1996) A hypothesis about the mechanism of assembly 
of double-shelled rotavirus particles.  Arch. Virol. Suppl., 12, 
79-85.

Suzuki, H., Kitaoka, S., Konno, T., Sato, T. & Ishida, N. (1985)  
Two modes of human rotavirus entry into MA 104 cells.  Arch. 
Virol., 85, 25-34.

Suzuki, H., Kitaoka, S., Sato, T., Konno, T., Iwasaki, Y., Numazaki, 
Y. & Ishida, N. (1986)  Further investigation on the mode of 
entry of human rotavirus into cells.  Arch. Virol., 91, 135-144.

Suzuki, H. & Konno, T. (1975)  Reovirus-like particles in jejunal 
mucosa of a Japanese infant with acute infectious non-bacte-
rial gastroenteritis.  Tohoku J. Exp. Med., 115, 199-211.

Suzuki, H., Konno, T., Kitaoka, S., Sato, T., Ebina, T. & Ishida, N. 
(1984a)  Further observations on the morphogenesis of human 
rotavirus in MA 104 cells.  Arch. Virol., 79, 147-159.

Suzuki, H., Konno, T. & Numazaki, Y. (1993)  Electron micro-
scopic evidence for budding process-independent assembly of 
double-shelled rotavirus particles during passage through 
endoplasmic reticulum membranes.  J. Gen. Virol., 74, 2015-
2018.

Suzuki, H., Kutsuzawa, T., Konno, T., Ebina, T. & Ishida, N. 
(1981)  Morphogenesis of human rotavirus type 2 Wa strain in 
MA 104 cells.  Arch. Virol., 70, 33-41.

Suzuki, H., Sato, T., Konno, T., Kitaoka, S., Ebina, T. & Ishida, N. 
(1984b)  Effect of tunicamycin on human rotavirus morpho-

genesis and infectivity. Brief report.  Arch. Virol., 81, 363-369.
Tate, J.E., Burton, A.H., Boschi-Pinto, C. & Parashar, U.D.; World 

Health Organization-Coordinated Global Rotavirus Surveil-
lance Network (2016)  Global, regional, and national estimates 
of rotavirus mortality in children <5 years of age, 2000-2013.  
Clin. Infect. Dis., 62 Suppl 2, S96-S105.

Thouvenin, E., Schoehn, G., Rey, F., Petitpas, I., Mathieu, M., 
Vaney, M.C., Cohen, J., Kohli, E., Pothier, P. & Hewat, E. 
(2001)  Antibody inhibition of the transcriptase activity of the 
rotavirus DLP: a structural view.  J. Mol. Biol., 307, 161-172.

Tian, P., Hu, Y., Schilling, W.P., Lindsay, D.A., Eiden, J. & Estes, 
M.K. (1994)  The nonstructural glycoprotein of rotavirus 
affects intracellular calcium levels.  J. Virol., 68, 251-257.

Trask, S.D. & Dormitzer, P.R. (2006)  Assembly of highly infec-
tious rotavirus particles recoated with recombinant outer 
capsid proteins.  J. Virol., 80, 11293-11304.

Trask, S.D., McDonald, S.M. & Patton, J.T. (2012)  Structural 
insights into the coupling of virion assembly and rotavirus 
replication.  Nat. Rev. Microbiol., 10, 165-177.

Vascotto, F., Campagna, M., Visintin, M., Cattaneo, A. & Burrone, 
O.R. (2004)  Effects of intrabodies specific for rotavirus NSP5 
during the virus replicative cycle.  J. Gen. Virol., 85, 3285-
3290.

Viskovska, M., Anish, R., Hu, L., Chow, D.C., Hurwitz, A.M., 
Brown, N.G., Palzkill, T., Estes, M.K. & Prasad, B.V. (2014)  
Probing the sites of interactions of rotaviral proteins involved 
in replication.  J. Virol., 88, 12866-12881.

Ward, R.L., Knowlton, D.R. & Pierce, M.J. (1984)  Efficiency of 
human rotavirus propagation in cell culture.  J. Clin. Micro-
biol., 19, 748-753.

Xu, A., Bellamy, A.R. & Taylor, J.A. (2000)  Immobilization of the 
early secretory pathway by a virus glycoprotein that binds to 
microtubules.  EMBO J., 19, 6465-6474.

Yazaki, K. & Miura, K. (1980)  Relation of the structure of cyto-
plasmic polyhedrosis virus and the synthesis of its messenger 
RNA.  Virology, 105, 467-479.


