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SUMMARY

Viruses commonly modify host endomembranes to facilitate bio-
logical processes in the viral life cycle. Infection by viruses belong-
ing to the genus Bymovirus (family Potyviridae) has long been
known to induce the formation of large membranous inclusion
bodies in host cells, but their assembly and biological roles are still
unclear. Immunoelectron microscopy of cells infected with the
bymovirus Wheat yellow mosaic virus (WYMV) showed that P1, P2
and P3 are the major viral protein constituents of the membranous
inclusions, whereas NIa-Pro (nuclear inclusion-a protease) and
VPg (viral protein genome-linked) are probable minor compo-
nents. P1, P2 and P3 associated with the endoplasmic reticulum
(ER), but only P2 was able to rearrange ER and form large aggre-
gate structures. Bioinformatic analyses and chemical experiments
showed that P2 is an integral membrane protein and depends on
the active secretory pathway to form aggregates of ER mem-
branes. In planta and in vitro assays demonstrated that P2 inter-
acts with P1, P3, NIa-Pro or VPg and recruits these proteins into
the aggregates. In vivo RNA labelling using WYMV-infected wheat
protoplasts showed that the synthesis of viral RNAs occurs in the
P2-associated inclusions. Our results suggest that P2 plays a major
role in the formation of membranous compartments that house
the genomic replication of WYMV.

Keywords: endoplasmic reticulum, protein localization,
rearrange, replication-associated inclusion bodies, Wheat yellow
mosaic virus.

INTRODUCTION

Virus infections often induce modifications in their host cells.
These may include the formation of aggregate or inclusion struc-
tures, changes in organelle architecture and alterations to

endomembranes. These cellular modifications are usually medi-
ated by viral-encoded proteins, but, in some cases, they are asso-
ciated with cellular responses or defences against virus infection
(Moshe and Gorovits, 2012). Positive-strand RNA viruses com-
monly utilize and modify cell endomembranes to facilitate viral
genome replication. Through the activity of viral membrane-
associated proteins, positive-strand RNA viruses rearrange
endoplasmic reticulum (ER) or, depending on the virus, modify
peripheral membranes of chloroplasts, mitochondria, endosomes,
peroxisomes or vacuoles, to form a variety of membranous
compartments, such as inclusions, spherules, vesicles and
multivesicular bodies, which serve as viral replication sites and
protect the viral genome from host immune responses (den
Boon et al., 2010; Laliberte and Sanfacon, 2010; Miller and
Krijnse-Locker, 2008; Verchot, 2011). Moreover, there is growing
evidence indicating that many movement proteins of plant viruses
are intimately linked with ER or ER-derived structures (Harries
et al., 2010). Thus, ER modification may also be important for
intra- or intercellular movement of some viruses.

Potyviridae is one of the largest families of plant viruses, many
of which cause economically important crop diseases (Adams
et al., 2011). Viruses belonging to the family have positive single-
stranded RNA genomes that are encapsidated in flexible filamen-
tous virions. Genome organization is well conserved in the family,
but several genera have been recognized on the basis of sequence
similarity and the vectors that transmit the respective viruses
(Adams et al., 2011). Most viruses in the family have monopartite
genomes that encode a single polyprotein, but those in the genus
Bymovirus have bipartite genomes. Wheat yellow mosaic virus
(WYMV) is a member of the genus Bymovirus (Namba et al., 1998)
and is responsible for winter wheat yellow mosaic disease out-
breaks in China and Japan (Han et al., 2000; Kühne, 2009). The
single polyprotein encoded on RNA1 of bymoviruses is clearly
homologous with the central and C-terminal regions of the
polyproteins encoded by monopartite members of the family.
WYMV RNA1 (∼7.6 kb) encodes a large polyprotein that is
proteolytically processed to generate eight mature proteins,
namely P3, 7K, CI (cylindrical inclusion), 14K, VPg (viral protein
genome-linked), NIa-Pro (nuclear inclusion-a protease), NIb and
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CP (coat protein), whereas RNA2 (∼3.5 kb) encodes a polyprotein
that is cleaved into two proteins, P1 and P2 (Namba et al., 1998)
(see also Fig. 2A). In addition, the presence of a small open
reading frame (ORF), termed pipo, which overlaps with the P3
coding region, has been predicted in the WYMV genome (Chung
et al., 2008). Detailed functional analysis of these WYMV-encoded
proteins has not been reported, but the functions of many can be
inferred from those of their well-characterized homologues in
other members of the family. Bymoviruses are transmitted to roots
by a soil-inhabiting fungal-like organism, Polymyxa graminis
(Plasmodiophorales) (Tamada and Kondo, 2013), whereas the
monopartite viruses within the family Potyviridae are transmitted
by arthropod vectors (aphids, mites and whiteflies). Helper com-
ponent protease (HC-Pro) is required for virus transmission by
arthropod vectors (Stenger et al., 2005; Urcuqui-Inchima et al.,
2001; Young et al., 2007), but is absent from bymoviruses,
whereas P2 is unique to bymoviruses and is thought to be essen-
tial for bymovirus transmission by P. graminis (Adams et al., 2001;
Dessens and Meyer, 1996). In the monopartite genera of the family
Potyviridae, HC-Pro and P1 (not homologous to the P1 encoded on
the bymovirus RNA2) function as RNA silencing suppressors
(Anandalakshmi et al., 1998; Kasschau and Carrington, 1998;
Tatineni et al., 2012; Valli et al., 2006; Young et al., 2012). Similar
to VPg encoded by viruses belonging to the genus Potyvirus
(family Potyviridae), WYMV VPg also targets the nucleus. More-
over, WYMV VPg nucleocytoplasmic shuttling is regulated by both
nuclear localization and nuclear export signals, and requires asso-
ciation with the CP (Sun et al., 2013b).

The cytopathological effects of potyviruses have been widely
studied. It has long been known that potyviruses induce morpho-
logically varied types of intracellular inclusion structures in
infected cells, including cylindrical inclusions (pinwheels or
scrolls), nuclear inclusions, laminated aggregates and proliferated
ER (Andrews and Shalla, 1974; Baunoch et al., 1988, 1990;
Edwardson, 1966; Edwardson and Christie, 1983; Otulak and
Garbaczewska, 2012). Although the biological significance of
most of these structures remains unclear, they provide useful
diagnostic criteria for some potyviruses (Edwardson, 1966;
Edwardson and Christie, 1983; Edwardson et al., 1984). Membra-
nous inclusion bodies have been reported in plant cells infected
with bymoviruses (Hibino et al., 1981; Hooper and Wiese, 1972;
Huth et al., 1984; Langenberg, 1985), but it is not clear how
viruses induce the formation of these structures. In this study, we
used immunoelectron microscopy and in planta transient expres-
sion of viral proteins in Nicotiana benthamiana to analyse the viral
protein constituents and the formation of membrane-derived
inclusions induced by WYMV infection. Our data demonstrate that
the membrane-derived inclusions contain multiple viral proteins
and that WYMV P2 probably plays a key role in the formation of
these inclusions through its ability to associate with and rearrange
ER membranes. Moreover, P2 interacts with and recruits other viral

proteins into these inclusions. Finally, we demonstrate the asso-
ciation of the inclusion bodies with WYMV RNA synthesis.

RESULTS

Formation of membranous inclusion bodies in
WYMV-infected cells

Ultrathin sections prepared from symptomatic leaves of WYMV-
infected wheat were examined under an electron microscope. In
most of the cells examined, amorphous, crystalline lattice-like
inclusion bodies of various sizes were observed in the cytoplasm
(Fig. 1A,B, MI). In some cells, these inclusion bodies were clustered
to form large complexes (Fig. 1A). The periphery of the inclusion
bodies appeared to be connected with the rough ER (Fig. 1A,B, ER)
and membranes were visible in both the interior and exterior
regions of these inclusion structures that appeared less dense
(Fig. 1C, ER). Sometimes, large inclusion bodies with highly con-
densed and well-ordered crystal-like arrays were observed
(Fig. 1D). This pattern may indicate that the structure is in the late
stage of inclusion formation. No such inclusions were observed in
non-infected samples (data not shown). These observations
suggest that the inclusion bodies may emerge from the rearrange-
ment of ER membranes induced by WYMV infection. The morphol-
ogy of these membrane-derived inclusions was similar to those
observed previously in cells infected with other bymoviruses
(Hooper and Wiese, 1972; Huth et al., 1984; Langenberg, 1985).
WYMV particles were not seen inside the membrane-derived
inclusions, but were sometimes observed to aggregate as filamen-
tous bundles in the cytoplasm (Fig. 1A, V). In addition, pinwheel
inclusions, similar to those typically seen in potyvirus infections,
were also observed (Fig. 1A, PW). No inclusion structures could be
recognized within the nuclei of infected cells.

WYMV-induced membranous inclusion bodies contain
multiple viral proteins

To determine the viral protein constituents of membrane-derived
inclusions by immunogold labelling, we first attempted to produce
antisera to each of the 10 mature proteins encoded by WYMV
after their expression in Escherichia coli. Antisera specific for P1,
P2, P3, 7K, CI, VPg, NIa-Pro and CP were obtained and their
specificities were confirmed in Western blot assays using protein
samples from WYMV-infected wheat plants (data not shown and
see also Figs 3A and 6C). Unfortunately, preparations of 14K and
NIb antisera were unsuccessful owing to very low expression of
these proteins in E. coli. In Western blotting using WYMV-infected
wheat plants, P3 antiserum reacted with two closely migrating
bands (data not shown and see also Fig. 6C). Owing to the una-
vailability of a specific antiserum, we were unable to confirm that
the smaller band is the WYMV P3N-PIPO protein, as predicted
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previously (Chung et al., 2008).The estimated molecular weight of
WYMV P3N-PIPO is around 30 kDa, whereas P3 is 36 kDa; there-
fore, it is possible that the smaller band is P3N-PIPO. Ultrathin
sections were prepared from leaf tissue of WYMV-infected wheat
plants and used for immunogold labelling with the antisera pre-
pared. P1, P2, P3, VPg and NIa-Pro antisera, but not 7K, CI and CP
antisera, labelled the inclusion structures (Fig. 2B). There was
much more labelling with P1, P2 and P3 antisera than with VPg
and NIa-Pro antisera (Fig. 2B), suggesting that P1, P2 and P3 may
be the major viral protein constituents of these inclusions.
However, it is also possible that the reactivity of P1, P2 and P3
antisera is higher than that of VPg and NIa-Pro antisera. The CI
antiserum labelled pinwheel inclusions (Fig. 2B, @CI), consistent
with previous reports that the pinwheel inclusions of potyviruses
are associated with CI protein accumulation (Arbatova et al.,
1998; Hammond, 1998; Rouis et al., 2002).

WYMV P2 rearranges ER membranes into
aggregate structures

Because P1, P2 and P3 seem to be the major viral protein con-
stituents of membrane-derived inclusion bodies in WYMV-infected
cells (Fig. 2B), we analysed the membrane association of these
proteins. Preliminary subcellular fractionation experiments using
protein extracts from WYMV-infected leaves showed that P1, P2
and P3 associated with the crude membrane-containing fraction
(data not shown). The crude membrane fraction was then sepa-
rated by ultracentrifugation in a continuous sucrose gradient. The
gradient was roughly divided into eight fractions and subjected to
Western blot analysis using WYMV P1, P2, P3 and CP antisera.
KDEL antiserum was used as an ER marker. Western blotting
showed peak levels of P2 in fractions 3−5, which coincided with
the distribution of the ER marker in the gradient (Fig. 3A). P1 and
P3 showed a broader distribution pattern, but were generally
associated with the upper portions of the gradient (Fig. 3A). This
suggests that P2 associates with ER, and that P1 and P3 may
associate with several types of membranous structure in the cell.
In contrast, CP was predominantly found in the lower portions of
the gradient (Fig. 3A), suggesting that CP does not associate with
the membranous structures.

To further examine their subcellular localization in planta, P1,
P2 and P3 were fused to the N-terminus of enhanced green
fluorescent protein (P1-, P2- and P3-eGFP) and transiently
expressed in the leaves of N. benthamiana by agroinfiltration. The
expression of eGFP in epidermal cells was observed using confocal
laser scanning microscopy (CLSM) at 3 days after inoculation (dai).
Because WYMV usually infects plants at cool temperatures
(Kühne, 2009; Ohto and Naito, 1997), plants were kept at 16 °C
after agroinfiltration to simulate natural conditions during WYMV
infection. To visualize the association with ER, each of the fusion
proteins was simultaneously expressed with an ER luminal marker

Fig. 1 Electron micrographs of the mesophyll cells of Wheat yellow mosaic
virus-infected wheat. Ultrathin sections were stained with uranyl acetate and
lead citrate. (A) The presence of membranous inclusion structures in the
cytoplasm. ER, endoplasmic reticulum; MI, membranous inclusion; Mt,
mitochondria; PW, pinwheel inclusion; V, virus particles. (B, C) More detailed
views of membranous inclusion structures showing the connection with the
ER at the periphery. (D) An inclusion structure with a highly condensed and
well-ordered crystal-like array. A close-up view of the dashed rectangular area
is also presented (right image).
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(ER-Cherry). P1-eGFP labelled the tubular ER network, but more
strongly accumulated in numerous ring-like structures located at
the vertices of the connecting ER tubules (Fig. 3B). These ring-like
structures were not observed when ER-red fluorescent protein
(ER-RFP) was expressed alone (data not shown), suggesting that
P1 expression mediates the proliferation of ER vertices. P2-eGFP
predominantly localized in numerous large irregular shaped or
sometimes small punctate aggregate structures in the cytoplasm.
Interestingly, P2-eGFP overlapped with the ER marker at these
structures (Fig. 3B). Consecutive optical cross-sections (thickness,
2 μm) of the large aggregate structures showed that the red
fluorescence consistently overlapped with the green fluorescence
(data not shown), showing that these structures are derived from
ER membranes. Notably, cortical ER networks were much less
visible in the areas surrounding aggregates, suggesting that P2
rearranges tubular ER into aggregates. Time-lapse imaging dem-
onstrated that some of the aggregates were mobile and merged
with other aggregates (Fig. 3C). P3-eGFP accumulated in the
perinuclear and cortical ER and also localized in small mobile
vesicular bodies. When P3-eGFP was co-expressed with a Golgi-

specific marker (ManI-Cherry), these small vesicular bodies over-
lapped with Golgi stacks (Fig. 3B). Thus, unlike P1 and P2, P3
targets both the ER and the Golgi apparatus. Immunogold label-
ling showed that NIa-Pro and VPg are also protein constituents of
WYMV-induced membranous inclusions (Fig. 2B). In epidermal
cells of N. benthamiana, VPg fused to the N-terminus of eGFP
(VPg-eGFP) localized exclusively in the nucleus; NIa-Pro fused to
the N-terminus of eGFP (NIa-Pro-eGFP) showed no particular
subcellular localization, but was diffusely distributed throughout
both the cytoplasm and nucleus; 7K fused to eGFP (7K-eGFP)
localized to the cortical ER network (Fig. S1, see Supporting Infor-
mation). Thus, among these proteins, only P2 exhibits the ability to
rearrange ER into aggregate structures. This may imply that P2 is
a key factor for the formation of ER-derived inclusion structures
observed in WYMV-infected cells.

WYMV P2 and P3 are integral membrane proteins

Because of their association with membranes, the amino acid
sequences of P1, P2 and P3 were analysed for the presence of

Fig. 2 Viral protein constituents of
membranous inclusion structures in Wheat
yellow mosaic virus (WYMV)-infected cells. (A)
Schematic presentation of the WYMV genome.
Boxes represent the open reading frame of the
polyproteins that are cleaved by viral proteases
into 10 functional proteins. Black triangles
indicate proteinase cleavage sites. (B) Electron
micrographs showing immunogold labelling of
inclusion structures. Ultrathin sections were
prepared from leaves of WYMV-infected wheat
and subjected to immunogold labelling using
WYMV P1, P2, P3, NIa-Pro, VPg, CI, 7K and CP
antisera; 10 nm gold particle-conjugated goat
antibody against rabbit immunoglobulin G
(IgG) was used as the secondary antiserum.
The close-up views of the dashed rectangular
areas are also presented (right images). Bars,
0.2 μm.
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hydrophobic regions. Analysis using the Wimley and White octanol
hydrophobicity scale (Wimley and White, 1996) showed that
multiple hydrophobic regions exist in the P1, P2 and P3 sequences
[Fig. 4A for P2 and Fig. S2 (see Supporting Information) for P1 and
P3]. To determine whether P1, P2 and P3 are integral or peripheral
membrane proteins, we performed cell fractionation and chemical
treatments using protein extracts from the leaf tissue expressing
P1-, P2- or P3-eGFP. Western blotting using a GFP-specific antise-
rum showed that P1-, P2- and P3-eGFP associated with the crude
membrane fractions (P30), whereas unfused eGFP associated with
the soluble fraction (S30) (Fig. 4C and data not shown for unfused
eGFP). Treatment of P30 with 1% Triton X-100, which solubilizes
membrane proteins, resulted in the association of all three fusion
proteins with S30. When P30 was treated with 0.1 M Na2CO3 or
4 M urea, which dislodge proteins that are weakly or peripherally
associated with membranes, P1 shifted to the soluble fraction,
whereas most of P2 and P3 remained in the membrane fraction,
although a small amount of P2 became associated with S30
(Fig. 4C). This result suggests that P2 and P3, but not P1, are
integral membrane proteins. Because small amounts of P2 were
released into P30 by treatment with 0.1 M Na2CO3 or 4 M urea, it
is possible that some portions of P2 are peripherally attached onto
the membranes. Transmembrane protein prediction programs
(TMpred and TopPred II) similarly predicted with high certainties
the presence of transmembrane domains in hydrophobic regions
of both P2 and P3 (Fig. 4B for P2 and Fig. S2 for P3). Thus, both
chemical and computational analyses support the conclusion that
P2 and P3 are integral membrane proteins.

Rearrangement of ER membranes by WYMV P2
requires an active secretory pathway

The early secretory pathway has been implicated in the intracel-
lular transport of membrane-associated proteins that are encoded
by various viruses (Andika et al., 2013; Genovés et al., 2010;
Laporte et al., 2003; Ribeiro et al., 2009; Vogel et al., 2007; Wei
and Wang, 2008). Using chemical and protein inhibitors, we inves-
tigated the possible involvement of the secretory pathway in the

Fig. 3 Association of Wheat yellow mosaic virus (WYMV) P1, P2 and P3
with the endoplasmic reticulum (ER). (A) Sucrose gradient fractions of crude
membrane extracts from leaves of WYMV-infected wheat. Fractions were
analysed by Western blotting using WYMV P1, P2, P3, CP and KDEL antisera.
(B) Epidermal cells of Nicotiana benthamiana transiently co-expressing P1-,
P2- or P3-enhanced green fluorescent protein (eGFP) and endoplasmic
reticulum (ER) luminal marker (ER-Cherry), or P3-eGFP and Golgi marker
(ManI-Cherry). Images were derived from a single confocal section. The insets
in the top corner are close-up views of the dashed rectangular areas. Nu,
nucleus. (C) Time-lapse imaging (consecutive images every 21 s) of epidermal
cells co-expressing P2-eGFP and ER-Cherry. eGFP and Cherry fluorescent
signals were merged. The mobile inclusions are marked with arrows.
Fluorescent proteins were observed using confocal laser scanning microscopy
(CLSM) at 3 days after inoculation (dai). Bars, 20 μm.
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subcellular localization of P2. Brefeldin A (BFA) is a fungal metabo-
lite that inhibits vesicle trafficking along the secretory pathway
(Nebenführ et al., 2002), whereas Sar1[H74L] is a dominant-
negative mutant of the Ras-like small GTPase (Sar1p) which spe-
cifically inhibits coat protein complex II (COPII)-mediated ER to
Golgi transport (Robinson et al., 2007). In leaves expressing
P2-eGFP infiltrated with BFA solution, P2-eGFP accumulated in the
cortical ER network and no aggregate structures were observed, in

contrast with the controls infiltrated with buffer plus
dimethylsulphoxide (DMSO), where P2-eGFP localized in aggre-
gate structures (Fig. 5A). Similarly, co-expression with the
Sar1[H74L] mutant led to the accumulation of P2-eGFP in the ER
network and inhibited the formation of aggregate structures
(Fig. 5A). These results indicate that the activity of P2 to rearrange
ER membranes depends on the active secretory pathway. Because
P3 associates with the Golgi apparatus (Fig. 3B), a similar experi-
ment was also performed with P3-eGFP. The results showed that
treatment with BFA or co-expression with the Sar1[H74L] mutant
inhibited the localization of P3-eGFP to the Golgi stack and
resulted in saturated accumulation of P3-eGFP in the cortical ER
network (Fig. 5A), indicating that the transport of P3 from the ER
to the Golgi involves the active secretory pathway.

Sar1 is one of the components of the COPII transport vesicles
that deliver cargo proteins from the ER into their final intracellular
destination. Interaction of Sar1 with cargo proteins has been
reported in several studies (Barlowe, 2003). We assessed the pos-
sibility of the interaction of P2 with Sar1 using a bimolecular
fluorescence complementation (BiFC) assay (Hu and Kerppola,
2003). P2 and Sar1 were fused to the N-terminal or C-terminal
portions of yellow fluorescent protein [YFP(n) or YFP(c)] which had
been inserted into the expression cassette of a binary vector. The
resulting plasmids were transformed into Agrobacterium and used
to co-infiltrate N. benthamiana leaves. The reconstruction of YFP
fluorescence, indicating a protein–protein interaction, was visual-
ized using CLSM at 3 dai. Bright YFP fluorescence was observed in
leaves expressing either YFP(n)-P2 and YFP(c)-Sar1 or YFP(n)-Sar1
and YFP(c)-P2 (Fig. 5B), showing that P2 and Sar1 interact. YFP
fluorescence reconstituted by P2 and Sar1 interaction was local-
ized in the aggregate structures in the cytoplasm, showing that
the interaction occurs in the aggregate membranes induced by P2.
By contrast, no interaction between P3 and Sar1 was observed in
the BiFC assay (Fig. 5B). In control experiments, no fluorescence
was detected when all fusion constructs were co-expressed with
unfused YFP(n/c) constructs (data not shown).

WYMV P2 recruits other viral proteins into aggregates
of ER membranes

The accumulation of multiple WYMV-encoded proteins in the
ER-derived inclusion bodies may be mediated by interactions
among these proteins. First, we employed a BiFC assay to assess
the interaction of P1, P2 and P3 with other viral proteins. The
results of the assay are summarized in Fig. 6A. P1 interacted with
itself and with most of the WYMV-encoded proteins, except 14K.
P2 also interacted with itself and P1, P3, VPg, NIa-Pro and CP,
whereas P3 interacted only with itself, P1, P2 and CP (Figs 6B and
S3, see Supporting Information). It is important to note that P1, P2
and P3 interacted with themselves and also with each other,
suggesting that an interconnected P1, P2 and P3 heterocomplex

Fig. 4 Membrane integration of Wheat yellow mosaic virus P1, P2 and P3.
(A) Hydrophobic plot of P2 generated with MPEx according to the Wimley
and White octanol hydrophobicity scale. The plot shows the mean values
using a window of 19 residues. Lines indicate the predicted hydrophobic
regions. (B) A schematic map showing the position of three putative
transmembrane domains (TM, grey boxes) in P2 as predicted by TMpred.
Arrowheads indicate the amino acid positions of transmembrane domains.
Cyt and Lum indicate the cytoplasmic and luminal domains, respectively. (C)
Subcellular fractionation and chemical treatments of protein extracts from
Nicotiana benthamiana leaves expressing P1-, P2- or P3-enhanced green
fluorescent protein (eGFP). Ultracentrifugation was used to separate soluble
(S30) and crude (P30) membrane-containing fractions. P30 was subjected to
chemical treatments and separated again into S30 and P30. Equal amounts
of S30 and P30 were analysed by Western blotting using a GFP-specific
antiserum.
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Fig. 5 A role for the secretory pathway in the subcellular localization of Wheat yellow mosaic virus P2 and P3. (A) Nicotiana benthamiana leaves expressing P2- or
P3-enhanced green fluorescent protein (eGFP) were infiltrated with 10 mg/mL brefeldin A solution, or P2- or P3-eGFP was co-expressed with Sar1[H74L] in leaves.
(B) Bimolecular fluorescence complementation (BiFC) assay to examine the interaction of P2 or P3 with Sar1. Leaves of N. benthamiana plants were infiltrated with
mixtures of agrobacteria harbouring the constructs indicated above and on the left side of the images. Fluorescent proteins were observed using confocal laser
scanning microscopy (CLSM) at 3 days after inoculation (dai). Bars, 10 μm.

Fig. 6 Interaction of Wheat yellow mosaic
virus (WYMV) P2 with other viral proteins. (A)
A summary of the results of the bimolecular
fluorescence complementation (BiFC) assay to
examine the interaction of WYMV P1, P2 or P3
with other viral proteins. ‘+’ and ‘–’ indicate
interaction and no interaction, respectively. (B)
Interaction of WYMV P2 with other viral
proteins in BiFC assay. Leaves of Nicotiana
benthamiana were infiltrated with mixtures of
agrobacteria harbouring the constructs
indicated above and on the left side of the
images. Yellow fluorescent protein (YFP)
fluorescence was observed using confocal laser
scanning microscopy (CLSM) at 3 days after
inoculation (dai). Bars, 20 μm. (C) Interaction
of WYMV P2 with other viral proteins in
pull-down assay. Maltose binding protein
(MBP)-P2 and unfused MBP [lower panel,
sodium dodecyl sulphate-polyacrylamide gel
electrophoresis (SDS-PAGE)] were used to
pull-down total proteins extracted from leaves
of WYMV-infected wheat. Pull-down samples
were analysed by Western blotting using P1,
P3, NIa-Pro, VPg, CI, 7K and CP antisera.
Arrowheads mark antiserum-reactive bands
possibly from the P3N-PIPO protein.
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might be essential for the formation of the intact ER-derived
inclusion structures observed in WYMV-infected cells.

In the next experiment, the interaction of P2 with other viral
proteins was investigated by pull-down assay. Maltose binding
protein (MBP)-tagged P2 fusion (MBP-P2) and unfused MBP pro-
teins were expressed in E. coli (Fig. 6C, bottom panel), and used as
bait proteins in a pull-down assay with a total protein extract from
leaves of WYMV-infected wheat. After pull down, protein samples
were subjected to Western blotting using antisera specific to the
WYMV-encoded proteins. P1, P3, VPg and NIa-Pro, but not CP, 7K
and CI, were detected in the protein complexes obtained from the
MBP-P2 pull-down sample, whereas no viral protein was detected
in unfused MBP pull-down samples (Fig. 6C). P2 and CP interacted
in the BiFC assay but did not in the pull-down assay, but, in other
respects, the results of the two assays were in agreement. As P2,
P1, P3, VPg and NIa-Pro, but not CP, were detected in the inclu-
sions (Fig. 2), the results of the pull-down assay probably reflect
the protein constituents of the inclusion bodies.

The YFP fluorescence reconstituted by interaction of P2 with
other viral proteins predominantly localized in the aggregate
structures (Fig. 6B), suggesting that P2 may recruit these proteins
into the aggregates of membranes. To further assess this concept,
we carried out co-expression experiments in which YFP(n)-P2 and
YFP(c)-P2 were simultaneously expressed with P1-, P3-, VPg- or
NIa-Pro-eGFP in N. benthamiana leaves. CLSM observation
showed that P1-, P3-,VPg- and NIa-Pro-eGFP primarily localized in
the P2-induced inclusion structures that were visualized through
eYFP fluorescence reconstructed by P2 self-interaction (Fig. 7A).
This distribution pattern was substantially different when P1-, P3-,
VPg- or NIa-Pro-eGFP was expressed alone, indicating that P2
redirects these proteins into the aggregate membranes by a
direct interaction. NIb is the replicase protein of potyviruses
(Urcuqui-Inchima et al., 2001). In BiFC assay, P2 did not interact
with NIb (Fig. 6B). Consistent with this, NIb-eGFP did not
co-localize with the P2-induced aggregates in the co-expression
experiment (Fig. 7A). Because NIb interacts with P1, it is possible
that NIb can be recruited into P2-induced aggregates through its
association with P1. To examine this possibility, NIb-eGFP was
co-expressed with YFP(n)-P1 and YFP(c)-P2. As expected, some
portions of NIb-eGFP co-localized with the aggregate structures
formed by the P1 and P2 interaction (Fig. 7B).

Newly synthesized WYMV RNAs co-localize with
P2-associated granular bodies

We performed in vivo RNA labelling to investigate whether WYMV
RNA synthesis occurs in these ER-derived inclusions. Protoplasts
isolated from the young leaves of WYMV-infected wheat plants
were treated with actinomycin D for 1 h to block host DNA tran-
scription, and then incubated with 5-bromouridine 5'-triphosphate
(BrUTP) for 4 h to incorporate BrUTP into newly synthesized viral

Fig. 7 The ability of Wheat yellow mosaic virus P2 to recruit other viral
proteins into aggregate structures. (A, B) Epidermal cells of Nicotiana
benthamiana simultaneously expressing YFP(n)-P2, YFP(c)-P2 and P1, P3,
VPg, NIa-Pro or NIb-eGFP (A), or YFP(n)-P1, YFP(c)-P2 and NIb-eGFP (B).
Fluorescent proteins were observed using confocal laser scanning microscopy
(CLSM) at 3 days after inoculation (dai). GFP, green fluorescent protein; YFP,
yellow fluorescent protein. Bars, 20 μm.
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RNAs prior to fixing the cells and double immunofluorescence
labelling using antisera specific for P2 and BrUTP. Visualization of
P2 antiserum using tetramethyl rhodamine isothiocyanate (TRITC)
showed that P2 primarily localized in multiple granular bodies
distributed throughout the cytoplasm (Fig. 8), a pattern reminis-
cent of the inclusion bodies observed under an electron micro-
scope (Fig. 1). Visualization of BrUTP-containing RNA using
fluorescein isothiocyanate (FITC) revealed that newly synthesized
viral RNAs co-localized with P2 in these granular bodies (Fig. 8). In
a control experiment, when protoplasts were subjected to single
immunofluorescence labelling using pre-immune rabbit or mouse
serum, no signal was detected (Fig. 8). In addition, no fluorescence
was detected when protoplasts isolated from leaves of non-
infected wheat plants were subjected to a similar RNA labelling
procedure (data not shown).This observation suggests that WYMV
RNA synthesis occurs in the P2-associated inclusion bodies.

DISCUSSION

Large ER-derived inclusions with crystalline lattice-like structures
are consistently observed in cells infected with bymoviruses
(Hibino et al., 1981; Hooper & Wiese, 1972; Huth et al., 1984;
Langenberg, 1985; and this study). To our knowledge, similar
structures have not been observed in cells infected with viruses of
other genera in the family Potyvridae, suggesting that these large
membranous inclusion bodies are a distinct cytopathological
feature of bymovirus infection. Previously, immunogold labelling
of barley cells infected with Barley yellow mosaic virus (BaYMV,
genus Bymovirus) showed that P1 and P2 are associated with
these membranous inclusion bodies (Schenk et al., 1993). In this
study, we performed immunogold labelling using a larger panel of
viral protein-specific antisera. In addition to P1 and P2, we also
detected the presence of P3 and, to a lesser extent, NIa-Pro and
VPg, in the membranous inclusions (Fig. 2B). P3 antiserum might

also react with P3N-PIPO protein (see Fig. 6C); therefore, we
cannot rule out the possibility that the inclusion bodies contain
P3N-PIPO protein. Because P1, P2 and P3 appear to be the major
viral protein constituents of the inclusions, we particularly ana-
lysed the properties of these proteins. Although all of these pro-
teins associated with ER, only P2 induced ER-derived aggregates
when expressed alone (Fig. 3B), indicating that P2 has an intrinsic
ability to rearrange ER membranes. Moreover, P2 was identified as
an integral membrane protein in a chemical treatment experiment
(Fig. 4C). When co-expressed with P2 in transient experiments, P1,
P3, NIa-Pro and VPg relocated into the P2-formed aggregates of
ER membranes (Fig. 7A). This is consistent with the observations
that P1, P3, NIa-Pro and VPg are present in the inclusions (Fig. 2B)
and that they interact directly with P2 (Fig. 6). Thus, P2 probably
recruits P1, P3, NIa-Pro and VPg into membranous inclusions
through direct binding. Taken together, our results underline a key
role for P2 in the formation of ER-derived inclusion bodies during
WYMV infection.

We further observed that the active secretory pathway is
required for the ER remodelling activities of P2. Treatment with
BFA or co-expression with the Sar1[H74L] mutant retained
P2-eGFP in the cortical ER and consequently inhibited the forma-
tion of P2-induced aggregates (Fig. 5A). Other studies have also
shown that the ER remodelling induced by some viral proteins
depends on the secretory pathway. For example, the formation of
ER-derived large aggregate structures by the 37K movement
protein of Chinese wheat mosaic virus was disrupted by BFA
treatment or overexpression of the Sar1[H74L] mutant (Andika
et al., 2013). Another study showed that the secretory pathway
was required for ER remodelling induced by Red clover necrotic
mosaic virus (RCNMV) p27, a replication protein involved in the
formation of RCNMV replication complexes. Accordingly, inhibi-
tion of the secretory pathway resulted in reduced RCNMV repli-
cation in protoplasts. RCNMV p27 interacts with ADP ribosylation

Fig. 8 Co-localization of newly synthesized
Wheat yellow mosaic virus (WYMV) RNA with
P2-associated inclusions. Protoplasts isolated
from the leaves of WYMV-infected wheat were
treated with actinomycin D prior to labelling
with 5-bromouridine 5'-triphosphate (BrUTP),
and subjected to double immunofluorescence
labelling using antisera specific for P2 and
BrUTP or single immunofluorescence labelling
using pre-immune rabbit or mouse serum in
control experiments. Fluorescence was
observed using confocal laser scanning
microscopy (CLSM). BF, bright field. FITC,
fluorescein isothiocyanate; TRITC, tetramethyl
rhodamine isothiocyanate. Bars, 4.5 μm.
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factor 1 (Arf1) and relocates it into ER-derived aggregate struc-
tures (Hyodo et al., 2013). Arf1 is a small GTPase that is involved
in the formation of coat protein complex I (COPI) vesicles. It has
been suggested that the membrane deformation activity of Arf1
may contribute to the formation of RCNMV replication complexes.
RCNMV p27 also recruits Sar1 into p27-induced aggregates,
although no direct interaction has been demonstrated (Hyodo
et al., 2013). Intriguingly, in our BiFC assay,WYMV P2 appeared to
interact with Sar1 in aggregate structures (Fig. 5B). It would be
interesting to investigate whether P2 also interacts with Arf1 and
has similar activity to p27 in remodelling the early secretory
pathway.

Positive-strand RNA viruses reorganize host endomembranes to
provide scaffolds for the formation of viral replication complexes
(Laliberte and Sanfacon, 2010; Miller and Krijnse-Locker, 2008;
Verchot, 2011). Our immunofluorescence labelling experiment
using WYMV-infected wheat protoplasts provides important evi-
dence that viral genome replication occurs in the ER-derived inclu-
sion bodies (Fig. 8). Oat mosaic virus and Barley mild mosaic virus
(both are members of the genus Furovirus) isolates, which have
deletions in the C-terminal region of P2, are still able to replicate in
their hosts (Timpe and Kuhne, 1995; Zheng et al., 2002). In a study
using infectious cDNA clones, a BaYMV mutant with the entire P2
coding region deleted replicated as efficiently as the wild-type
virus in barley protoplasts; however, when inoculated into barley
plants, this mutant showed reduced efficiency in systemic infec-
tion, induced milder symptoms and accumulated to a much lower
level in upper systemic leaves (You and Shirako, 2010). This result
indicates that BaYMV P2 is dispensable for viral replication in
infected cells, but facilitates efficient viral systemic movement.
Together, these studies seem to indicate that P2 might not be
absolutely required for bymovirus replication. In the formation of
potyvirus replication complexes, as exemplified by Turnip mosaic
virus (TuMV), 6K is an integral membrane protein that has been
shown to be the key factor as 6K-induced vesicles move from the
ER to the chloroplast periphery and induce chloroplast membrane
invaginations (Restrepo-Hartwig and Carrington, 1994; Wei et al.,
2010; Wei and Wang, 2008). Viral genomic and double-stranded
RNAs, and also viral replicase components (NIa and NIb), localize
at the 6K-induced vesicles that associate with chloroplasts, sug-
gesting that TuMV replication occurs in these compartments (Wei
et al., 2010).When fused to eGFP,WYMV 7K, the counterpart of the
6K protein of potyviruses, accumulated in cortical ER, but did not
associate with chloroplast membranes (Fig. S1). In our electron
microscopy observations, WYMV infection did not induce chloro-
plast membrane invaginations or any alteration in the morphologi-
cal structure of chloroplast peripheral membranes. Thus, although
7K does not form invaginations in the chloroplast envelope, it is
possible that 7K could constitute the essential membrane anchor
of the bymovirus replication complex, as monopartite potyviruses
also replicate on the ER (Schaad et al., 1997).

Considering the above-mentioned observations, the P2-induced
membranous inclusions could be essential for other biological
processes in bymovirus infection. In this respect, P2 is comparable
with the TGB1 protein (p25) of Potato virus X (PVX). TGB1 organ-
izes the perinuclear X-body, an inclusion structure thought to be
the site of viral replication, by remodelling host actin and ER
membranes (Tilsner et al., 2012). However, neither the TGB1-
organized X-body nor the expression TGB1 protein itself is essen-
tial for PVX replication (Batten et al., 2003; Tilsner et al., 2012).
Given the multifunctional roles of TGB1, it has been proposed that
the ER membrane remodelling activities of TGB1 might relate to
viral movement, RNA silencing suppression or viral RNA packag-
ing of PVX (Tilsner et al., 2012). Because P2 is involved in vector
transmission, it is possible that the ER-derived inclusion bodies
induced by P2 have a specific function in the efficient transfer of
WYMV particles to P. graminis cytoplasm across the vector plasma
membranes. It is worth mentioning that the formation of electron-
lucent inclusion bodies induced by infection of Cauliflower mosaic
virus is essential for aphid transmission (Khelifa et al., 2007). It is
also possible that the interaction of P2 with the secretory pathway
may be associated with the transport of virus across the plant
cell–vector boundary. We noted that no WYMV particles were
observed within the membranous inclusions (Fig. 1), which may
suggest that the formation of this structure is not related to virion
assembly. Future studies will attempt to resolve the precise roles
for the ER-derived inclusion bodies in the bymovirus life cycle by
detailed analyses of the cytopathological effects and characteris-
tics of virus mutants generated by reverse genetics.

EXPERIMENTAL PROCEDURES

Virus and plant materials

WYMV-infected wheat plants were obtained from a field in Yangzhou City,
Jiangsu Province, China (Chen, 1999). Nicotiana benthamiana plants were
grown in soil and kept in a growth cabinet at 24 °C or 16 °C with 16 h of
daylight.

Plasmid constructs

DNA fragments corresponding to the WYMV-encoded proteins were
amplified by reverse transcription-polymerase chain reaction (RT-PCR)
using total RNA extracted from leaves of infected wheat. To prepare eGFP
fusion constructs, the eGFP fragment. with a SalI site incorporated
upstream of the coding region, was first inserted between the BamHI and
SmaI sites of the binary vector pBin61 (Voinnet et al., 1998) to produce
pBin-eGFP. DNA fragments were then inserted between the BamHI and
SalI sites of pBin-eGFP. For the BiFC assay, DNA fragments were inserted
into pBin-YFP(n) and pBin-YFP(c) plasmids (Sun et al., 2013a) using the
BamHI and SmaI sites. The Sar1 coding region was amplified from the
Sar1-YFP plasmid (Wei and Wang, 2008). DNA fragments were introduced
between the BamHI and NotI sites of pGEX-6P-1 (Life Technologies,
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Carlsbad, CA, USA) and between the BamHI and SalI sites of pMBP-2CX
(New England BioLabs, Ipswich, MA, USA) for the expression of
glutathione S-transferase (GST) and MBP-tagged recombinant proteins in
E. coli, respectively. The fluorescent organelle markers ManI-Cherry and
ER-Cherry and the plasmid Sar1[H74L] mutant have been described pre-
viously (Nelson et al., 2007; Wei and Wang, 2008).

Antisera preparation

GST-tagged proteins were expressed as described previously (Sun and
Suzuki, 2008). For antisera production, purified proteins were diluted in an
injection buffer [50 mM Tris-HCl (pH 8.0), 75 mM NaCl and 1 × protease
inhibitor cocktail (Roche, Mannheim, Germany)], and emulsified with
Freund’s incomplete adjuvant (Difco, Franklin Lakes, NJ, USA). Antigen
(1 mg/mL) was subcutaneously injected into New Zealand white rabbits.
Antisera were produced by Shengong Biotech Co. Ltd. (Shanghai, China).

Immunogold electron microscopy

The preparation of ultrathin sections of WYMV-infected wheat leaf tissues
and immunogold labelling generally followed the protocol described pre-
viously (Sun et al., 2013c; Xiong et al., 2008). For immunogold labelling,
the grids were first incubated with antibodies specific for WYMV-encoded
proteins (1:50 dilution) and then with gold (10 nm)-conjugated goat anti-
rabbit immunoglobulin G (IgG) (1:50) (Sigma-Aldrich, St. Louis, MO, USA).
The grids were examined under a transmission electron microscope
H-7650 (Hitachi, Tokyo, Japan) and photographed with a Gatan 830 CCD
camera (Gatan, Pleasanton, CA, USA).

Agrobacterium infiltration and BFA treatment

For Agrobacterium infiltration, plasmid constructs were transformed
into Agrobacterium tumefaciens strain C58C1. Bacterial pellets
were resuspended in agroinfiltration buffer (10 mM MgCl2, 10 mM

2-morpholinoethanesulphonic acid and 100 μM acetosyringone) at an
optical density at 600 nm (OD600) of unity and used to infiltrate
N. benthamiana leaves with syringes. BFA (Sigma-Aldrich) stocks were
dissolved in DMSO and diluted with agroinfiltration buffer to concentra-
tions of 10 μg/mL. The leaves were observed 4 h after infiltration with BFA
solution. For the control experiment, leaves were infiltrated with DMSO
diluted in agroinfiltration buffer (0.1%).

Western blot analysis

Preparation of protein samples, sodium dodecyl sulphate-polyacrylamide
gel electrophoresis (SDS-PAGE), electroblotting and immunodetection for
Western blot analysis were performed as described previously (Sun and
Suzuki, 2008). For the detection of WYMV-encoded proteins, primary
polyclonal antibodies (1:1000) and a secondary polyclonal alkaline phos-
phatase (AP)-conjugated goat anti-rabbit IgG (1:5000) (Sigma) were used.
GFP and ER-associated proteins were detected using primary anti-GFP
(1:10 000) and anti-KDELR2 (1:2000) monoclonal sera (Zhongshan
Jinqiao, Beijing, China), respectively, and a secondary polyclonal
AP-conjugated goat anti-mouse IgG (1:10 000) (Sigma).

MBP pull-down assay

Crude protein extracts of bacterial cells expressing MBP-P2 or unfused
MBP were incubated with an amylose-resin column (New England
BioLabs) for 4 h with rotation to immobilize the proteins. Total protein was
extracted from leaves of WYMV-infected wheat with a binding buffer
[20 mM Tris-HCl (pH 7.0), 0.2 M NaCl, 1 mM ethylenediaminetetraacetic
acid (EDTA), 0.5% NP-40 and 1 × protease inhibitor cocktail] and allowed
to flow through an amylose-resin column with immobilized MBP-P2 or
unfused MBP. After washing three times with the binding buffer, the resin
was resuspended in SDS-PAGE sample buffer, denatured by boiling, run on
SDS-PAGE and analysed by Western blotting.

Subcellular fractionation and chemical treatment

For subcellular fractionation, leaves (5 g) were homogenized in 10 mL of
grinding buffer [20 mM Tris-HCl (pH 8.0), 200 mM NaCl, 1 mM EDTA and
1 × protease inhibitor cocktail]. The homogenate was centrifuged twice at
1000 g for 15 min to remove chloroplasts, cell walls and debris. The
supernatant was centrifuged at 30 000 g for 30 min to obtain the soluble
(S30) and crude membrane (P30) fractions. For sucrose gradient fractions,
P30 (0.5 mL) was loaded onto a 5-mL 10%–60% continuous sucrose
gradient (in grinding buffer) and ultracentrifuged at 148 862 g for 2 h. The
gradient was divided into 11 density fractions (0.5 mL each) and analysed
by Western blotting. For chemical treatments, P30 was resuspended in
grinding buffer alone (controls) or containing 0.1 M Na2CO3 (pH 11), 4 M

urea or 1% Triton X-100, and incubated for 30 min on ice. After
ultracentrifugation to obtain S30 and P30, samples were analysed by
Western blotting using a GFP-specific antiserum.

Protoplast isolation and in vivo RNA labelling

For the isolation of protoplasts, wheat leaves were cut longitudinally and
soaked in an enzyme solution containing 0.6 M mannitol, 10 mM CaCl2
(pH 5.6), 1% cellulase (Onozuka R-10) and 0.05% macerozyme (both
from Yakult Honsha Co., Ltd., Tokyo, Japan), and kept under vacuum for
30 min prior to incubation for 4 h at 25 °C in the dark. Protoplasts were
filtered through a 0.64-mm mesh sieve and collected by centrifugation at
500 g for 10 min. Washing (three times) was performed in a solution
containing 0.6 M mannitol and 10 mM CaCl2 (pH 5.6). In vivo RNA label-
ling and fixing of protoplasts on cover slides were carried out as
described previously (Cotton et al., 2009). Immunofluorescence labelling
was performed using primary P2 (1:1000) and monoclonal BrUTP (1:500)
(Sigma) antisera, and detected with secondary TRITC-conjugated goat
anti-rabbit and FITC-conjugated goat anti-mouse IgGs (1:500)
(Zhongshan Jinqiao).

Fluorescence signal imaging

Fluorescent proteins were observed using a TCS SP5 confocal laser scan-
ning microscope (Leica, Solms, Germany). The fluorescence signals were
visualized with laser excitation/emission filters of 488/500–508 nm for
eGFP, 514/580–600 nm for eYFP, 543/610–655 nm for Cherry and TRITC,
and 488/505–550 nm for FITC.
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Amino acid sequence analyses

Hydrophobicity plots were generated with MPEx (http://blanco.biomol
.uci.edu/mpex/) according to the octanol hydrophobicity scale (Wimley
and White, 1996). For the prediction of transmembrane domains, pro-
grams TopPred II (Claros and von Heijne, 1994; http://bioweb.pasteur.fr/
seqanal/interfaces/toppred.html) and TMpred (Hofmann and Stoffel, 1993;
http://www.ch.embnet.org/software/TMPRED_form.html) were used.
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SUPPORTING INFORMATION

Additional Supporting Information may be found in the online
version of this article at the publisher’s web-site:

Fig. S1 Subcellular localization of Wheat yellow mosaic virus
VPg, NIa-Pro and NIb. Epidermal cells of Nicotiana benthamiana
transiently expressing P1-, P2- or P3-enhanced green fluorescent
protein (eGFP). Images were derived from a single confocal
section. Fluorescent proteins and 4',6-diamidino-2-phenylindole
(DAPI) staining were observed using confocal laser scanning
microscopy (CLSM) at 3 days after inoculation (dai). Bars, 20 μm.
Fig. S2 Hydrophobic profile of Wheat yellow mosaic virus P1 and
P3. (A) Hydrophobic plot of P1 and P3 generated with MPEx
according to the Wimley and White octanol hydrophobicity scale.
The plot shows the mean values using a window of 19 residues.
Lines indicate the predicted hydrophobic regions. (B) A schematic
map showing the position of two putative transmembrane
domains (TM, grey boxes) in P3 as predicted by TMpred. Arrow-
heads indicate the amino acid positions of the transmembrane
domains. Cyt and Lum indicate the cytoplasmic and luminal
domains, respectively.
Fig. S3 Interaction of Wheat yellow mosaic virus P1 or P3 with
other viral proteins in bimolecular fluorescence complementation
(BiFC) assay. Leaves of Nicotiana benthamiana plants were infil-
trated with mixtures of agrobacteria harbouring the constructs
indicated above and on the left side of the images. Fluorescent
proteins were observed using confocal laser scanning microscopy
(CLSM) at 3 days after inoculation (dai). Bars, 20 μm.
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