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Systemic necrosis is one of the most severe symptoms caused by
plant RNA viruses. Recently, systemic necrosis has been sug-
gested to have similar features to a defense response referred to
as the hypersensitive response (HR), a form of programmed
cell death. In virus-infected plant cells, host intracellular
membrane structures are changed dramatically for more effi-
cient viral replication. However, little is known about whether
this replication-associated membrane modification is the cause
of the symptoms. In this study, we identified an amino-terminal
amphipathic helix of the helicase encoded by Radish mosaic
virus (RaMYV) (genus Comovirus) as an elicitor of cell death in
RaMV-infected plants. Cell death caused by the amphipathic
helix had features similar to HR, such as SGT1-dependence.
Mutational analyses and inhibitor assays using cerulenin
demonstrated that the amphipathic helix-induced cell death
was tightly correlated with dramatic alterations in endoplas-
mic reticulum (ER) membrane structures. Furthermore, the
cell death-inducing activity of the amphipathic helix was con-
served in Cowpea mosaic virus (genus Comovirus) and Tobacco
ringspot virus (genus Nepovirus), both of which are classified in
the family Secoviridae. Together, these results indicate that ER
membrane modification associated with viral intracellular
replication may be recognized to prime defense responses
against plant viruses.

One of the most important plant defense responses against
viruses is resistance (R)-mediated disease resistance. This is
often associated with the hypersensitive response (HR), a form
of programmed cell death (PCD) that confines pathogens to the
initial infection site. Systemic HR (SHR) is regarded as an
inefficient defense response, which can also be induced during
R protein—plant virus interactions (Dinesh-Kumar et al. 2000;
Moffett 2009; Sekine et al. 2006; Seo et al. 2006). During SHR,
R-mediated defense machinery does not prevent the spread of
a virus, resulting in eventual induction of HR responses in
virus-infected systemic leaves. Several lines of evidence sug-
gest that systemic necrosis, one of the most severe symptoms of
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plant virus infections, is equivalent to SHR, at least in some
plant-virus interactions (Komatsu et al. 2010; Mandadi and
Scholthof 2013; Xu and Roossinck 2000; Xu et al. 2003).

All studied positive-strand RNA viruses replicate their ge-
nomic RNA using host intracellular membranous structures
(Schwartz et al. 2002). Positive-strand RNA viruses induce
membrane modifications and the formation of vesicle struc-
tures to produce “virus replication factories” for their efficient
replication in infected cells (den Boon and Ahlquist 2010; Diaz
et al. 2010; Miller and Krijnse-Locker 2008). Such membrane
modification is attributable to the action of membrane-targeted
viral proteins such as replicases. When expressed alone, these
viral proteins can induce membrane modifications similar to
those observed in virus-infected cells. Targeting of these viral
proteins to membranes is usually mediated by their trans-
membrane domains and amphipathic helices (den Boon et al.
2001; Laliberté and Sanfagon 2010; Miller and Krijnse-Locker
2008). Previous studies on animal and plant viral replicases
indicated that amphipathic helices, which have one polar side
and one hydrophobic side, are responsible for vesicle formation
in virus-infected cells and are required for virus replication
(Drin and Antonny 2010; Gouttenoire et al. 2010; Horner et al.
2012; Liu et al. 2009). Vesicle formation by amphipathic he-
lices is controlled by association of the helix structure with one
of the two leaflets of the membrane, thereby creating asym-
metry and membrane bending (Miller and Krijnse-Locker
2008). In plant cells in which host membranes are modified by
virus replication, membrane physiological states such as
membrane synthesis and trafficking are changed dramatically.
We suggest that these changes in host membrane physiology in
virus-infected cells contribute to symptom expression, in-
cluding necrosis. However, the relationship between replication-
associated membrane modification and symptom expression
remains unclear.

The comoviruses are a group of plant viruses in the picor-
navirus superfamily that have a genomic organization similar to
that of animal picornaviruses (Sanfacon 2012; Sanfagon et al.
2009). RNA-1 in members of genus Comovirus, such as
Cowpea mosaic virus (CPMV) and Bean pod mottle virus
(BPMV), encodes five mature proteins required for replication,
including the helicase (Hel) protein. Upon infection with
CPMYV, the CPMV-encoded proteinase cofactor (CoPro) and
Hel proteins are responsible for the proliferation of the endo-
plasmic reticulum (ER) membrane, which is essential for viral
replication (Carette et al. 2002). Additionally, such membrane
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modification requires new membrane synthesis, which is
inhibited by cerulenin treatment (Carrette et al. 2000). Over-
expression of the Hel protein, encoded by CPMV and BPMYV,
results in cell death (Carette et al. 2002; Gu and Ghabrial 2005).
However, the mechanism of cell death induction by the Hel
protein remains unclear, especially in terms of the relationship
with the ER membrane modification activity.

Radish mosaic virus (RaMV) is a member of genus Como-
virus and infects most cruciferous plants, causing severe symp-
toms including enations, mosaic, and ringspots associated with
necrosis (Komatsu et al. 2013). In this study, we identified the
RaMV Hel protein as an elicitor of cell death in RaM V-infected
Nicotiana benthamiana plants. The N-terminal region of the
Hel protein (nHel), including an amphipathic helix, was re-
sponsible for the induction of cell death, which had several
features similar to HR. Our results indicate that the ER mem-
brane modification by the amphipathic helix of nHel was es-
sential for virus replication and may contribute to the induction
of cell death. Furthermore, we showed that cell death can also
be induced by amphipathic helices from other viruses related to
RaMV. Based on these findings, the possible mechanism of
amphipathic helix-induced cell death is discussed.

RESULTS

Necrosis in RaM V-infected N. benthamiana
has characteristics of HR.

RaMV can infect N. benthamiana systematically and pro-
duce severe symptoms with necrotic responses in shoot tips and
surrounding leaves at 13 days postinfiltration (dpi) (Fig. 1A).
We investigated whether the necrotic reactions induced by
RaMV were related to plant defense responses. In previous
studies, we showed that necrotic symptoms in N. benthamiana
caused by Plantago asiatica mosaic virus (PIAMV) were con-
sistent with several characteristics of HR (Komatsu et al. 2010).

Similar to responses to PIAMYV infection, transcript levels of
the defense-related genes PR-la, Hinl, and Hsr203j were
found, using real-time reverse transcription polymerase chain
reaction (RT-PCR) analysis, to be elevated in RaM V-inoculated
N. benthamiana leaves at 5 dpi (Fig. 1B). PR-1a and Hinl
transcript levels also increased significantly in upper un-
inoculated leaves (Supplementary Fig. S1).

To determine whether infection of tissues by RaMV is ac-
companied by nuclear DNA fragmentation that occurs during
apoptosis-like PCD, we performed terminal deoxyribonucleotidyl
transferase-mediated dUTP nick-end labeling (TUNEL) assays
on shoot tips, in which necrotic responses would be induced.
Green fluorescence representing nuclear DNA fragmentation was
detected in positive control sections from healthy tissues treated
with DNase I (Fig. 1C, left panel) but not in negative control
sections from untreated tissues (Fig. 1C, center panel). In sections
from RaMV-infected tissues, green fluorescence was detected
throughout the tissues (Fig. 1C, right panel). These results suggest
that the necrotic responses induced in RaM V-infected plants have
several characteristics in common with the HR.

Hel protein is a necrotic response elicitor
in RaMV-infected N. benthamiana.

To identify the viral elicitor that induces the necrotic response
upon RaMV infection, we attempted to express each protein
encoded by the RaMV genome (Fig. 2A) in N. benthamiana
leaves using a Potato virus X (PVX)-based expression system
(Chapman et al. 1992). We found that only PVX:Hel induced cell
death in the infiltrated area at 4 dpi, but neither other PVX
constructs nor the PVX control vector did so (Supplementary
Fig. S2). Consistent with these results based on the PVX vector
system, cell death was also observed when yellow fluorescent
protein (YFP)-tagged Hel protein was transiently expressed with
agroinfiltration at 5 dpi (Fig. 2B and C) (Earley et al. 2006).
Staining with 3,3’-diaminobenzidine (DAB) was performed to

A B
Mock Raly PR-1a Hin1 Hsr203j
® < 15 515
>
1 0 Mock > >
= 44|, ° * 2 *
2 o = 10 =10
x 7o o
E 5] E E
2 2 5+ 251
% 11 k= k=
T 0- @ o € o
0 - -
3dpi  5dpi 3dpi  5dpi 3dpi  5dpi
c DNase | RaMV-infected

Healthy

-

Fig. 1. Characterization of necrotic symptoms induced by Radish mosaic virus (RaMV)-J infection in Nicotiana benthamiana. A, Symptoms in RaM V-infected
(right panels) or mock-inoculated plants. A pBI121 binary vector expressing B-glucuronidase was used as a mock control. Photos were taken at 13 days
postinfiltration (dpi). The lower panel shows a close-up view of the shoot tip and its surrounding leaves shown in each upper panel. Experiments were repeated
at least three times with similar results. B, Expression analysis of defense-related genes PR-1a, Hinl, and Hsr203j in RaM V-infiltrated leaves using real-time
reverse transcription-polymerase chain reaction analysis. N. benthamiana leaves were infiltrated with the pBI121 binary vector (mock) or RaMV at an optical
density at 600 nm of 0.05. Values presented are relative to those of mock-infiltrated areas at 3 dpi. Data shown represent means + standard deviation of five
independent plants. Asterisks indicate statistically significant differences from mock-infiltrated areas at each time point (P < 0.05). C, In situ detection of
nuclear DNA fragmentation in the RaM V-infected plants by transferase-mediated dUTP nick-end labeling assay. Sections were prepared from RaM V-infected
(right panel) or healthy (left and center panels) N. benthamiana plants at 10 dpi. The left panel shows the positive control using the sections derived from
healthy plants treated with DNase 1. The green signals indicate nuclear DNA fragmentation. Bars represent 200 pum.
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detect hydrogen peroxide (H,O,) production, one of the hall-
marks of HR. Reddish-brown staining in the YFP:Hel-infiltrated
area, but not in the Myc:green fluorescent protein (GFP)-
infiltrated area (Fig. 2B, lower panels), indicated that YFP:Hel-
induced cell death was associated with H,O, production.

To examine the expression and distribution of Hel in meri-
stems of RaMV-infected plants, in which cell death would be
induced, we performed immunohistochemical analysis using
anti-Hel antibody. RaM V- and mock-inoculated shoot meri-
stematic tissues were collected at 10 dpi. When anti-LCP (large
coat protein) antibody was used, a strong signal was detected
throughout the shoot tips of RaM V-infected plants (Fig. 2D, left
panel), indicating that RaMV invaded N. benthamiana plants
systemically by 10 dpi, as reported previously (Komatsu et al.
2013). Similarly, a Hel protein signal was detected throughout
the shoot tips of RaM V-infected plants (Fig. 2D, center panel).
No Hel or LCP signals were identified in healthy plants (Fig.
2D, right panel and data not shown), confirming the expression
of Hel in the shoot tips of RaMV-infected plants prior to the
induction of cell death. These signals are likely to coincide with
PCD-induced tissues shown by the TUNEL assay (Fig. 1C).
Note that these specific signals using anti-Hel antibody would not
necessarily be consistent with the localization of the mature Hel
protein because comoviruses, including RaMV, produce mature
proteins and cleavage intermediates by viral protease-mediated
polyprotein processing. However, our result that overexpression of
the Hel-Vpg (viral protein genome-linked) fusion protein also
causes cell death (S. Namba and M. Hashimoto, unpublished data)
suggests that other intermediates containing Hel could have the
potential to induce cell death in RaMV-infected tissues. Col-
lectively, these results suggest that the RaMV-Hel protein may
act as an elicitor of HR-like cell death in RaMV-infected
N. benthamiana that is most prominent in the shoot tips (Fig. 1A).

The amino-terminal region of RaMV-Hel is responsible
for inducing cell death.

We analyzed the functional domain structure of Hel to
identify the region responsible for inducing cell death. Analysis
using TMPred software predicted two transmembrane helices
at amino acid (aa) positions 5 to 25 and 551 to 590 of Hel.
AmphipaSeek software and the Consensus secondary structure
prediction method software predicted an amphipathic o-helix
at aa 36 to 60 in the N-terminal region of Hel.

Based on these domain structure predictions, we divided Hel
into three regions: an N-terminal region containing one trans-
membrane helix and one amphipathic helix (nHel), a middle
region containing no hydrophobic stretches (mHel), and a
C-terminal region containing one transmembrane helix (cHel)
(Fig. 3A). We expressed N-terminal fusion proteins of each
region transiently with YFP (Fig. 3B). At 3 dpi, cell death was
clearly observed in areas infiltrated with YFP:nHel but not with
YFP:mHel or YFP:cHel (Fig. 3C, upper panels). To exclude any
potential artifacts caused by the YFP tag, we also created N-terminal
Myc-tagged constructs of each region. At 3 dpi, transient over-
expression of Myc:nHel but not of Myc:mHel or Myc:cHel
induced cell death (data not shown; Supplementary Fig. S3), sug-
gesting that cell death induced by YFP:nHel and Myc:nHel
reflected the native function of the nHel region in cell death.

To investigate whether the cell death elicited by nHel
retained the characteristics of defense responses similar to
those induced in RaM V-infected tissues, we performed several
assays. DAB staining showed that cell death in the areas in-
filtrated with YFP:nHel was accompanied by H,O, production,
whereas no signal was detected in the areas infiltrated with
YFP:mHel or YFP:cHel (Fig. 3C, lower panels). Real-time
RT-PCR analysis to quantify the expression of defense-related
genes showed that Hinl and Hsr203j mRNA levels in the areas

infiltrated with YFP:nHel were significantly higher than those
in the areas infiltrated with YFP:mHel or YFP:cHel at 2 dpi
(Fig. 3D). In contrast, PR-Ia expression in the YFP:nHel-
infiltrated areas was not significantly different from those
infiltrated with other fusion proteins. This is probably because
agroinfiltration itself induces a high level of PR-Ia expression
in infiltrated areas of N. benthamiana (Pruss et al. 2008). SGT1
functions as an essential component of R-mediated disease re-
sistance to bacterial and eukaryotic pathogens as well as viruses
(Azevedo et al. 2002; Peart et al. 2002). We previously showed
that SGT1 was also involved in systemic necrosis caused by
PIAMV (Komatsu et al. 2010). To test whether SGT1 is re-
quired for YFP:nHel-triggered cell death, we used the Tobacco
rattle virus—based virus-induced gene silencing method (Ratcliff
et al. 2001). YFP:nHel was transiently overexpressed in the
upper uninoculated leaves of NbSGT1-silenced or nonsilenced
plants. We found that cell death induced by YFP:nHel was
significantly compromised in NbSGTI-silenced plants as com-
pared with nonsilenced control plants (Fig. 3E). Taken together,
these results indicate that the nHel region, containing one putative
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Fig. 2. Involvement of the Radish mosaic virus (RaMV)-encoded Hel
protein in the necrotic symptoms induced by RaMV infection. A, Genomic
organization of the RaMV genome. The RaMV genome consists of two
positive single-stranded RNA molecules (RNA-1 and RNA-2). Open
reading frames and untranslated regions in the RNA molecules are in-
dicated by open boxes and horizontal lines, respectively. Co-Pro = cofactor
for proteinase, VPg = viral protein genome-linked, CR = cofactor for
replication, MP = movement protein, LCP = large coat protein, SCP = small
coat protein. The second start codon of RNA-2 is indicated by an arrow-
head. B, Symptoms of leaves infiltrated with Myc-tagged green fluorescent
protein (Myc:GFP; upper left panel) or yellow fluorescent protein—tagged
RaMV-Hel (YFP:Hel; upper right panel) at an optical density at 600 nm of
0.5 and 3,3’-diaminobenzidine staining of the same leaves (lower panels).
Photos were taken at 6 days postinfiltration (dpi). C, Western blot analysis
of YFP-tagged Hel protein using a monoclonal anti-GFP (green fluorescent
protein) antibody (upper panel). Arrowheads indicate specific signals of
YFP:Hel protein or Myc:GFP. Myc:GFP was used as a control. Migration of
molecular mass standards is indicated on the left. A Coomassie Brilliant
Blue—stained gel of identical protein samples is shown as a loading control
(lower panel). D, Distribution of large coat proteins (LCP) and Hel proteins
in the shoot tips of RaMV-infected plants at 10 dpi. Blue signals were
detected using anti-LCP (left panel) or anti-Hel antibody (center panel).
The right panel shows a negative control derived from samples of healthy
plants treated with the anti-Hel antibody. Bars represent 200 pm.
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transmembrane domain and an amphipathic helix, is responsible
for cell death having several features in common with HR.

The N-terminal region of RaMV-Hel induces
the formation of perinuclear aggregates
and dramatic rearrangement of the ER network.
Based on the finding that the N-terminal region of Hel con-
taining a putative transmembrane helix and an amphipathic
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helix is responsible for cell death, we considered whether in-
tracellular localization of Hel might play an important role in
the induction of cell death. To investigate the localization of
Hel using confocal laser scanning microscopy (CLSM), we
coinfiltrated YFP:Hel into N. benthamiana leaves with ER-
targeted cyan fluorescent protein (ER-CFP) (Nelson et al. 2007)
to compare their localization. At 3 dpi, the fluorescence of YFP:
Hel coincided with that of ER-CFP (Fig. 4A, row 1). YFP:Hel
formed aggregates that colocalized with the ER membrane in
the perinuclear area (Fig. 4A, arrows in row 2). YFP:Hel also
induced granular structures resulting in morphological changes
in the ER network at the peripheral parts of cells (Fig. 4A,
arrowheads in row 3). The cell death—inducing activity of the
Hel protein was retained with the N-terminal YFP fusion,
suggesting that the YFP fusion does not influence the cell
death—inducing activity of the native Hel protein (Fig. 2B).
C-terminal YFP fusion to full-length Hel protein produced no
fluorescence (data not shown).

We next investigated the subcellular localization of each
region of Hel (nHel, mHel, and cHel) using CLSM. We co-
expressed each YFP-tagged construct with ER-CFP in
N. benthamiana leaves. At 3 dpi, the fluorescence of YFP:cHel
coincided with the ER-CFP fluorescence and formed giant
aggregates in the cytoplasm (Fig. 4B, arrows in row 1). In the
peripheral parts of the cells, YFP:cHel colocalized with the
cortical ER network and occasionally formed granular struc-
tures that were closely associated with the ER network (Fig.
4B, arrowheads in row 2). YFP:mHel fluorescence was local-
ized to the cytoplasm and nucleus, similar to the localization of
transiently-expressed free GFP (Fig. 4B, row 3). In row 3 of
Figure 4B, YFP:mHel fluorescence seemed to partially co-
incide with that of ER-CFP, but it appeared dispersed in the
cytoplasm at high magnification (Fig. 4B, row 4), confirming
that YFP:mHel did not colocalize with the ER membrane. No
fluorescence of YFP:nHel was observed at 3 dpi, probably due
to rapid induction of cell death in the YFP:nHel-infiltrated
areas (data not shown). Thus, we tried to examine YFP:nHel
fluorescence at earlier time points. At 2 dpi, the YFP:nHel
fluorescence colocalized with the ER-CFP fluorescence (Fig.
4B, row 5) and formed aggregates in the perinucleus (Fig. 4B,
arrows in rows 5 and 6). The ER network structure was also
dramatically changed, and many granular structures were formed

Fig. 3. Characterization of cell death induced by the N-terminal region of
the Hel protein (nHel) of the Radish mosaic virus (RaMV)-Hel protein. A,
Schematic representation of truncated proteins derived from the Hel protein
tagged with yellow fluorescent protein (YFP). Black and gray boxes rep-
resent YFP and partial fragments of the Hel protein, respectively. The
putative amphipathic helix and transmembrane helices are represented by
a star and diamonds, respectively. B, Western blot analysis of YFP-tagged
Hel fragments using a monoclonal anti-GFP (green fluorescent protein)
antibody. Arrowheads indicate specific signals of YFP-tagged proteins or
Myc:GFP. C, Local symptoms induced by overexpression of YFP:nHel
(upper left panel), YFP:mHel (center panel), or YFP:cHel (right panel) at
an optical density at 600 nm (ODggo) of 0.5 and 3,3’-diaminobenzidine
(DAB) staining of the same leaves (lower panels). Photos were taken at
3 days postinfiltration (dpi). D, Expression analysis of defense-related
genes in areas infiltrated with YFP-tagged Hel fragments at an ODggq of
0.05. Total RNAs were extracted from infiltrated areas at 2 dpi. The
values are represented relative to those of YFP-infiltrated areas. Data
shown represent means * standard deviation of seven independent
plants. Asterisks indicate statistically significant differences from YFP-
infiltrated areas (P < 0.05). E, Symptoms of areas infiltrated with
YFP:nHel in NbSGT1-silenced (TV:NbSGT1, right two panels) or non-
silenced plants (TV:00, left two panels) and DAB staining of the same
leaves (respective right panels). YFP:nHel was agroinfiltrated into yellow-
circled areas at ODgq values of 1.0, 0.5, and 0.05, as shown in the left panel.
Photos were taken at 4 dpi.
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Fig. 4. Identification of the N-terminal region of the Hel protein (nHel) of Hel required for endoplasmic reticulum (ER) modification in Radish mosaic virus (RaMV)-
infected cells. A, Subcellular localization analysis of yellow fluorescent protein (YFP):Hel. YFP:Hel and ER-CFP (cyan fluorescent protein) constructs were
agroinfiltrated at an optical density at 600 nm (ODg) of 0.1. Panels 2 or 3 present close-up views of the perinuclear or the peripheral parts, respectively, of cells. Bars
represent 20 um in row 1 and 5 um in rows 2 and 3. Except in B (row 1), arrows and arrowheads indicate perinuclear aggregates and granular structures, respectively.
B, Subcellular localization analysis of YFP-tagged Hel fragments. Panels 6 or 2, 4, and 7 present close-up views of the perinuclear or peripheral parts of cells,
respectively. Bars represent 20 um in rows 1, 3, and 5, and 5 pm in rows 2, 4, 6, and 7. In row 1, arrows indicate giant aggregates in the cytoplasm. C, Subcellular
localization analysis of ER-GFP in cells expressing Myc-tagged Hel fragments. ER-GFP was used as a control (row 1). Myc:cHel (row 2) or Myc:mHel (row 3) was
coexpressed at an ODgqy of 0.5 together with ER-GFP at an ODg of 0.00025. Photos were taken at 2 days postinfiltration (dpi). Row 4 shows the same leaves infiltrated
with Myc:nHel, at 1 day after ER-GFP was expressed. Photos were taken after an additional 24 h. Bars in each panel represent 20 um. D, Subcellular localization
analysis of ER-GFP in RaM V-infected plants. Nicotiana benthamiana plants of line 16c were infiltrated with B-glucuronidase (mock; left two panels) or RaMV (virus-
infected; right two panels). GFP fluorescence of ER-GFP was observed in the noninfiltrated upper leaves at 7 dpi. Bars in each panel represent 20 um.
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in the peripheral parts of cells (Fig. 4B, arrowheads in row 7).
C-terminal fusions of YFP to nHel and cHel proteins produced
no fluorescence, perhaps due to misfolding of the fusion proteins
caused by C-terminal fusion with YFP, similar to C-terminal
fusion of YFP to full-length Hel protein (data not shown).

We examined whether ER membrane-derived structures were
also formed by the overexpression of Myc-tagged Hel regions.
Following coinfiltration of Myc:nHel, Myc:mHel, or Myc:cHel
along with ER-targeted GFP (ER-GFP), we observed GFP fluo-
rescence of ER-GFP at 2 dpi. Although reticular structures of the
ER remained intact in the Myc:cHel- or Myc:mHel-coinfiltrated
areas (Fig. 4C, rows 2 and 3, respectively) compared with the
areas infiltrated with ER-GFP alone (Fig. 4C, row 1), no fluo-
rescence was observed in the Myc:nHel-coinfiltrated areas,
possibly due to collapse of the cells caused by cell death at 2 dpi
(data not shown). To eliminate the influence of cell death, we
infiltrated Myc:nHel at 24 h after the infiltration of ER-GFP and
examined GFP fluorescence of ER-GFP after an additional 24 h.
Perinuclear aggregates of the ER membrane were observed
(Fig. 4C, row 4, arrows in the left and center panels), and many
granular structures and drastic rearrangement of the ER network
structure were induced in the peripheral parts of cells (Fig. 4C,
row 4, arrowheads in the right panel).

To confirm whether the ER membrane structures were
influenced in a similar manner by viral infection, we inoculated
RaMV onto leaves of transgenic N. benthamiana plants
expressing ER-GFP (line 16¢) (Ruiz et al. 1998) and examined
morphological changes in the ER membrane. This transgenic
N. benthamiana line has been widely used as an experimental
material to examine ER membrane structures in plants (Carette
et al. 2002; Goodin et al. 2005; Turner et al. 2004). At 7 dpi,
perinuclear membrane aggregates and granular structures as-
sociated with disruption of the ER network were observed in
the peripheral parts of cells in the RaM V-infected plants (Fig.
4D, right two panels), similar to those observed in the Myc:
nHel-infiltrated areas (Fig. 4C), but not in the mock-inoculated
plants (Fig. 4D, left two panels).

These results demonstrate that both the N- and the C-terminal
regions of the Hel protein have the potential to recruit the Hel
protein to the ER membrane. Moreover, the nHel region con-
tributed to the ER membrane modification characterized by
perinuclear aggregates and the rearrangement of the ER net-
work structures observed in both YFP:Hel-expressing and
RaMV-infected tissues. Similar perinuclear aggregates and ER
granular structures are observed in CPM V-infected plants, and
have been implicated in viral replication (Carette et al. 2000).
Thus, nHel-induced ER membrane modification may be in-
volved in RaMV replication.

The N-terminal amphipathic helix of Hel is responsible
for cell death and ER membrane modification.

The nHel region, which showed cell death—inducing activity,
was predicted to possess a putative transmembrane helix (aa 5
to 25) and an amphipathic helix (aa 36 to 60). To determine the
minimal nHel region sequence required for ER membrane as-
sociation and the induction of cell death, we constructed several
deletion mutants of the nHel region (N-terminal 74 aa of RaM V-
Hel) (Fig. 5A). The N-terminus of each mutant was fused to YFP
and was transiently overexpressed in N. benthamiana leaves. At
5 dpi, overexpression of YFP:21-74 lacking the N-terminal 20 aa
of RaMV-Hel led to cell death, but overexpression of YFP:28-74
lacking the N-terminal 27 aa did not. However, overexpression of
only the N-terminal 27 aa (YFP:1-27) of the nHel region did not
induce cell death. In contrast, YFP:1-60 and YFP:1-50, lacking
the C-terminal 14 and 24 aa, respectively, caused cell death.
These results indicated that the minimum sequence of the nHel
region responsible for induction of cell death mapped to its
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central portion, from aa 21 to aa 50. This sequence was predicted
to contain most of the putative amphipathic helix and only five
amino acids of the transmembrane helix.

To investigate the relationship between the cell death—
inducing activity and the subcellular localization of the nHel
region, we focused on two of the mutants, YFP:21-74 and YFP:
28-74, which possess different cell death—inducing activities.
We explored their precise subcellular distribution, using CLSM
at 40 and 48 h postinoculation (hpi) (Fig. 5B and C, respectively).
At 40 hpi, in the perinuclear region of the cells, perinuclear
aggregates derived from the ER membrane were observed in
the YFP:21-74—infiltrated areas (Fig. 5B, row 1), but no aggre-
gates were detected in the YFP:28-74—expressing areas (Fig. 5B,
row 3). In contrast, in the peripheral areas of the cells expressing
YFP:21-74 or YFP:28-74, granular structures were observed in
close proximity to the ER network (Fig. 5B, arrowheads in rows
2 and 4). At 48 hpi, the ER network structure was largely destroyed
in the area infiltrated with YFP:21-74 and granular structures
still colocalized with the ER-CFP fluorescence (Fig. 5C, arrow-
heads in row 1). In contrast, although granular structures were
observed in the areas infiltrated with YFP:28-74, rearrange-
ment of the ER network structure was not induced (Fig. 5C,
arrowheads and arrows in row 2, respectively). The perinuclear
aggregates and dramatic rearrangement of the ER network struc-
ture by YFP:21-74 were similar to those observed in the YFP:
nHel-induced ER membrane modification (Fig. 4B, rows 6
and 7). Thus, the ER membrane modification activity of the
YFP:nHel region was retained in the YFP:21-74 mutant but
was attenuated in the YFP:28-74 mutant. Consequently, compar-
isons between the subcellular localization of YFP:21-74 and YFP:
28-74 demonstrate that the cell death—inducing activity was cor-
related with the ER membrane modification exhibited by YFP:
nHel and YFP:21-74.

A mutation in the putative amphipathic helix
of RaMV-Hel attenuates the induction
of cell death and ER membrane modification.

Because the deletion mutant analysis implied that the puta-
tive amphipathic helix is critical for the induction of cell death
and membrane modification, we introduced mutations into
conserved residues in the putative amphipathic helix to attempt
to disrupt the helix structure. A helical wheel projection of the
putative amphipathic helix-containing region (aa 36 to 71)
reveals the potential to form an amphipathic helix, with hy-
drophobic residues including three leucines (L41, L48, and
L52) on one side (Fig. 6A). These leucine residues are con-
served among several comoviruses and related viruses (Fig.
8C). Therefore, we constructed three mutants in which a single
alanine residue was inserted immediately downstream of each
leucine residue of the nHel region composed of 74 amino acids.
The N-terminus of each nHel mutant was fused to YFP (YFP:
L41LA, YFP:L48LA, and YFP:L52LLA), and the fusion con-
structs were transiently overexpressed by agroinfiltration. In
the areas infiltrated with YFP:L41LA, cell death was signifi-
cantly compromised compared with areas infiltrated with YFP:
nHel (Fig. 6B, upper left panel), and H,O, production detected
by DAB staining was also suppressed (Fig. 6B, lower left
panel). In contrast, cell death and H,O, production in the areas
infiltrated with YFP:L48LA or YFP:L52LA not only were not
compromised but occurred even more rapidly and extensively
than that induced by YFP:nHel (Fig. 6B, center or right panel,
respectively). These results were confirmed by ion leakage
assays (Fig. 6C), which can quantify the extent of cell death.
Among these three mutants in which an alanine residue was
introduced next to the conserved leucine residues, only the
YFP:L41LA mutant showed the cell death attenuation phenotype,
but a small amount of cell death was still observed. To further



confirm the cell death—attenuation phenotype of YFP:L41LA,
we performed trypan blue staining to assess the induction of
cell death and real-time RT-PCR to examine the expression
levels of the defense-related genes Hinl and Hsr203j. As shown
in Figure 6D, the characteristic blue coloration indicating cell
death by trypan blue staining was significantly suppressed in
the YFP:L41L A-infiltrated areas compared with the YFP:nHel-
infiltrated areas. In addition, the expression of the defense-
related genes Hinl and Hsr203j was also suppressed in the
YFP:L41LA-infiltrated areas (Fig. 6E). In contrast, cell
death was not compromised but was, instead, accelerated in two
of these mutants, YFP:L48LA and YFP:L52LA. Previously,
Liu et al. (2009) reported that some mutations in the amphi-
pathic helix exhibited a gain-of-function phenotype and an in-
crease in membrane modification activity. Consistent with this
report, the YFP:L48LA and YFP:L52LA mutants are believed to
be gain-of-function mutants with a helix with an altered mo-
lecular structure, resulting in accelerated cell death phenotypes.

We examined the subcellular localization of all of the site-
directed mutant proteins in detail, using CLSM. To characterize
the membrane modifications by these mutants, we focused on
the characteristic membrane structures that are commonly in-
duced by nHel and its deletion mutant YFP:21-27, the for-
mation of granular structures and perinuclear aggregates and
the collapse of the ER network. At 40 hpi, YFP:L41LA colo-
calized with the ER marker ER-CFP, whereas the formation of
perinuclear aggregates derived from the ER membrane was
suppressed significantly (Fig. 6F, row 1). Small granular

structures closely associated with the ER network were observed
in the peripheral areas of cells expressing YFP:L41LA (Fig. 6F,
arrowheads in row 2). In contrast, perinuclear aggregates, rear-
rangement of the ER membrane, and granular structures through-
out the cell were observed at 40 hpi in the YFP:L48LA- or YFP:
L52L A-inoculated areas (Fig. 6F, arrows and arrowheads in rows 3
to 6), similar to the structures observed in the areas infiltrated with
YFP:nHel and YFP:21-74 at 48 hpi. To measure the extent of
membrane modification induced by YFP:LAILA compared with
that induced by wild-type YFP:nHel, we counted the number of
cells with perinuclear aggregates that occurred among randomly
selected cells in the YFP:L4A1LA-infiltrated areas. As shown in
Table 1, the percentage of cells containing perinuclear aggregates
induced by expression of the YFP:L41LA mutant was much lower
than in areas infiltrated with YFP:nHel. Consistent with the results
of the deletion mutant analysis described above (Fig. 5), site-
directed mutational analysis of the amphipathic helix also indicated
a correlation between the amphipathic helix-induced cell death and
membrane modification, as manifested by the formation of peri-
nuclear aggregates and rearrangement of the ER network.

Membrane modification and cell death induction
by the putative amphipathic helix
require continuous lipid biosynthesis.

As reported previously, replication of CPMYV is closely asso-
ciated with the intracellular membrane structure and is inhibited
by cerulenin, an inhibitor of de novo membrane biosynthesis
(Carette et al. 2000). This previous observation and our results
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Fig. 5. Identification of the minimal N-terminal region of the Hel protein (nHel) sequences required for cell death and endoplasmic reticulum (ER)
modification. A, Schematic representation of the nHel region and its deletion mutants. Full-size gray boxes correspond to the coding sequence of each
construct. Numbers near the horizontal line indicate amino acid positions in the full-length Hel protein of each deletion mutant. Half-size boxes in white or
black represent the putative transmembrane helix or amphipathic helix, respectively. Cell death—inducing activities of yellow fluorescent protein (YFP)-tagged
deletion mutants are shown as plus or minus on the right side. YFP-tagged mutants were adjusted to an optical density at 600 nm of 0.5. B, Subcellular
localization analysis of YFP-tagged deletion mutants observed at 40 h postinoculation (hpi). Panels 1, 3, and 5 or 2 and 4 present close-up views of the
perinuclear parts or peripheral parts of cells, respectively. C, Subcellular localization analysis of YFP:21-74 (row 1) and YFP:28-74 (row 2) observed at 48 hpi.
In B and C, bars in each panel represent 5 um, and the left and center panels show the fluorescence of YFP-tagged constructs and ER-CFP, respectively. The
right panels represent the digitally merged images and arrows and arrowheads indicate ER network structures and granular structures, respectively.
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caused us to investigate whether the membrane modification
induced by the RaMV-Hel amphipathic helix was inhibited by
cerulenin and whether such inhibition would compromise am-
phipathic helix—induced cell death.

We first examined whether RaMV accumulation was in-
hibited by cerulenin treatment. We inoculated RaMV using
agroinfiltration of expanded N. benthamiana leaves in the
presence or absence of 200 uM cerulenin and evaluated viral
accumulation at 4 dpi in the infiltrated areas using real-time

RT-PCR. In the cerulenin-treated leaves, the accumulation of
RaMV was suppressed significantly compared with the un-
treated control leaves (Supplementary Fig. S4). Note that the
expression levels of transiently expressed Myc:GFP were not
affected by cerulenin treatment at a concentration of 200 puM,
excluding the possibility that the cerulenin treatment itself
might decrease the stability of a transiently expressed protein
or cellular viability. These results suggest that continuous lipid
biosynthesis is required for the efficient replication of RaMV.
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To explore whether ER membrane modification induced by
the nHel region was affected by the cerulenin treatment, we
coinfiltrated ER-GFP—transgenic N. benthamiana (16¢) leaves
with Myc:nHel with either 200 uM cerulenin or 2% dimethyl
sulfoxide (DMSO) as a control. At 24 h after infiltration, the
plants showed perinuclear aggregates in 57.6% of the cells of
the DMSO control areas (Fig. 7A, left panel; Table 2). In
contrast, the membrane modification exemplified by peri-
nuclear aggregates was observed in 17.9% of the cells of the
cerulenin-treated areas (Fig. 7A, right panel; Table 2). Similar
to Myc:GFP, the level of expression of YFP:nHel was not
influenced significantly by cerulenin treatment (Fig. 7B).
These results indicate that the membrane modification in-
duced by the nHel region is controlled by de novo lipid
biosynthesis.

We investigated whether cell death induced by the amphi-
pathic helix was influenced by cerulenin treatment. For this
purpose, we used YFP:L48L A, an nHel mutant that induces cell
death more rapidly than the wild-type YFP:nHel (Fig. 6B and
C). When YFP:L48LA was coinfiltrated with cerulenin, cell
death and H,0O, production were clearly inhibited at 4 dpi
compared with untreated YFP:L48LA-expressing leaves (Fig.
7C). Indeed, the level of ion leakage in the cerulenin-treated
areas was significantly lower than in the control (Fig. 7D),
although the expression of YFP:L48LA was not influenced by
cerulenin treatment (Fig. 7E). These results suggest that in-
hibition of YFP:nHel-induced membrane modification by cer-
ulenin treatment could result in the suppression of cell death.
However, a small amount of cell death was still observed in the
cerulenin-treated YFP:L48LA-expressing areas, indicating that
cerulenin treatment may be insufficient to completely inhibit
membrane synthesis. In fact, the cerulenin treatment signifi-
cantly but not completely suppressed RaMV accumulation.
Additionally, it remains unclear whether the inhibitory activity
of cerulenin was sustained at a high level until 3 dpi under our
experimental conditions.

Previous studies have shown that a mitogen-activated pro-
tein kinase (MAPK) cascade initiated by MAPKKKa is in-
volved in several types of R-mediated disease resistance.
Transient overexpression of NbMAPKKKa activates defense
signaling pathways, resulting in HR-like cell death in the
absence of a pathogen (del Pozo et al. 2004). Thus, we next
coinfiltrated cerulenin with Myc:NbMAPKKKoa (Hashimoto
et al. 2012) to test whether MAPKKKa-induced cell death
required lipid biosynthesis. At 3 dpi, NbMAPKKKa-induced
cell death was clearly present even in the cerulenin-treated
leaves, similar to that in untreated leaves (Fig. 7F). This
result was consistent with the results of ion leakage assays
showing that the level of ion leakage in the cerulenin-treated

NbMAPKKKaa-expressing areas was similar to that in un-
treated areas (Fig. 7G). Thus, continuous lipid biosynthesis
is not involved in all types of HR-like cell death, including
that induced by NbMAPKKKa.

Together, these results strengthen the notion that the am-
phipathic helix-induced ER membrane modification, inhibited
by cerulenin treatment, was tightly correlated with its cell
death—inducing activity.

Overexpression of putative amphipathic helices encoded
by other viruses of family Secoviridae
can also induce cell death.

Our results are suggestive of a tight correlation between
the cell death—inducing activity of the amphipathic helix
encoded by RaMYV and its membrane modification activity.
Positive-strand RNA viruses generally modify host mem-
branes for viral replication by means of membranous pro-
teins, such as replicases, containing transmembrane or amphipathic
helices. Given the causal relationship between cell death and
membrane modification, we examined whether the cell death—
inducing activity of the amphipathic helix was also conserved
in those of other viruses. Amphipathic helices were predicted
in the N-terminal region of Hel proteins encoded by CPMV (a
type species of genus Comovirus including RaMV) and
Tobacco ringspot virus (TRSV; a type species of genus Nepo-
virus in family Secoviridae, including genus Comovirus). We
constructed YFP:nHelcp and YFP:nHeltr, and YFP-tagged
N-terminal fragments of Hel proteins encoded by CPMV and
TRSYV, respectively, corresponding to the nHel of RaMV-Hel
protein. At 3 dpi, significant cell death and H,0O, produc-
tion were observed in the areas infiltrated with YFP:nHelcp or
YFP:nHeltr (Fig. 8A). Appropriate expression of these YFP-
tagged fusion proteins was confirmed by Western blot anal-
ysis (Fig. 8B). However, a multiple alignment of amino acid
sequences showed high variation in the N-terminal regions
of Hel proteins encoded by several secoviruses (Fig. 8C). In
particular, the sequence identity of the nHel region of RaMV is
64% versus that of CPMV and showed the lowest score (16%)
with that of TRSV. Consequently, these results suggest that the
cell death—inducing activity of the amphipathic helix is generally
conserved among several secoviruses, despite the high level of
sequence diversity among these amino acid sequences.

DISCUSSION

We investigated the molecular mechanism of necrotic
symptoms in RaMV-infected N. benthamiana. Consistent with
previous studies showing that Hel proteins encoded by two
comoviruses, CPMV and BPMYV, induced cell death (Carette

Fig. 6. Site-directed mutational analysis of the putative amphipathic helix in the N-terminal region of the Hel protein (nHel). A, Schematic repre-
sentation of site-directed mutants of nHel (upper part) and a helical wheel representation of the sequence amino acids (aa) 36 to 71 in the nHel region
(lower part). Sequences of the aa 36 to 71 regions of site-directed mutants are shown below the gray box. Residues identical to the nHel amino acid
sequence are indicated by short horizontal lines and substituted residues are designated by red characters. Arrows indicate the positions at which
alanine residues were inserted. In the lower part, each color represents nonpolar (yellow), polar or uncharged (green), acidic (pink), and basic (blue)
residues. B, Symptoms elicited by yellow fluorescent protein (YFP)-tagged site-directed mutants. YFP:nHel (left) and each mutant (right) were
infiltrated at an optical density at 600 nm (ODggg) of 0.5. 3,3’-Diaminobenzidine (DAB) staining was performed in the same leaves (lower panels). C,
Ion leakage assays to measure cell death triggered by YFP-tagged mutants at 3 days postinoculation (dpi). Left and right parts of the graph separated by
a dotted line were derived from distinct experiments. Asterisks indicate significant differences from YFP:nHel in each experiment (P < 0.05). Data
shown represent means + standard deviation of five independent replicates. D, Trypan blue staining of a leaf agroinfiltrated with YFP:nHel (left) and
YFP:L41LA (right) constructs at an ODggq of 0.5 (left panel). The symptoms of the same leaf are shown in the right panel. E, Expression analysis of
defense-related genes in areas agroinfiltrated with a YFP:L41LA construct at an ODggq of 0.05. Total RNA was extracted from the infiltrated areas at
3 dpi. The values shown are relative to those in endoplasmic reticulum—green fluorescent protein (ER-GFP)-infiltrated areas. The data shown are means +
standard deviation from four individual plants. Asterisks indicate statistically significant differences from ER-GFP—-infiltrated areas (P < 0.05). F,
Subcellular localization analysis of YFP-tagged mutants. Panels 1, 3, and 5 or 2, 4, and 6 present close-up views of the perinuclear parts or peripheral
parts of cells, respectively. Bars in each panel represent 5 um. Arrows and arrowheads indicate perinuclear aggregates and granular structures,
respectively.
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et al. 2002; Gu and Ghabrial 2005), we showed that over-
expression of RaMV-Hel can also induce cell death, directed by
its N-terminal amphipathic helix. Moreover, the amphipathic
helix—induced cell death has characteristics similar to HR, such
as the production of H,O,, upregulation of defense-related
genes, and SGT1 dependence (Fig. 3), as is the case with sev-
eral plant-virus pathosystems (Mandadi and Scholthof 2013).
Based on subcellular localization analysis, we showed that the
amphipathic helix—containing region induced ER membrane
modification, including the formation of perinuclear aggregates
and rearrangement of the ER network, similar to the mod-
ifications observed in RaMV-infected tissues (Fig. 4). Fur-
thermore, introduction of mutations into the amphipathic helix
of Hel that disabled the cell death induction also prevented
membrane modification (Figs. 5 and 6). These results indicate
that the amphipathic helix—induced ER membrane proliferation
is correlated with amphipathic helix—induced cell death. This
was also supported by the suppression of amphipathic helix—
induced membrane modification and cell death by treatment
with the lipid biosynthesis inhibitor cerulenin (Fig. 7A, C, and
D). However, cerulenin treatment did not compromise the HR-
like cell death induced by NbMAPKKKa, a downstream
component of R-mediated disease resistance (Fig. 7F and G),
suggesting that the suppression of cell death by cerulenin
treatment is not common to all HR-like cell death.
Positive-strand RNA viruses have been reported to cause
a variety of host membrane modifications to enable their effi-
cient replication in infected cells. Membrane bending by am-
phipathic helices is assumed to be one of the major mechanisms
by which membranes are modified by membrane-localized
viral proteins (dos Reis Figueira et al. 2002; Rubino et al.
2007). Consistent with these findings, we found that amphi-
pathic helices were predicted using the AmphipaSeek software
in the replicase proteins of many positive-strand plant RNA
viruses (Supplementary Table S2). The amphipathic helix in
replicase proteins encoded by Brome mosaic virus and Tomato
ringspot virus (ToRSV) is responsible for membrane rear-
rangement associated with virus replication (Liu et al. 2009;
Zhang et al. 2005). Similar to these studies, we determined that
the N-terminal amphipathic helix in the RaMV-Hel protein is
also responsible for replication-associated membrane modification
observed in RaMV-infected cells. We also showed that treatment
with the lipid biosynthesis inhibitor cerulenin suppressed RaMV
accumulation as effectively as amphipathic helix-induced mem-
brane modification (Fig. 7), indicating that membrane modification
depending on de novo lipid synthesis may facilitate virus replica-
tion. Our results are consistent with previous reports that cerulenin
treatment greatly inhibits the accumulation of CPMV, Grapevine
fanleaf virus, and PVX in plant protoplasts (Bamunusinghe
et al. 2009; Carette et al. 2000; Ritzenthaler et al. 2002). These
results indicate the important role of amphipathic helix—induced

membrane modification in the replication of a wide range of
plant viruses.

In this study, we demonstrated that the membrane modifi-
cation activity of the amphipathic helix was tightly correlated
with its cell death—inducing activity. Our results raise a new
question regarding the role of the membrane structures formed
due to the amphipathic helix during the induction of cell death.
Based on subcellular localization analysis of the nHel and its
mutants in Figures 4, 5 and 6, we repeatedly observed three
types of distinct membrane structures, i.e., perinuclear aggre-
gates, ER granular structures, and a collapsed ER network.
These nHel-induced structures are likely to coincide with the
ER membrane—derived structures formed in RaMV-infected
plants (Fig. 4D). Similar perinuclear aggregates and ER gran-
ular structures have been found in CPM V-infected protoplasts
(Carette et al. 2000). Viral replication factors such as CoPro and
Pro-RdRp have been detected in the perinuclear region in
CPM V-infected cells, suggesting that several replication pro-
teins cooperatively form the structures important for replication
at the perinuclear region (Carette et al. 2000, 2002). Therefore,
the nHel-induced membrane structures are believed to be cru-
cial for RaMV replication but are not identical to the peri-
nuclear structures formed in RaM V-infected plants. There is no
indication that these nHel-induced membrane structures have
specific functions other than the replication-associated function
in the induction of cell death. YFP:21-74 and YFP:L41LA,
which have mutations in the nHel region, showed common
changes in their membrane modification activities, suggesting
that these mutations affect the conformational structures of the
amphipathic helix that regulate the membrane modification
activity. Because the amphipathic helix—induced cell death has
characteristics similar to HR, it is possible that the amphipathic
helix induces cell death mediated by R-like protein recognition,
as suggested previously (Mandadi and Scholthof 2013). Al-
ternatively, such tight correlation of cell death—inducing ac-
tivity in the amphipathic helix with its membrane modification
activity suggests a causal relationship between these two fac-
tors. Although the amphipathic helix encoded by the Hel pro-
tein is a common functional domain, at least in the family
Secoviridae, the amino acid sequences of the RaMV nHel re-
gion and its corresponding regions of related viruses are quite
diverse. In fact, the amphipathic helix of RaMV is only 16%
identical to that of TRSV. It has been proposed that sequence
identity in an elicitor molecule requires at least 40% in
R-mediated recognition (Baures et al. 2008). However, the am-
phipathic helices of CPMV and TRSV as well as that of RaMV
could induce cell death. Thus, the most intriguing hypothesis is
that the amphipathic helix—induced membrane modification
itself or host-derived endogenous molecules released by mem-
brane perturbation might be recognized as general elicitors,
similar to damage-associated molecular patterns recognized by

Table 1. Effect of the L41LA mutation on the nHel-induced perinuclear aggregates®

Inoculum Replicate Positive Negative Total number of cells” Chi square P value
YFP:nHel #1 41 1 42 (97.6%)
#2 22 1 23 (95.7%)
#3 52 1 53 (98.1%)
total 115 3 118 (97.5%)
YFP:L41LA #1 22 38 60 (36.7%) 36.3 1.7e-9
#2 2 39 41 (4.9%) 48.0 4.3e-12
#3 14 41 55 (25.5%) 56.9 4.5e-14
total 38 118 156 (24.4%) 142.6 2.2e-16

% The numbers of cells containing (positive) or not containing (negative) perinuclear aggregates were counted at 2 days postinoculation by observing yellow
fluorescent protein (YFP) fluorescence using confocal laser scanning microscopy. This experiment was repeated three times.

b Numbers indicate the total number of cells in each experimental condition or replicate. Numbers were obtained from at least three different fields of view. The
percentage of cells exhibiting perinuclear aggregates appears in parentheses. Statistical analysis was performed using Pearson’s Chi-squared test with Yates’
continuity correction, using R software version 3.1.2 (The R Foundation for Statistical Computing, Vienna, Austria).

684 / Molecular Plant-Microbe Interactions



a host receptor protein (Boller and Felix 2009). Because the
membrane modification required for virus replication is ubiqui-
tous in a wide range of plant viruses, this hypothesis suggests
a functional link between virus replication and induction of de-
fense responses. Furthermore, such a surveillance system for
monitoring host membrane structure might be a highly effective
antiviral strategy of host plants.

Nevertheless, overexpression of the amphipathic helix
encoded by plant viruses does not always induce cell death (Liu
et al. 2009; Zhang et al. 2005). For example, the amphipathic
helix in the ToORSV-encoded NTP-binding (NTB) protein does
not induce cell death (Han and Sanfacon 2003; Zhang et al.
2005). The ToRSV-NTB amphipathic helix also induces ER
membrane modifications such as perinuclear aggregates and
granular structures but no dramatic rearrangement of the ER
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network (Han and Sanfacon 2003; Zhang et al. 2005). The
perinuclear aggregates and granular structures were similar to
those induced by the amphipathic helix of RaMV-Hel. As
discussed above, the differences in the membrane structures
induced by nHel and its mutants are attributed to their mem-
brane modification activities. Based on this hypothesis, the
RaMV-Hel amphipathic helix may have higher membrane
modification activity than the ToRSV-encoded NTB protein.
Although any specific roles of these membrane structures in the
induction of cell death remain unknown, this can explain why
the ToRSV-NTB amphipathic helix does not possess cell
death—inducing activity.

Our results indicate that the cell death—inducing activity of
the amphipathic helix is conserved in closely related RaMV
viruses. Previous studies have shown that neither CPMV nor
TRSV induce systemic cell death symptoms in N. benthamiana
(Liu and Lomonossoff 2002; Nam et al. 2011). Previously,
we reported that asymptomatic virus isolates as well as
symptomatic isolates encode a cell death elicitor in their
replicases (Komatsu et al. 2011). This study suggests that cell
death execution in virus-infected plants depends on the ex-
pression level of the elicitor, which is regulated by its repli-
case activity. This is consistent with the above situation in
which systemic necrosis was not induced in CPMV- or TRSV-
infected plants despite the cell death—inducing activity of
their amphipathic helices. Together with our observation that
cell death was not induced in all tissues of RaMV-infected
plants, these results suggest that the amphipathic helix—
induced cell death in plant cells also depends on the ex-
pression level of the amphipathic helix—including protein,
interactions with other viral and host proteins, or the specific
tissues in which it is expressed. This inconsistency between
the symptoms in virus-infected plants and the elicitor activ-
ities of the amphipathic helices requires further studies.

MATERIALS AND METHODS

Plant material, viral isolates, and agroinfiltration.

N. benthamiana plants were grown in a growth chamber under
25°C day and 20°C night temperature cycles and 15-h light and
9-h dark cycles. RaMV infection was initiated using a mixture of
Agrobacterium cultures carrying the binary plasmids pPCAMRal
and pCAMRa2 (Komatsu et al. 2007, 2013). All binary plasmids
were transformed into Agrobacterium tumefaciens EHA105 to
transiently express proteins by agroinfiltration.

Fig. 7. Inhibitor assay on endoplasmic reticulum (ER) modification and cell
death induced by the amphipathic helix. A, Effect of cerulenin treatment on
Myc:nHel-induced membrane modification. Myc:nHel was infiltrated into
Nicotiana benthamiana 16¢ at an ODgyo of 0.5 together with 200 uM
cerulenin or 2% dimethyl sulfoxide (DMSO) as a control. Photos were
taken at 2 days postinfiltration (dpi). Myc:nHel was infiltrated into leaves
together with 200 uM cerulenin or 2% dimethyl sulfoxide (DMSO) as a control.
B and E, Western blot analysis of yellow fluorescent protein (YFP):nHel (B)
or YFP:L48LA (E) under cerulenin treatment using a monoclonal anti-GFP
antibody. Arrowheads indicate specific signals of yellow fluorescent protein
(YFP):nHel or Myc:GFP. C and F, Symptoms of leaves inoculated with
YFP:L48LA construct at an optical density at 600 nm (ODgqg) of 0.2 (C,
upper panels) or Myc:NbMAPKKKa construct at an ODgg of 1.0 (F) with
200 uM cerulenin (right panel) or 2% DMSO (left panel) as an internal
control and 3,3’-diaminobenzidine staining of the same leaves (C, lower
panels). Photos were taken at 3 or 4 days postinfiltration (dpi), respectively.
D and G, Ion leakage assays to measure the effect of cerulenin treatment on
two types of cell death. YFP:L48LA (D) or Myc:NbMAPKKKa (G) was
expressed with 200 uM cerulenin (right bar) or 2% DMSO (left bar) as an
internal control. Asterisks indicate significant differences from the 2%
DMSO treatment in each experiment (P < 0.05). Data shown represent
means + standard deviation of at least five independent replicates.
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Plasmid constructs.

The predicted RaMV-Hel coding region was PCR-amplified
with KOD DNA polymerase (Toyobo, Osaka, Japan), using
specific primers to construct PVX:Hel. All primers used in this
study are listed in Supplementary Table S1. The resulting PCR
products were inserted into the multiple cloning site of the pPCAMV
vector (Chapman et al. 1992; Hoshi et al. 2009). To construct
transient expression vectors to express a YFP:Hel fusion protein
and its derivatives, the PCR-amplified fragments were cloned
into the Gateway Entry vector pENTA (Himeno et al. 2010) and
were subcloned into pEarleyGate vectors (Earley et al. 2006) to
create fusions with N-terminal YFP (pEarleyGate 104) or cMyc
tags (pEarleyGate 203), using Gateway LR Clonase II enzyme
mix (Life Technologies, Carlsbad, CA, U.S.A.). The binary
vectors ER-ck or ER-gk, which express ER-localized CFP
(ER-CFP) or ER-localized GFP (ER-GFP), respectively, were
used to visualize the ER membrane (Nelson et al. 2007).

Real-time RT-PCR, TUNEL assay, DAB staining, silencing
of NbSGT1, and trypan blue staining.

All these assays followed methods described previously
(Komatsu et al. 2010). In real-time RT-PCR, target transcript
levels were normalized to the values of a N. benthamiana 18S
rRNA gene (Nb18S rRNA) (Hashimoto et al. 2012).

Immunohistochemical analysis.

For immunohistochemical analysis, shoot tips excised from
RaMV-infected N. benthamiana plants were fixed and em-
bedded in Paraplast Plus (Sherwood Medical, St. Louis, MO,
U.S.A.) and were sectioned to 10 pm thickness using a micro-
tome (PR-50; Yamato Scientific, Tokyo, Japan). Sections were
subsequently incubated with anti-LCP immunoglobulin G (IgG)
(diluted 1:2,000) or anti-Hel IgG (diluted 1:2,000), followed
by incubation with alkaline phosphatase—conjugated anti-
rabbit IgG (Life Technologies) and visualization with nitro-blue

Table 2. Effect of cerulenin treatment on Myc:nHel-induced perinuclear aggregate formation in the endoplasmic reticulum—green fluorescent protein

(ER-GFP) transgenic line Nicotiana benthamiana 16¢*

Inoculum Replicate Positive Negative Total number of cells® Chi square P value
Myc:nHel + DMSO #1 31 21 52 (59.6%)
#2 27 27 54 (50.0%)
#3 56 36 92 (60.9%)
total 114 84 198 (57.6%)
Myc:nHel + Cerulenin #1 6 45 51 (11.8%) 23.6 1.2e-6
#2 6 45 51 (11.8%) 16.0 6.1e-5
#3 22 66 88 (25.0%) 22.1 2.6e-6
total 34 156 190 (17.9%) 63.0 2.0e-15

% Myc:nHel was coinfiltrated into N. benthamiana 16¢ with 200 pM cerulenin or 2% dimethyl sulfoxide (DMSO) as a control. The numbers of cells containing
(positive) or not containing (negative) perinuclear aggregates were counted at 24 h postinoculation by observing GFP fluorescence associated with ER-GFP
using confocal laser scanning microscopy. This experiment was repeated three times.

® Numbers indicate the total number of cells in each experimental condition or replicate. Numbers of cells in each replicate were obtained from at least four
different fields of view. The percentage of the cells exhibiting perinuclear aggregates appears parentheses. Statistical analysis was performed using Pearson’s
Chi-squared test with Yates’ continuity correction, using R software version 3.1.2.
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Fig. 8. Functional analysis of amphipathic helices encoded by other viruses in cell-death induction. A, Symptoms of the areas infiltrated with constructs
expressing yellow fluorescent protein (YFP)-tagged amphipathic helices encoded by other viruses and 3,3’-diaminobenzidine staining of the same leaves.
YFP:nHelcp and YFP:nHeltr represent the regions infected with constructs expressing portions of Cowpea mosaic virus (CPMV) or Tobacco ringspot virus
(TRSV), respectively. Photos were taken at 5 days postinfiltration. B, Western blot analysis of YFP-tagged constructs using a monoclonal anti-GFP (green
fluorescent protein) antibody. Arrowheads indicate specific signals of YFP-tagged proteins or Myc:GFP. C, Multiple alignment of the N-terminal regions of
Hel proteins encoded by Radish mosaic virus (RaMV) and other comoviruses (CPMV, Bean pod mottle virus [BPMV], Cowpea ringspot virus [CPRSV], Red
clover mottle virus [RCMV], and Squash mosaic virus [SqQMV]) and nepoviruses (Tomato ringspot virus [TORSV] and TRSV). The location of the predicted
amphipathic helix of the RaMV-Hel protein (amino acids [aa] 36 to 60) and its corresponding regions in other viruses is indicated by a blue horizontal line.
Arrows indicate leucine mutated residues (L41, L48, and L52). Positions are relative to each mature protein sequence. The alignment was generated using
ClustalW software and presented using GeneDoc software.

686 / Molecular Plant-Microbe Interactions



tetrazolium and 5-bromo-4-chloro-3-indolyl-phosphate. Anti-
LCP and anti-Hel IgG was raised as described previously
(Kakizawa et al. 2001). The central region of the Hel protein
corresponding to the mHel region was expressed in Escherichia
coli using a pET30a vector, and the recombinant protein was
used as an antigen.

Bioinformatic analysis.

Prediction of transmembrane helices or amphipathic helices
in the Hel protein was performed using TMPred analysis and
the SOSUI program or AmphipaSeek software and CON-
SENSUS secondary structure prediction method software,
respectively.

Microscopy.

Fluorescence microscopy to detect the fluorescence signals
produced by TUNEL assays and immunohistochemical analy-
sis was performed using an Axio Imager microscopy (Carl
Zeiss, Oberkochen, Germany).

Immunoblotting.

Proteins were separated by sodium dodecyl sulfate—
polyacrylamide gel electrophoresis and were subsequently
blotted onto a polyvinylidene diflouride membrane (Millipore,
Billerica, MA, U.S.A.). Proteins on the membrane were detected
using a monoclonal anti-GFP (Roche, Basel, Switzerland) or
a monoclonal anti-c-Myc (Millipore) antibody using the
chemiluminescence method (ECL-Plus immunoblotting de-
tection system; GE Healthcare, Princeton, NJ, U.S.A.).

Confocal microscopy.

A confocal laser scanning microscope (TCS SPS5; Leica
Microsystems, Wetzlar, Germany) was used to visualize the
subcellular distribution patterns of fluorescence proteins such
as the YFP fusion proteins. The 458-, 488-, and 514-nm laser
lines of an argon laser with appropriate emission filters were
used to image fluorescence. GFP, YFP, or CFP fluorescence
was excited at 488, 514, or 458 nm, and emitted light was
captured at 500 to 600 nm, 525 to 600 nm, or 465 to 505 nm,
respectively. The YFP and CFP fluorescence images were
collected in a sequential manner to avoid cross talk between the
channels. Images were captured digitally and were handled
using the Leica LCS software.

Drug treatment.

To inhibit continuous lipid biosynthesis, N. benthamiana
leaves were infiltrated with 200 uM cerulenin (Sigma-Aldrich,
St. Louis), which was dissolved in 2% DMSO-containing in-
filtration buffer for agroinfiltration.
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AmphipaSeek (amphipathic in-plane membrane anchors prediction) soft-
ware: https://npsa-pbil.ibcp.fr/cgi-bin/npsa_automat.pl?page=/NPSA/
npsa_amphipaseek.html

Consensus Secondary Structure Prediction software:
http://www.bioinf.manchester.ac.uk/dbbrowser/bioactivity/NPS2.html

SOSUI program: http://bp.nuap.nagoya-u.ac.jp/sosui

The TMPred prediction program:
http://www.ch.embnet.org/software/TMPRED_form.html
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