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SUMMARY

The Potato virus X (PVX) triple gene block protein 3 (TGBp3), an
8-kDa membrane binding protein, aids virus movement and
induces the unfolded protein response (UPR) during PVX infection.
TGBp3 was expressed from the Tobacco mosaic virus (TMV)
genome (TMV-p3), and we noted the up-regulation of SKP1 and
several endoplasmic reticulum (ER)-resident chaperones, including
the ER luminal binding protein (BiP), protein disulphide isomerase
(PDI), calreticulin (CRT) and calmodulin (CAM). Local lesions were
seen on leaves inoculated with TMV-p3, but not TMV or PVX. Such
lesions were the result of TGBp3-elicited programmed cell death
(PCD), as shown by an increase in reactive oxygen species, DNA
fragmentation and induction of SKP1 expression. UPR-related
gene expression occurred within 8 h of TMV-p3 inoculation and
declined before the onset of PCD. TGBp3-mediated cell death was
suppressed in plants that overexpressed BiP, indicating that UPR
induction by TGBp3 is a pro-survival mechanism. Anti-apoptotic
genes Bcl-xl, CED-9 and Op-IAP were expressed in transgenic
plants and suppressed N gene-mediated resistance to TMV, but
failed to alleviate TGBp3-induced PCD. However, TGBp3-mediated
cell death was reduced in SKP1-silenced Nicotiana benthamiana
plants. The combined data suggest that TGBp3 triggers the UPR
and elicits PCD in plants.

INTRODUCTION

Plant RNA viruses are notorious for causing massive changes in
the physical shape, protein composition and lipid composition of
the endoplasmic reticulum (ER). Early and extensive reorganiza-
tion of cellular membranes is necessary to create membrane
bound compartments that function as the physical scaffold for
viral replication complexes as well as protection against host
innate immune responses (Netherton et al., 2007; Verchot, 2011).
Brome mosaic virus (BMV), Tobacco etch virus (TEV), Cowpea
mosaic virus (CPMV), Red clover necrotic mosaic virus (RCNMV),

Grapevine fanleaf virus (GFLV) and Potato virus X (PVX) are
common examples of viruses known to cause proliferation and
invaginations of the ER (Carette et al., 2000, 2002; Lee and Ahl-
quist, 2003; Ritzenthaler et al., 2002; Schaad et al., 1997; Turner
et al., 2004). In yeast, the BMV 1a protein triggers membrane lipid
synthesis and alters the cell ratio of saturated to unsaturated fatty
acids to increase the availability of particular unsaturated fatty
acids that are bound by BMV 1a protein during virus replication
(Lee and Ahlquist, 2003). In addition, in yeast, Tomato bushy stunt
virus (TBSV) and Flock house virus (FHV; an insect virus) activate
INO2 and INO4, which are involved in phospholipid synthesis and
whose overexpression increases viral RNA accumulation (Sharma
et al., 2011). The mechanisms for the stimulation of de novo
membrane synthesis by CPMV, PVX and GFLV have not been
elaborated.

The ER is a membrane scaffold in which proteins are synthe-
sized, folded and assembled before they are transported via the
secretory system to their final destination. However, there are
cases in which proteins fail to fold properly and form aggregates
that disrupt normal ER functions. Protein sensors in the ER detect
the presence of malformed proteins and activate the unfolded
protein response (UPR) which up-regulates the synthesis of
protein chaperones and degradation factors (Jelitto-Van Dooren
et al., 1999; Slepak et al., 2007; Urade, 2007; Xu et al., 2005). The
ER-associated degradation machinery (ERAD) is responsible for
the elimination of misfolded or otherwise aberrant proteins
(Meusser et al., 2005; Muller et al., 2005; Parmar and Schroder,
2012). In this scenario, the UPR is often referred to as the pro-
survival machinery that provides ER maintenance as well as
protein quality control (Williams and Lipkin, 2006). However,
under acute conditions, when the UPR fails to restore homeostasis,
apoptosis or programmed cell death (PCD) can ensue (Martinez
and Chrispeels, 2003; Urade, 2007). UPR-related plant cell death
has been widely reported to occur following chemically induced
ER stress, but has not been reported as a UPR-related outcome
following plant virus infection.

Plant viruses specifically perturb the ER to promote virus infec-
tion, place a huge burden on the cell’s protein synthesis and
folding machinery and rarely cause cell death as a component of
disease. Although the ER quality control machinery is vital to*Correspondence: Email: verchot.lubicz@okstate.edu
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ensure the quality of cellular proteins entering the secretory
system, it is also likely to ensure the quality of plant viral proteins
needed for infection. Therefore, the challenge is to discover
whether plant viruses usurp the UPR machinery for infection or
whether the UPR machinery is a component of cellular adaptation
and defence responses to ensure cell viability in the face of viral
invasion. The second major challenge is to discover whether
viruses can create conditions of acute ER stress which lead to PCD.
An understanding of the role of UPR in plant virus disease should
also facilitate the development of novel strategies to limit plant
virus infection.

In plants, bZIP60 is a transcription factor that is transcriptionally
induced during UPR following abiotic or biotic stress (Iwata and
Koizumi, 2005a; Lu and Christopher, 2008; Martinez and Chris-
peels, 2003; Tateda et al., 2008; Urade, 2007). bZIP60 contains a
transmembrane domain near the C-terminus and localizes to ER
membranes. Inositol-requiring enzyme (IRE1) is an ER-localized
sensor of ER stress that catalyses the cytoplasmic splicing of
bZIP60 mRNA (called bZIP60s) (Deng et al., 2011; Iwata and
Koizumi, 2012). bZIP60s lacks a transmembrane domain and local-
izes to the nucleus, where it elevates the expression of certain
ER-resident chaperones, such as the ER luminal binding protein
(BiP), protein disulphide isomerase (PDI), calreticulin (CRT) and
calmodulin (CAM) (Ellgaard and Helenius, 2003; Navazio et al.,
2001; Oh et al., 2003; Seo et al., 2008; Urade, 2007;Ye et al., 2011;
Ye and Verchot, 2011). Although most plant research on the UPR
uses Arabidopsis, there are reports that ER stress-inducing com-
pounds act in tobacco to up-regulate NtBLP-4 (the ER luminal
binding protein BiP), NtCRT and NtPDI (Denecke et al., 1991,
1995; Iwata and Koizumi, 2005b). As plant virus research is more
often carried out using Nicotiana species, evidence that the
mechanisms responding to ER stress are conserved between Ara-
bidopsis and Nicotiana spp. lends further value to our studies.

BiP is highly conserved among eukaryotes and is broadly rec-
ognized as a component of the pro-survival response to ER stress
(Leborgne-Castel et al., 1999). Specifically, BiP is a negative regu-
lator of IRE1 and binds either competitively or separately to both
IRE1 and unfolded proteins. During ER stress, BiP releases IRE1,
unmasking its own substrate binding domain, which functions to
bind the unfolded proteins (Iwata and Koizumi, 2012; Parmar and
Schroder, 2012). BiP is unlike CRT or PDI in that its overexpression
attenuates UPR by creating a larger pool of molecules that can
bind IRE1 or unfolded proteins. However, it is not known whether
BiP binds preferentially to malformed proteins, enhances the
negative regulation of IRE1, or both, following overexpression.
Other plant pro-survival factors include SDF2, which is a target of
the UPR and contributes to plant development (Schott et al.,
2010). A recent study using the fungus Piriformospora indica
linked ER stress induction to the vacuolar processing enzyme (VPE)
and caspase-like protease-dependent cell death (Qiang et al.,
2012).

During PVX infection, the PVX triple gene block protein 3
(TGBp3) is an 8-kDa viral protein that is required for intercellular
movement. TGBp3 has an N-terminal transmembrane domain and
a C-terminal cytosolic domain. Mutations in either domain inhibit
virus intercellular movement. TGBp3 specifically up-regulates
UPR-related factors, including bZIP60 and ER-resident chaperones,
in Nicotiana benthamiana plants (Ye et al., 2011). Silencing
NbbZIP60 suppresses BiP expression, negatively impacts virus rep-
lication in protoplasts and delays virus systemic accumulation in
plants, arguing that bZIP60 and UPR contribute to plant virus
infection. The exact role of bZIP60 in promoting plant virus infec-
tion is not yet known.

SKP1 is a component of the SCF (SKP1/Cullin1/F-box protein)
ubiquitin E3 ligase complex that is up-regulated by PVX TGBp3
alongside bZIP60 and ER-resident chaperones (BiP, CRT, CAM, PDI)
(Ye et al., 2011). In Arabidopsis and N. benthamiana plants, SKP1
contributes to auxin signalling, host defence against polerovirus
infection, response to jasmonates during defence and Agrobacte-
rium tumorigenicity (Gfeller et al., 2010; Pazhouhandeh et al.,
2006; Ren et al., 2005; Stuttmann et al., 2009; Xu et al., 2002;
Zheng et al., 2011). Importantly, we have reported previously that
SKP1 expression is at least partially controlled by bZIP60. The
accumulation of SKP1 transcripts was reduced in bZIP60-silenced
plants (Ye et al., 2011). Given the broad role of SCF-mediated
protein degradation in diverse biological processes, including
innate immunity and auxin signalling, it is possible that SKP1
expression might be controlled by factors other than bZIP60. Con-
sidering the preliminary data, it is also possible that TGBp3 is both
an elicitor of UPR as well as of host defence (Ye et al., 2011).

In this study, we examined whether the PVX TGBp3 induces
SKP1 as a pro-survival factor or a defence-related factor (Azevedo
et al., 2006; Kadota et al., 2008). Previous investigations have
employed Agrobacterium delivery of the entire PVX genome or
TGBp3 alone fused to the Cauliflower mosaic virus (CaMV) 35S
promoter (35S:TGBp3) to N. benthamiana leaves. Individual PVX
genes were fused to the CaMV35S promoter and delivered to
N. benthamiana leaves by agroinfiltration. Only the TGBp3 [and
not PVX replicase, TGBp1, TGBp2 or coat protein (CP)] induced the
UPR-related NbbZIP60 and ER-resident chaperones (BiP, CAM, CRT
and PDI), as well as the defence-related NbSKP1. TGBp3 was also
fused to the Nos promoter and delivered by agroinfiltration to
N. benthamiana leaves and the same set of genes was
up-regulated (Ye et al., 2011). Furthermore, the TGBp3 protein
alone can cause small lesions resulting from cell death in infil-
trated leaves.

The sole use of agrodelivery of 35S:TGBp3 to study its elicitor
functions has certain limitations.TGBp3 expression was first noted
at 2 days post-agroinfiltration and its expression was maintained
for 2–5 days. UPR and cell death are slowly induced in local areas
on inoculated leaves (Ye et al., 2011). As the protein did not
spread systemically, as during PVX infection, we were unable to
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examine the effects of TGBp3 on the whole plant physiology.
Therefore, we chose TMV as a vector for the delivery of TGBp3 to
N. benthamiana and N. tabacum leaves. One advantage of TMV
delivery of TGBp3 is that expression occurs within hours of inocu-
lation, making it easier to examine the early events that precede
cell death. Second, we were able to examine changes in host gene
expression relating to UPR and cell death in systemic tissues. In
this investigation, we demonstrate that PVX TGBp3 functions both
to induce UPR and elicit PCD.

RESULTS

PVX, but not TMV, induces the expression of
UPR-related chaperones and SKP1

Agrodelivery of infectious TMV or PVX genomic cDNAs [optical
density (OD) = 0.5] was employed for virus inoculation of
N. benthamiana plants. We also co-inoculated plants with TMV
plus PVX. Systemic infection occurred within 7–10 days post-
inoculation (dpi). The upper leaves of TMV-infected plants showed
curling, mosaic disease and dark green islands.The upper leaves of
PVX-infected plants showed less dramatic changes in leaf shape,
mosaic disease and necrotic flecks (Fig. 1A). Plants that were
co-infected with TMV and PVX were stunted and showed severe
mosaic and chlorosis on the adjoining leaves. Newly emerging
leaves were severely curled and necrotic (Fig. 1A). Western blot
analysis detected higher levels of TMV CP in co-infected plants.
PVX CP levels seemed to be unaltered by co-infection (Fig. 1B).

RNA was extracted from the virus-inoculated leaves at 2 dpi
and systemically infected leaves at 21 dpi (when necrotic symp-
toms were evident). Quantitative real-time polymerase chain reac-
tion (qRT-PCR)-based quantification of transcripts was used to
monitor the accumulation of UPR-related genes and NbSKP1 at
various times. Consistent with a previous report describing PVX
infection, there were significant increases in the levels of bZIP60,
BiP and SKP1 transcripts in PVX-inoculated leaves (Ye et al.,
2011). This contrasted with the negligible changes in expression
following treatment with buffer only (mock), A. tumefaciens
expressing the empty binary vector (Agro) or TMV alone (Fig. 1C).
Interestingly, leaves infected with both TMV and PVX showed no
changes in host gene expression, indicating that TMV had a domi-
nant suppressive effect (Fig. 1C).

Expression levels of the UPR genes and SKP1 showed little
change in leaves that were systemically infected with PVX, indi-
cating that these genes are early components of disease (Fig. 1D).
Importantly, we failed to detect necrosis in inoculated leaves fol-
lowing PVX, TMV or PVX plus TMV infection. However, the upper
leaves of PVX-infected plants showed necrotic flecks and the
emerging leaves of PVX plus TMV-infected plants showed severe
necrosis.These data suggest that UPR is induced prior to cell death
and might contribute to a pro-survival mechanism that limits PCD.

We introduced PVX TGBp1, TGBp2 and CP genes into the TMV
genome and confirmed the expression of the PVX proteins by
immunoblot analysis at 5 dpi (although TGBp2 expression was
confirmed by Coomassie staining; Fig. S1, see Supporting Informa-
tion). These PVX genes failed to induce the expression of ER

Fig. 1 Plants inoculated with Tobacco mosaic
virus (TMV) and Potato virus X (PVX). (A)
Plants at 21 days post-inoculation (dpi)
following agrodelivery [optical density
(OD) = 0.5] of virus infection clones. Plants are
presented in a row to show contrasting
changes in development. The images of each
plant individually show specific symptoms on
the systemically infected leaves. (B)
Immunoblots at the top of the figure confirm
the presence of TMV or PVX coat protein (CP)
in systemically infected leaves at 14 dpi. The
left panel was treated with PVX CP antisera
and the panel on the right was treated with
TMV CP antisera. Membranes were stained
with Coomassie blue and bands (R) represent
the total protein loaded on the gel. M, mock; T,
TMV; P, PVX; T+P, TMV + PVX. (C, D)
Semi-quantitative real-time polymerase chain
reaction (RT-PCR) was conducted to verify the
relative levels of endogenous RNA
accumulation in infected leaves at 2 and
21 dpi.
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chaperones or NbSKP1 when they were expressed from TMV
vector (Fig. S1). Similar negative outcomes were reported when
they were fused directly to the 35S promoter and delivered by
agroinfiltration (Ye et al., 2011).

TMV delivering TGB3, but not TGB2, induces
UPR-related chaperones and SKP1

N. benthamiana plants were inoculated with 30 mg/mL purified
TMV, TMV-p2, TMV-p3 (expressing TGBp2 or TGBp3), TMV-p3Dm1
(mutation of TGBp3) or PVX. TMV-p2 was employed as a control
to demonstrate whether TGBp3 is a specific molecular trigger
of the host UPR signalling pathway or if another PVX-encoded,
low-Mr, ER-localized protein (the 12-kDa TGBp2) can provide the
same function. TMV-p3Dm1 was another control harbouring a
deletion in TGBp3 that eliminates the N-terminal transmembrane
domain, causing the cytosolic accumulation of TGBp3 (Ju et al.,
2008).

Within the first 8 h post-inoculation (hpi), higher gene expres-
sion levels were evident in N. benthamiana infected with TMV-p3

than with TMV, TMV-p2, TMV-p3Dm1 or PVX (Fig. 2). BiP and PDI
expression increased 30–35-fold within the first 8 hpi. CRT and
CAM showed about a 15-fold induction (Fig. 2). Transcript accu-
mulation was monitored until 20 hpi and the levels declined
steeply (data not shown), suggesting that up-regulation of
ER-resident chaperones occurs early. There was a modest increase
in BiP transcript abundance among plants that were inoculated
with TMV, PVX, TMV-p3Dm1 or TMV-p2. By comparison, the dra-
matic up-regulation of ER-resident chaperones by TGBp3 indicates
that an intact TGBp3 is necessary to trigger the expression of the
ER quality control machinery.

To verify TGBp3 expression, a 6 ¥ histidine (His) tag was fused to
TGBp3 in theTMV and PVX genomes and immunoblot analysis was
carried out. TGBp3His protein accumulation was much lower in
PVX-p3His inoculated (5 dpi) and systemically infected (8–10 dpi)
leaves (Fig. S2A, lanes 2–5, see Supporting Information) than in
TMV-p3-infected leaves (Fig. S2, lanes 6–9). Longer film exposure
was required to reveal a faint TGBp3 band in the PVX-infected
samples (Fig. S2A).Agroinfiltrated leaves delivering 35S:TGBp3His
were harvested at the same time points. The levels of TGBp3His in

Fig. 2 Quantitative real-time polymerase chain
reaction (qRT-PCR) analysis of BiP, PDI, CRT,
and CAM transcript abundance. The plots show
the relative abundance of transcripts for each
virus treatment at each time point. The title for
each plot identifies the host gene and each
virus is indicated in the box key. Analysis of
variance (ANOVA) was used to determine the
significance of each virus treatment for
transcript accumulation. A significance level of
0.05 was used to judge statistical significance.
The ‘a’ above the TMV-p3 bars indicates the
occasions on which the abundance of host
transcripts induced by TMV-p3 was significantly
greater than that of all other viral treatments
at that time point. Occasionally, TMV,
TMV-p3Dm1 and PVX showed minor, but
significant, differences from the mock control,
but these were often not equal to the effects
of TMV-p3, as noted in the figure. The bottom
panel shows ethidium bromide-stained gels
containing PCR products prepared using each
primer set. Each gel has four lanes: a size
marker and RT-PCR using buffer (no RNA)
control and extracted plant RNAs from healthy
and virus-infected samples. The gels show that
the PCR primers produce single bands of a
discrete size necessary for qRT-PCR analysis.
PVX, Potato virus X; TMV, Tobacco mosaic
virus.
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the TMV-p3-inoculated leaves were comparable or slightly greater
than those detected in agroinfiltrated leaves (Fig. S2, lanes 12 and
13). We also showed that TMV-p3His does not affect the level of
TMV CP accumulation in systemic leaves (Fig. S2B).Taken together,
TMV expressing TGBp3 induces the same set of host genes as
reported in a previous study using PVX and the agrodelivery of
TGBp3 alone (Fig. 2).Although TMV has a trans-dominant suppres-
sive effect on PVX-induced gene expression, it has no detectable
impact on the ability of TGBp3 to function as an elicitor when it is
expressed from the TMV genome (Fig. 2).

TMV-p3 triggers PCD in tobacco plants

Previously, we have reported small lesions that resemble a hyper-
sensitive response (HR) in agroinfiltrated leaves expressing
35S:TGBp3 (Ye et al., 2011). Here, local HR-like lesions occurred in
TMV-p3-infected N. benthamiana and N. tabacum [N-gene reces-
sive (nn)] (Plants lacking the N-gene which confers TMV resist-
ance) leaves by 3 dpi. Over time, leaves showed total collapse.
TMV-p3 disease in the distal leaves of N. benthamiana plants was
severe, with veinal and apical necrosis (Fig. 3A), whereas TMV and
TMV-p2 infection produced mosaic symptoms.

In mammals and in yeast, prolonged ER stress is linked to
apoptosis. In plants, abiotic or biotic factors can induce pro-
longed ER stress, resulting in PCD. Although evidence links the
Arabidopsis BAX inhibitor 1 (AtBI) and VPE/caspase 1-like activity
to PCD, the molecular basis of ER stress-induced PCD is not
understood (Lam, 2005; Qiang et al., 2012; Tabas and Ron, 2011;
Watanabe and Lam, 2008b). With regard to TMV-p3 infection, the
HR-like lesions might be the outcome of ER stress-related PCD,
activated innate immune responses or enhanced virus titre
causing more severe disease pathology. To test the latter possi-
bility, Northern analysis was used to compare virus in synchro-
nously infected tobacco BY-2 (nn) protoplasts at 24 hpi. The
levels of TMV RNA were significantly higher than those of
TMV-p2 and TMV-p3 in protoplasts, pointing to a negative impact
of TGBp2 and TGBp3 (Fig. 3B). Furthermore, Northern analysis
showed that the amount of TMV-p2 and TMV-p3 RNA in the
upper leaves was considerably less than that of TMV RNA at
5 dpi, although the levels were comparable by 7 dpi (Fig. 3C).
Thus, TGBp2 and TGBp3 failed to exacerbate TMV, but had the
opposite affect by suppressing RNA accumulation and delaying
the systemic spread of TMV. Thus, the areas of cell death seen
during TMV-p3 infection are probably a result of TGBp3 acting as
a molecular activator of host defences.

N. tabacum and N. benthamiana leaves (nn) produced positive
TUNEL (terminal deoxynucleotidyl transferase-mediated UTP nick
end labelling) reactions at 4 dpi as a result of TMV-p3, but not TMV
or TMV-p2, infection (Fig. 3D), indicating that TGBp3 is a PCD
elicitor in plants lacking the N gene. Positive TUNEL staining of
control N. tabacum N-gene diploid (NN) shows PCD as a result of

TMV, TMV-p2 and TMV-p3 viruses, which is consistent with the N
gene-mediated response to TMV infection (Fig. 3D).

Reactive oxygen species (ROS) production is another well-
established hallmark of PCD. 2′,7′-Dichlorofluorescein diacetate
(H2DCFDA) staining produced green fluorescence as a result of
ROS production as early as 1 dpi in TMV-p3-, but not in TMV- or
PVX-infected, N. benthamiana leaves (Fig. 3E). As a control, N
gene-expressing transgenic N. benthamiana was inoculated with
TMV, and we noted local sites containing green fluorescence, as
expected of an N gene-mediated HR response (Erickson et al.,
1999). The fluorometric values, representing ROS production at
3 dpi, were normalized against the total amount of protein in each
leaf extract (Fig. 3F). The bar graph in Fig. 3F shows significant
levels of ROS in TMV-p3- and TMV-infected nontransgenic and N
gene-expressing transgenic N. benthamiana. ROS levels in mock-,
TMV- and PVX-inoculated N. benthamiana leaves were compara-
bly low.

UPR reduces PCD in TMV-p3-infected plants

BiP is a component of the ER quality control machinery and
protects plants from ER stress, as seen in BiP-overexpressing trans-
genic tobacco plants (Leborgne-Castel et al., 1999; Parmar and
Schroder, 2012). Furthermore, co-delivery of the N. benthamiana
BLP-4 homologue and 35S:TGBp3 via agroinfiltration prevented
PCD on inoculated leaves (Ye et al., 2011). BiP expression was
about 50% higher in leaves infiltrated with A. tumefaciens alone,
but was three-fold higher in NbBLP-4-infiltrated leaves than in
buffer-treated leaves, and this was sufficient to alleviate TGBp3-
induced cell death in a previously reported investigation (Ye et al.,
2011; Ye, unpublished data). In the current study, N. benthamiana
leaves were agroinfiltrated with NbBLP-4 and then inoculated
with TMV, PVX or TMV-p3 (Ye et al., 2011) (Fig. 4A). TMV-p3-
infected leaves treated with buffer or A. tumefaciens alone
showed typical HR-like lesions (Fig. 4A). However, such lesions
were absent from TMV-p3-infected leaves that overexpressed
NbBLP-4. All leaves infected with either TMV or PVX showed
mosaic disease. Co-delivery of TMV or PVX with A. tumefaciens
containing an empty vector or NbBLP-4 caused yellowing
(Fig. 4A).

We employed pharmacological agents to induce BiP expression
prior to TMV-p3 inoculation. If BiP is antagonistic to TGBp3-
induced cell death, chemically induced BiP expression should
reduce PCD. Fusicoccin (FC) and tunicamycin (TU) are commonly
used chemical inducers of ER stress (Kamauchi et al., 2005; Liu
et al., 2007). FC specifically binds to proteins of the 14-3-3 gene
family and FC-treated cells show increased pathogenesis-related
(PR) gene expression (Pike et al., 2005; Roberts and Bowles,
1999). TU inhibits N-linked protein glycosylation in the ER and
enhances the expression of UPR-related chaperones (including
BiP) and ER-associated degradation proteins (Martinez and
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Fig. 3 Programmed cell death (PCD) is induced
by TMV-p3, but not TMV or TMV-p2, in Nicotiana
benthamiana and N. tabacum. (A) Inoculated
N. benthamiana and N. tabacum whole infected
plants and inoculated leaves at 7 days
post-inoculation (dpi). Real-time polymerase chain
reaction (RT-PCR) was used to amplify the TMV
coat protein (CP) gene, using RNA extracts from
upper noninoculated leaves; it confirms the
systemic spread of TMV and TMV-p2, but not
TMV-p3 (data not shown). (B) Northern analysis
shows TMV (T), TMV-p2 (p2) and TMV-p3 (p3)
accumulation in BY2 protoplasts harvested 24 h
post-inoculation. Blots were probed with TMV CP
cDNA. RNA from healthy protoplasts (H) was
extracted and analysed alongside virus-infected
samples. The ethidium bromide-stained gel shows
ribosomal RNA below the Northern blot. (C)
Northern analysis of TMV-, TMV-p2- and
TMV-p3-infected N. benthamiana. Upper leaves
of inoculated plants were harvested 5 and 7 dpi.
The ethidium bromide-stained gel shows
ribosomal RNA below the Northern blots. (D)
TUNEL (terminal deoxynucleotidyl
transferase-mediated UTP nick end labelling)
assays of virus-inoculated leaves. Propidium
iodide (PI) stains nuclei red. Fluorescein
isothiocyanate (FITC) labels nuclei green in cells
showing PCD. Merged images show yellow where
the green and red signals overlap. (E, F) Virus-
and mock-inoculated N. benthamiana leaves
treated with 2′,7′-dichlorofluorescein diacetate
(H2DCFDA) dye at 3 dpi, prior to the onset of
necrosis. The green fluorescence seen in the leaf
segments expressing triple gene block protein 3
(TGBp3) is an indication of reactive oxygen
species (ROS) production. Epifluorescence
microscopy shows a red background and green
fluorescence caused by H2DCFDA histochemical
staining. H2DCFDA fluorescence was quantified
spectrophotometrically. The Bradford reagent was
used to quantify the total protein in each sample.
Data from independent measurements were
averaged and expressed as relative fluorescence
units (RFU) per microgram of protein. Data
represent the averages of n = 5 leaves. PVX,
Potato virus X; TMV, Tobacco mosaic virus.
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Chrispeels, 2003; Roberts and Bowles, 1999). Several studies have
linked BiP induction to PR protein expression (although the rela-
tionship is not well defined), suggesting that the effects of TU and
FC on plant gene expression overlap (Jelitto-Van Dooren et al.,
1999). Leaves were treated with TU or FC and, by 5 hpi, the
NbBLP-4 transcript levels were elevated (Fig. 4B). Leaf segments
were harvested from the infiltrated areas at 3 dpi and stained with
Evans blue to detect PCD. The average absorbance values follow-
ing buffer or chemical treatment alone were not significantly
different (Fig. 4C). Thus, the FC and TU concentrations employed
were sufficient to up-regulate BiP without causing cell death
(Fig. 4B,C).

Absorbance values for TMV-p3-infected leaves were two-fold
greater than those of leaf segments treated with buffer alone, and
the increase was statistically significant (Fig. 4C). TMV-p3-infected
leaf segments treated with FC or TU showed significant reduction
in leaf PCD when compared with leaves treated with TMV-p3
alone.As both FC and TU treatment of plant tissues increased gene
expression of ER-resident chaperones needed to restore normal ER
function, these data show that TU or FC treatment is sufficient to
counter TGBp3-induced defence responses. These data show a
correlation between an early increase in BiP gene expression, as
well as other UPR-related genes, and reduced PCD.

In summary, these data reveal that increased levels of BiP did
not cause the PCD elicited by TGBp3 expression. It is more likely
that the early induction of UPR-related BiP served to limit PCD and
this is probably important to aid virus infection. We have reported
previously that TGBp3 elicits the expression of bZIP60 transcrip-
tion factor and ER-resident chaperones, and that the silencing of
bZIP60 is deleterious to PVX infection (Ye et al., 2011; Ye and
Verchot, 2011). Although the expression of UPR-related ER chap-
erones increased prior to the onset of cell death, both agrodelivery
of BiP and chemically induced endogenous BiP expression served
to limit the amount of cell death caused by TGBp3. Thus, the work
presented in this study, combined with previous research, argues
that TGBp3 is both an inducer of UPR-related gene expression and
a cell death elicitor.

Animal anti-apoptotic genes alleviate TMV- and
TMV-p2-, but not TMV-p3-related, necrosis

In animal cells, IRE1 is linked to ER stress-induced apoptosis via
two mechanisms. First, IRE1 binds Bak and Bax, which contribute
to the mitochondrial apoptotic machinery. Two other ER stress
pathways overlap in their ability to activate CHOP-induced apop-
tosis. CHOP suppresses the pro-survival protein Bcl-2, which pre-
vents apoptosis by down-regulating oxidative stress. Transgenic
N. tabacum [N-gene diploid (NN)] plants expressing the oxidative
stress/apoptotic inhibitors Caenorhabditis elegans CED-9, baculo-
virus Op-IAP and chicken Bcl-xl have been reported previously to
alleviate PCD induced by Tomato spotted wilt virus (TSWV),

Fig. 4 Overexpression of endoplasmic reticulum luminal binding protein (BiP)
following agrodelivery and chemical treatment. (A) Nicotiana benthamiana
leaves were infiltrated with buffer, Agrobacterium tumefaciens carrying an
empty pBI121 (Agro) or pBI-NbBLP-4 (Agro+BiP) and inoculate with TMV,
TMV-p3, PVX, or TMV plus PVX. Lesions appeared at 3–5 days
post-inoculation (dpi). Three-fold overexpression was confirmed by
immunoblot analysis (unpublished data and Ye et al., 2011). (B)
N. benthamiana leaves were infiltrated with Murashige and Skoog (MS)
medium as a control, 20 mM fusicoccin (FC) or 10 mg/mL tunicamycin (TU)
prepared in MS medium. Quantitative real-time polymerase chain reaction
(qRT-PCR) confirmed elevated NbBLP-4 transcripts. (C) Quantification of Evans
blue-stained TMV-p3-infected and chemically treated leaves. Buffer (B, which
is MS medium) or TMV-p3 (p3)-infected samples were treated with FC or TU.
The ‘*’ indicates the results of a t-test comparison of samples treated with
TMV-p3 and buffer versus those treated with TMV-p3 plus chemicals to
determine the effects of the chemicals on virus infection (P < 0.05). The ‘*’
indicates that FC and TU treatments influence TMV-p3-related cell death. A
t-test comparison of chemical and buffer treatments for healthy (no virus)
samples found no effect (P < 0.05).

Viral elicitor of ER stress and PCD 247

© 2012 THE AUTHORS
MOLECULAR PLANT PATHOLOGY © 2012 BSPP AND BLACKWELL PUBLISHING LTD MOLECULAR PLANT PATHOLOGY (2013) 14(3 ) , 241–255



Cucumber mosaic virus (CMV) and the necrotrophic fungus Scle-
rotinia sclerotiorum (Dickman et al., 2001; Kim et al., 2008; Xu
et al., 2004).Thus, we and others have shown that these genes can
regulate cell death processes in plants in a manner that is func-
tionally conserved across kingdoms.Therefore, we employed these
same transgenic plants to determine whether these cytoprotective
genes play a role in modulating the PCD pathways instigated by
TMV-p3 (Fig. 5).

TMV-p3 produced HR-like lesions on N. tabacum (nn), as well as
on CED-9, IAP and Bcl-xl transgenic plants (Figs 3A and 5A).
Interestingly, CED-9 suppressed N gene-mediated PCD induced by
TMV or TMV-p2, but had no effect on TMV-p3. TMV and TMV-p2
viruses spread systemically causing mosaic symptoms in the upper
leaves of CED-9 transgenic plants, which was confirmed by RT-PCR
(Fig. 5A,B). TMV and TMV-p2 produced typical necrotic lesions on
Op-IAP and Bcl-xl transgenic leaves, which are indicative of N
gene-mediated PCD triggered by TMV infection (Fig. 5A). Thus, the
PCD induced by the PVX TGBp3 is independent of N gene-
mediated resistance pathways affected by these anti-apoptotic
genes. Based on these outcomes, TGBp3 either elicits an immune
response independent of its role in ER stress induction, or TGBp3-
induced PCD involves a mechanism that depends on prolonged ER
stress induction.

TGBp3-induced PCD is compromised on
SKP1-silenced plants

A virus-induced gene silencing (VIGS) assay was employed using
A. tumefaciens harbouring recombinant Tobacco rattle virus (TRV)

containing fragments of NbSKP1 to knockdown endogenous host
transcripts. This experimental approach has been employed previ-
ously, and we reported that PVX-GFP produced fewer infection
foci on SKP1-silenced N. benthamiana plants than on buffer or
TRV-pretreated leaves, and systemic infection was delayed. We
also reported higher GFP fluorescence in the upper leaves,
although the PVX CP was unaltered (Ye et al., 2011). In this study,
semiquantitative RT-PCR was conducted at 10–14 dpi using RNA
extracted from the upper leaves, and the endogenous NbSKP1
transcripts were reduced by 60%. As expected, SKP1 expression
was similar among plants pretreated with buffer or TRV alone
(Fig. 6B) (Ye et al., 2011).

The TMV-p3 PCD was significantly compromised in SKP1-
silenced N. benthamiana leaves. NbSKP1-silenced leaves showed
fewer TMV-p3-related lesions (average of 18 lesions per leaf;
n = 10 leaves), and veinal necrosis in the systemically infected
tissues was absent. In contrast, buffer- or TRV-pretreated leaves
showed numerous lesions (average of 42 lesions per leaf; n = 10
leaves) and severe veinal necrosis following TMV-p3 inoculation
(Fig. 6A). RT-PCR detected TMV RNAs in the upper leaves, verifying
the systemic accumulation of TMV-p3 (Fig. 6C).

SKP1 proteins in yeast, humans and plants are components of
the SCF-type E3 ubiquitin ligase complex associated with protein
degradation. Azevedo et al. (2006) and Liu et al. (2002) have
shown that N or Rx gene-mediated virus resistance is compro-
mised by knockout of NbSKP1, indicating a role for the ubiquitin–
proteasome pathway in plant defence. Considering the loss of
PCD on TMV-p3-inoculated NbSKP1-silenced leaves, these data
suggest that TGBp3 either elicits an independent SKP1-linked

Fig. 5 Programmed cell death (PCD) on
transgenic N. tabacum (N-gene diploid) plants
inoculated with TMV, TMV-p2 and TMV-p3. (A)
CED-9 alleviates TMV- and TMV-p2-, but not
TMV-p3-induced, hypersensitive response
(HR)-like PCD at 7 days post-inoculation (dpi).
By 14 dpi, systemic symptoms occur in CED-9
transgenic plants infected with TMV or
TMV-p2, but not TMV-p3. (B) Real-time
polymerase chain reaction (RT-PCR) analysis
detecting TMV and coat protein (CP) RNA in
total RNA extracted from the upper leaves of
virus-inoculated Op-IAP and CED-9 transgenic
plants at 14 dpi. TMV, Tobacco mosaic virus.
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immune response, or that TGBp3 induces an ER stress response in
which SKP1 is an essential component involved in PCD regulation.

DISCUSSION

The TMV vector was employed to study the ability of PVX TGBp3
to activate the host UPR-related gene expression and to induce
PCD. TMV has been proven to be a highly efficient and reliable
protein expression system that is compatible with agroinfection
for the production of foreign epitopes and recombinant proteins in
plants, the expression of reporter genes in single cells and
whole plants, and for high-throughput experimentation (Lindbo,
2007a,b; Liu and Kearney, 2010), without causing severe tissue

toxicity or cell death. Using the TMV expression vector, we
reported TGBp3-induced host gene expression within hours of
delivery. We also determined that the level of TGBp3 expression
from the TMV vector was comparable with the levels reported
using the agroinfiltration of 35S:TGBp3 plasmids. However,
agrodelivery of 35S:TGBp3 plasmids can take several days to
obtain adequate expression of the foreign gene to study activities,
making TMV a more robust expression system (Ye et al., 2011,
2012). We have reported previously that PVX TGBp3 specifically
induces the expression of bZIP60, ER-resident chaperones and
SKP1 during PVX infection (Ye et al., 2011). Interestingly, TMV has
a trans-dominant suppressive effect on PVX host gene induction.
These data suggest that interactions occur between the two
replicating viruses that limit signal transduction events triggered
during PVX infection. Regardless of the virus interactions, TMV
was still an adequate vector for the study of TGBp3-induced
host gene expression. TGBp3 clearly is an adequate elicitor of host
gene expression when expressed directly from the CaMV 35S
promoter following agroinfiltration or from a viral vector, such as
TMV.

The UPR is an early response to virus infection and preceded
the onset of cell death in this study. It is possible that the UPR
effectively delays the host immune responses, including PCD, and
enables PVX to establish infection. The ER-resident proteins BiP,
PDI, CRT and CAM were specifically induced within the first 8 h
following TMV-p3 inoculation, and cell death was observed
when these genes were down-regulated in PVX-infected leaves.
These data also confirm the specific requirement of an intact
TGBp3 to elicit the expression of key ER-resident chaperones
which represent a molecular signature of the UPR. Mutations
eliminating the membrane binding domain of TGBp3 failed to
stimulate gene expression. Although plant virus-induced ER
stress is largely unexplored in plants, research using chemical
and osmotic stressors have linked bZIP60-controlled expression
of ER-resident chaperones, such as BiP, to the protection of cells
from the toxic accumulation of malformed proteins (Tardif et al.,
2004; Zhang and Kaufman, 2006). The main function of BiP is to
regain protein folding capacity and restore ER homeostasis. It
has also been reported that the overexpression of BiP in trans-
genic plants or by agroinfiltration suppresses PCD. In this study,
agroinfiltration of NbBLP-4 eliminated TMV-p3-induced PCD,
which is consistent with a cytoprotective function. BiP was also
up-regulated by chemical inducers of ER stress, such as TU or FC,
indicating that TGBp3 has a similar ability to induce the UPR in
plants (Costa et al., 2008). Moreover, PCD caused by TMV-p3
infection was reduced (as evidenced by lower absorbance values
following Evans blue staining) in chemically primed leaves that
showed higher levels of BiP expression. These combined data
lend support to the interpretation that BiP plays a cytoprotective
role in virus-infected leaves. These data support the reasonable
speculation that the ER-resident PVX TGBp3 protein triggers

Fig. 6 Virus-induced gene silencing (VIGS) assay using recombinant Tobacco
rattle virus (TRV) and TRV-SKP1 to knock down host gene expression. (A)
Silenced leaves were inoculated with TMV-p3. The top panels show
hypersensitive response (HR) lesions on inoculated leaves and the bottom
panels show systemically infected leaves. The numbers at the bottom of the
panels represent the average number of necrotic lesions on
TMV-p3-inoculated leaves at 5 days post-inoculation (dpi). The numbers in
parentheses are the standard deviations. (B) Semi-quantitative real-time
polymerase chain reaction (RT-PCR) detecting SKP1 in buffer-treated
(Healthy), TRV- or TRV-SKP1-treated plants conducted using RNA extracted
from the upper leaves at 14 dpi. The data show partial suppression of SKP1
transcripts by the TRV-SKP1 silencing vector. (C) Ethidium bromide-stained
1% agarose gel containing RT-PCR products detecting TMV coat protein (CP)
RNA in systemically infected leaves at 14 dpi. Lanes 1, 2 and 3 represent
mock-treated, TRV-treated and TRV-SKP1-treated leaves prior to TMV-p3
inoculation. TMV, Tobacco mosaic virus.
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host pro-survival genes to create an environment that favours
virus infection and cell-to-cell spread by delaying the onset of
PCD.

An alternative explanation is that severe ER stress caused by
TMV-p3 induces UPR-related cell death. There have been reports
of UPR-stimulating chemicals, such as TU, causing prolonged ER
stress, which leads to cell death in plants (Costa et al., 2008;
Crosti et al., 2001; Watanabe and Lam, 2008b). However, a
molecular mechanism of ER stress-related death has not been
elaborated in plants. In mammalian systems, severe stress can
lead to IRE1-dependent cell death, and there are two relevant
pathways that can lead to such an outcome. IRE1 has endoribo-
nuclease activity and can degrade membrane-associated mRNAs
through a process known as IRE1-dependent decay (RIDD) (Tabas
and Ron, 2011). In our investigation, we noted a role for bZIP60
which lies downstream of IRE1 (Iwata and Koizumi, 2012; Iwata
et al., 2009), but future research should focus on the potential
role of IRE1 in regulating plant virus infection. RIDD has not yet
been explored in plants as a mechanism for RNA degradation,
but evidence in Fig. 2 that TMV-p3 mRNAs accumulate to a lower
level than TMV in inoculated and systemic leaves could be
explained by such a mechanism. Given that TGBp3 lies in the ER
and appears to stimulate the expression of the IRE1 major down-
stream effector bZIP60 (Ye et al., 2011), it is also reasonable to
consider that IRE1 RNAse activity might contribute to the
reduced TMV-p3 accumulation seen in inoculated and systemic
leaves (Fig. 2B,C). It is possible that RIDD may help to defend
cells against TGBp3-induced ER stress by degrading the
ER-associated viral mRNAs. In mammalian cells, RIDD-related
mRNA decay is directly linked to apoptosis (Tabas and Ron,
2011). Given that plant cells lack an apoptotic mechanism for cell
death, we can only speculate about the possibility of a RIDD-
linked PCD in plants.

The second link between IRE1 and cell death in mammalian
cells involves the interaction of IRE1 with Bak and Bax, which are
proteins involved in the mitochondrial pathway of apoptosis
(Tabas and Ron, 2011). Bak and Bax mediate mitochondrial per-
meabilization and apoptosis, and are controlled by factors that are
sequestered by Bcl-2 to enhance cell survival. Although Bcl-2- and
Bax-related machinery is not known to exist in plants, previous
work from our laboratory has shown that the overexpression of
Bcl-2 family members in plants can enhance cell survival in
response to certain pathogens, suggesting that component
mechanisms of ER stress-mediated cell death are conserved
among plant and animal systems (Chae et al., 2003; Chen et al.,
2003, 2004; Dickman et al., 2001; Khanna et al., 2007). Evidence
that the overexpression of the Bcl-2 family members Bcl-xl and
CED-9 in plants inhibits oxidative stress-induced PCD is consistent
with transkingdom function, and suggests an overlap (conceptual
and biochemical) in PCD pathways in plants and animals, even
though the specific gene products modulating such responses

differ (Chen et al., 2003; Dickman et al., 2001; Xu et al., 2004). The
observation that CED-9, Bcl-xl and Op-IAP overexpression had no
impact on TGBp3-induced cell death points to an alternative
mechanism for ROS production and PCD, which is not regulated by
these genes. This is also similar to the situation in mammalian
PCD, where cell death regulators have distinct targets.

Another highly conserved protein that suppresses ER stress-
mediated cell death is BI-1, which is a protein that mainly resides
in the ER. In mammalian cells, BI-1 down-regulates Bax-related
cell death and, in Arabidopsis, BI-1 has a role in down-regulating
ER stress-related PCD (Chae et al., 2003; Watanabe and Lam,
2006, 2008b). It has been proposed recently that AtBI-1 is a
survival factor that is activated during ER stress, in parallel with
the UPR-related genes BiP and CRT, to enhance survival. However,
under severe stress, where misfolded proteins accumulate, calcium
released from the ER can activate ROS and cell death in a manner
that is not preventable by AtBI-1 (Watanabe and Lam, 2008a).
Although we did not explore a role for BI-1 in TMV-p3 infection,
further research could examine whether BI-1 is a critical factor in
TGBp3-induced PCD.

Notably, PVX TGBp3 elicits HR-like local lesions on TMV-p3-
inoculated leaves. These local lesions exhibit the hallmarks of
PCD, including DNA fragmentation, the oxidative burst and posi-
tive staining of dead cells with Evans blue dye. Interestingly,
TMV-p3, but not TMV-p2, induces HR-like PCD, even though both
PVX TGBp2 and TGBp3 proteins reside in the ER and cause
delayed TMV accumulation in protoplasts and plants. Based on
the results of TMV and A. tumefaciens delivery, we conclude that
TGBp3 itself is a specific elicitor of UPR-related gene expression
and host defences. It is worth noting that, during normal PVX
infection, TGBp3 is expressed at low levels from a bicistronic
subgenomic RNA and by translational read-through of the
upstream TGBp2 open reading frame (ORF) (Verchot et al., 1998).
Either the low levels of TGBp3 produced during PVX infection
prevent or limit the induction of HR-like defences, or TGBp2 may
act as a guard molecule that prevents TGBp3 from binding a
cellular receptor that triggers host defence responses. Further
experiments are needed to explore the functions of TGBp2 and
TGBp3 interactions.

We reported previously that TGBp3 induces SKP1 expression
during PVX infection and following the agrodelivery of
35S:TGBp3-containing plasmids to N. benthamiana plants (Ye
et al., 2011). Interestingly, NbSKP1 suppression resulted in fewer
TMV-p3-related local lesions on inoculated leaves and the loss of
systemic HR. This is reminiscent of the studies of Liu et al. (2002,
2004) and Azevedo et al. (2006), which demonstrated that sup-
pression of SKP1 compromised N and Rx gene-mediated resist-
ance to TMV and PVX, and enabled the virus to spread to the
upper leaves.

SKP1 is a core subunit of SCF (SKP1/Cullin1/F-box protein) E3
ubiquitin ligase which directs the ubiquitination of targets as a
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signal for 26S proteasome degradation. SKP1 is an adapter that
links CUL1 and the F-box protein (Cheng et al., 2011; Smalle and
Vierstra, 2004). With regard to ERAD, the cellular mechanism for
the elimination of misfolded proteins from the ER involves
destruction by the cytoplasmic ubiquitin–proteasome system.
Hrd1p/Der3p provides the essential ubiquitin ligase activity for
proteolytic breakdown of misfolded proteins in mammalian and
yeast cells, and has been identified recently in plant cells (Meusser
et al., 2005; Su et al., 2011; Zhang and Kaufman, 2006). Hrd1/
Der3p is located in the ER and acts to ubiquitinate substrates to
enable their dislocation and subsequent degradation. SKP1 is not
reported to be a component of the Hrd1p/Der3p complex and
therefore its link to TGBp3-induced ER stress is intriguing.We have
shown previously that silencing of bZIP60 can suppress SKP1
expression, which suggests a link between bZIP60-related UPR
and the SCF complex (Ye et al., 2011). Importantly, silencing of
bZIP60 failed to eliminate SKP1 expression, which could indicate
that SKP1 expression is controlled by other factors that might be
induced by TGBp3. It is also possible that TGBp3 functions to
dislodge other host proteins for degradation in a manner that is
independent of the Hrd1/Der3p complex, but involves cytoplasmic
ubiquitination. Such a mechanism has been reported involving the
HIV Vpu protein (Meusser et al., 2005; Nomaguchi et al., 2008;
Schubert et al., 1998). Vpu is similar to TGBp3 in that it is a
low-molecular-weight protein with a single transmembrane
domain and resides in the ER. Vpu triggers the degradation of the
host CD4 protein, which is otherwise a stable protein that has a
single membrane spanning domain. Vpu binds CD4 and has a
cytoplasmic tail which, on phosphorylation, mimics substrates of
the SCFbTrCP E3 complex. Vpu attracts the SCFbTrCP E3 complex to
ubiquitinate the CD4 receptor protein, which is then degraded by
the 26S proteasome (Meusser et al., 2005; Schubert et al., 1998).
CD4 is a cell surface receptor that is degraded in the ER by HIV-1
Vpu, and whose degradation is vital for virion release. It is possible
to consider that TGBp3, which is an essential factor in virus egress,
has analogous functions to Vpu and targets host substrate pro-
teins to the SCF complex for ubiquitination and degradation.
However, further research is needed to identify host factors that
might interact with TGBp3, and whether TGBp3 participates in
such a mechanism to ensure virus spread by the suppression of
host proteins (Malim and Emerman, 2008; Nomaguchi et al.,
2008).

Several plant viruses have mechanisms to subvert the ubiquiti-
nation and proteasome degradation machinery via interactions
with SKP1. The polerovirus Beet western yellows virus (BWYV) P0
protein has an F-box protein motif and binds SKP1 (Pazhouhandeh
et al., 2006). In yeast, the BWYV P0 protein has been shown to
bind ASK1 and ASK2, which are the yeast homologues of SKP1.
Mutations that interrupt the ability of P0 to interact with SKP1
result in systemic necrosis, suggesting that the P0–SKP1 complex
modulates PCD during virus infection. P0 is also a silencing

suppressor protein and has been suggested to present target
components of the silencing machinery for proteasomal degrada-
tion through its interactions with SKP1 (Pazhouhandeh et al.,
2006). Faba bean necrotic yellows virus (FBNYV) is a single-strand
DNA virus and encodes a protein named ‘Clink’, which is an
F-box-like protein that binds both SKP1 and pRB (Aronson et al.,
2000). pRB is essential for viral DNA replication and is involved in
cell cycle progression. Clink might target pRB for ubiquitin-
mediated degradation, but it is also possible that Clink presents
another substrate or is itself a target (Aronson et al., 2000). The
benyvirus Beet necrotic yellow vein virus (BNYVV) P25 protein
interacts with an F-box protein in Arabidopsis (Thiel et al., 2012).
There is evidence in yeast that the BNYVV P25 protein is a com-
petitor of ASK–F-box protein binding. However, there are insuffi-
cient data to date to determine whether it functions in plants to
present a host protein substrate for degradation or to disrupt
certain SCF complexes. Thus, viral proteins commonly interact with
components of the SCF complex, but it is not known whether such
interactions are designed to target certain cellular defences for
degradation or to compromise immune responses that depend on
the SCF complex. Thus, it is of interest that PVX TGBp3 enhances
SKP1 and that silencing of SKP1 compromises PCD.Although there
are no data to date to indicate a PVX protein that binds directly to
components of the SCF complex, these data, combined with the
BWYV, FBNYV and BNYVV examples, suggest that there might be
a common viral strategy to manipulate or alter the ubiquitin-
mediated degradation machinery to promote plant virus infection.
Moreover, each of these viral protein interactions with compo-
nents of the SCF complex is linked to an HR-like cell death
response (Aronson et al., 2000; Pazhouhandeh et al., 2006; Thiel
et al., 2012). In this investigation, silencing of NbSKP1 abolishes
PCD during TMV-p3 infection. These data suggest that TGBp3-
induced changes in NbSKP1 gene expression are also linked to the
regulation of a resistance response. In conclusion, these analyses
provide a strong basis for further studies to examine the role of the
SCF complex in PVX disease and resistance.

EXPERIMENTAL PROCEDURES

Plasmids and bacterial strains

PVX TGBp2, TGBp3 and TGBp3Dm1 sequences were PCR amplified using
primers containing added PacI and XhoI restriction sites, and then
inserted into the TMV 30B infectious clone (Shivprasad et al., 1999).
Agrobacterium tumefaciens LBA4404 containing pBI121-BLP-4 or
pBI121-TGBp3His was prepared. The NbBLP-4 (Accession No. X60057) or
TGBp3His coding sequence was inserted between the XbaI and SacI
restriction sites of pBI121 plasmids (Jefferson et al., 1987; Leborgne-
Castel et al., 1999; Ye et al., 2011). Agrobacterium GV2260 containing
TRV1 plus TRV2-NbSKP1 or TRV2-GFP was kindly provided by Dr S.
Dinesh-Kumar (Yale University, New Haven, CT, USA) (Bhattarai et al.,
2007; Liu et al., 2004).
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Plant materials, virus inoculation and transient gene
expression assays

N. benthamiana, N. tabacum cv. Samsun NN and N. tabacum cv. Samsun
nn were used. Transgenic N. benthamiana line BN3 was obtained from Dr
B. Baker (University of California, Berkeley, CA, USA) and contains the N
gene for TMV resistance. N. tabacum transgenic lines expressing IAP,
Bcl-xl and CED-9 were prepared using N. tabacum cv. Glurk NN.

BY-2 protoplasts were inoculated with 10 mg of infectious transcripts
synthesized using the RiboMAX Large Scale RNA Production System
(Promega Corp., Madison, WI, USA) (Ju et al., 2005). The preparation and
transfection of BY-2 protoplasts were performed as reported previously (Ju
et al., 2008). Plants were inoculated with 30 mg/mL purified virus sus-
pended in 0.01 M phosphate-buffered saline (PBS) (pH 7.0) (Shadwick and
Doran, 2007). Agroinfiltration to deliver viruses or for transient gene
expression in N. benthamiana leaves was performed according to pub-
lished protocols (Liu et al., 2002).

H2DCFDA or TUNEL staining of leaf segments

Total protein was extracted from 200-mg leaf samples taken at 1, 3 and
5 dpi using 10 mM Tris-HCl (pH 7.2) and quantified using the Bradford
reagent (Sigma-Aldrich, St. Louis, MO, USA). ROS activity was visualized
using 50 mM H2DCFDA (Mahalingam et al., 2006). Leaf extracts were incu-
bated with 10 mM H2DCFDA in the dark for 10 min at room temperature
and fluorescence was measured using a Versa Fluor fluorometer (excita-
tion at 460–500 nm, and emission at 510–560 nm) (Bio-Rad Laboratories,
Hercules, CA, USA). TUNEL staining of leaf segments was conducted using
an In Situ Cell Death Detection Kit, Fluorescein (Boehringer Mannheim
GmbH, Indianapolis, IN, USA). Leaf segments were mounted on polylysine
slides, permeabilized with proteinase K for 15 min, rinsed with PBS,
treated with TUNEL reaction mixture and rinsed again with PBS. Samples
were treated with propidium iodide for 30 min and rinsed with PBS.

Leaf treatments with TU or FC

TMV-p3-inoculated N. benthamiana leaves were infiltrated with 20 mM FC
or 10 mg/mL TU (Koizumi et al., 1999; Liu et al., 2002; Malerba et al., 2004,
2008) prepared in Murashige and Skoog (MS) medium. Three 1.2-cm-
diameter leaf discs were taken at 5 dpi (Il-Pyung, 2007), incubated in
0.25% (w/v in double-distilled H2O) Evans blue stain for 30 min and rinsed
with double-distilled H2O. Stain was extracted using 3 mL of a solution of
50% (v/v) methanol and 1% (w/v) sodium dodecylsulphate (SDS) for
60 min at 50 °C. The intensity of staining was measured with a Wallac
1420 Multilabel Counter spectrophotometer (Perkin-Elmer, Waltham, MA,
USA) at 595 nm.

Northern and immunoblot analyses

Total RNA was extracted from systemic leaves at 3 and 5 dpi or from BY-2
protoplasts at 24 and 48 hpi using TRIzol Reagent (Invitrogen, Grand
Island, NY, USA) and loaded onto 1.2% denaturing formaldehyde gel.
Northern analysis was conducted using a North-2-South Chemilumines-
cent Hybridization and Detection Kit (Pierce Biotechnology, Rockford, IL,

USA). cDNA probes were prepared using the North-2-South Biotin Random
Prime Labeling Kit and PCR amplification of the TMV CP gene.

Immunoblot analysis was carried out using an ECL Advanced Western
Blotting Kit (GE Healthcare, Piscataway, NJ, USA). Total protein was
extracted from agroinfiltrated leaves by grinding samples with extraction
buffer [100 mM Tris-HCl, pH 7.5, 10 mM KCl, 0.4 M sucrose, 10% glycerol,
10 mM phenylmethylsulphonylfluoride (PMSF)] and quantified using the
Bradford reagent (Sigma-Aldrich). Thirty micrograms of protein for each
sample were loaded onto a 10% SDS polyacrylamide gel, electroblotted to
Hybond P membrane and probed with GRP78 antibody (Affinity BioRea-
gents, Golden, CO, USA). Densitometric analysis was performed by Alpha
Ease FC software (Alpha Innotech, San Leandro, CA, USA).

qRT-PCR analysis of virus-infected leaves and
silenced plants

Nicotiana benthamiana leaves were inoculated with TMV, TMV-p3, TMV-
p3Dm1 and PVX. RNA was extracted from samples collected at 0, 2, 4 and
8 hpi with an SV Total RNA Isolation Kit (Promega Corp.). The first-strand
cDNA was synthesized by Superscript reverse transcriptase III (Invitrogen)
using hexamer random primers. qPCR was carried out using 25-mL reac-
tions and 100–900 nM primers designed using the coding sequences for
known genes (Ye et al., 2011). qRT-PCRs of NbSGT1 and NbSKP1 primers
were designed to anneal outside the target sequence of VIGS (Liu et al.,
2002). Twenty-five nanograms of cDNA were used to perform qPCR
employing the Power SYBR Green II Master Mix and ABI 7500 PCR
machine (Applied Biosystems, Foster City, CA, USA). Reactions involved 40
cycles of 95 °C for 15 s and 60 °C for 60 s.The comparative CT method was
employed for relative quantification of gene expression. Validation reac-
tions were conducted to determine the efficiencies of the target and
control amplifications using 0.01, 0.1, 1, 10 and 100 ng of template cDNA.
The comparative CT method employs the formula 2−ΔΔCT where the values
of the endogenous control (18S RNA) and calibrator (constant quantity of
healthy sample template) are subtracted from the target sample value to
provide the DDCT value. The value of 2−ΔΔCT represents the fold change in
RNA accumulation.

Statistical analysis

All statistical analyses were conducted with PC SAS Version 9 (SAS Insti-
tute, Cary, NC, USA). The response variable was transformed using a
natural logarithm function prior to the analysis as a remedy for heteroge-
neous variances. An analysis of variance procedure (PROC MIXED) assum-
ing a two-factor (sample and time) factorial arrangement in a randomized
complete block design was conducted. The simple effects of sample given
time and time given sample were analysed with a SLICE option in an
LSMEANS statement. If significance of the simple effects was detected, the
means were compared using pair-wise t-tests. A significance level of 0.05
was used to judge statistical significance. A single-tailed Student’s t-test
with two-sample variances was used to compare virus- and buffer-
inoculated samples following each chemical treatment.
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Fig. S1 (A) qRT-PCR analyzing bZIP60, BiP and SKP1 transcript
abundance. The plots show the relative abundance of transcripts
due to each TMV, PVX, and TMV plus PVX infection. Clearly tran-
script abundance is higher during PVX infection. Furthermore,TMV
has a dominant suppressive effect on the ability of PVX to induce
host gene expression. Furthermore, we fused the PVX replicase,
TGBp1, and CP to the CaMV35S promoter and delivered these
plasmids to plants using agro-infiltration. qRT-PCR shows host
gene expression is not induced by these factors. Immunoblots
demonstrating the relative abundance of TGBp1 (B), PVX CP (D),
and commassie stained gel detecting TGBp2 (C) when expressed
from either PVX or TMV vector in infected N. benthamiana leaves.
Since we lack antisera to TGBp2, commassie staining was used to
identify a band that likely corresponds to TGBp2 in infected leaf
extracts. Commassie stained immunoblot membranes in panels B
and D show similar levels of protein in each lane.
Fig. S2 Immunoblot analysis detecting PVX TGBp3-His protein
using antisera detecting the His tag. (A) Leaf extracts from mock

inoculated (M; lane 1), PVX-TGBp3His (lanes 2–5), TMV-p3His
(lanes 6–9), and agrobacterium (lane 11) expressing TGBp3His
from CaMV 35S promoter (lanes 12–13). Leaf extracts were taken
from virus-inoculated (Inoc) and systemically (Syst) infected
tissues. TMV-p3His showed higher levels of protein accumulation
than PVX-TGBp3His and required 20 s exposure to film to see
abundance of protein in the top panel. To visualize TGBp3His
expressed from PVX, we exposed the film for 1 min and this is
shown in the middle panel. TGBp3His expression from Agrobacte-
rium was comparable to TMV-p3His as seen after 20 s exposure to
film. Below is a commassie stained PVDF membrane photo-
graphed after electrophoretic transfer to show protein levels in
each lane were comparable. (B) Immunoblot detects TMV coat
protein. TMV-p3 and TMV-p3His were detected in systemic tissues
and produced comparable levels of TMV coat protein indicating
that the His tag is not deleterious to virus infection.
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