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SUMMARY

The synergistic interaction of Potato virus X (PVX) with a number 
of potyviruses results in systemic necrosis in Nicotiana spp. 
Previous investigations have indicated that the viral suppressor 
of RNA silencing (VSR) protein P25 of PVX triggers systemic ne-
crosis in PVX-associated synergisms in a threshold-dependent 
manner. However, little is still known about the cellular processes 
that lead to this necrosis, and whether the VSR activity of P25 is 
involved in its elicitation. Here, we show that transient expres-
sion of P25 in the presence of VSRs from different viruses, includ-
ing the helper component-proteinase (HC-Pro) of potyviruses, 
induces endoplasmic reticulum (ER) stress and the unfolded pro-
tein response (UPR), which ultimately lead to ER collapse. 
However, the host RNA silencing pathway was dispensable for 
the elicitation of cell death by P25. Confocal microscopy studies 
in leaf patches co-expressing P25 and HC-Pro showed dramatic 
alterations in ER membrane structures, which correlated with the 
up-regulation of bZIP60 and several ER-resident chaperones, in-
cluding the ER luminal binding protein (BiP). Overexpression of 
BiP alleviated the cell death induced by the potexviral P25 pro-
tein when expressed together with VSRs derived from different 
viruses. Conversely, silencing of the UPR master regulator, 
bZIP60, led to an increase in cell death elicited by the P25/HC-Pro 
combination as well as by PVX-associated synergism. In addition 
to its role as a negative regulator of P25-induced cell death, UPR 
partially restricted PVX infection. Thus, systemic necrosis caused 
by PVX-associated synergistic infections is probably the effect of 
an unmitigated ER stress following the overaccumulation of a 
viral protein, P25, with ER remodelling activity.

Keywords: cell death, endoplasmic reticulum, Potato virus X, 
systemic necrosis, unfolded protein response, viral synergism.

INTRODUC TION

Positive-strand RNA viruses replicate their genomic RNAs 
(gRNAs) using host membranous structures, which are exten-
sively remodelled in a process that includes membrane synthesis 
(den Boon and Ahlquist, 2010). Virus-induced membranous ves-
icles are derived from different organelles, including the endo-
plasmic reticulum (ER), to provide a platform for virion assembly, 
and possibly to shield them from recognition by host defence re-
sponses. Such membrane modification is attributable to the ac-
tion of membrane-targeted viral proteins which, when expressed 
alone, can induce ER rearrangements similar to those observed 
in virus-infected cells (Hashimoto et al., 2015; Luan et al., 2016; 
Tilsner et al., 2012).

The ER is the processing factory for the synthesis and fold-
ing of proteins destined for secretion or membrane insertion. 
Under abiotic and biotic stresses, the accumulation of nascent 
and unfolded proteins in the lumen of the ER may rapidly exceed 
its folding capacity, thereby perturbing the normal function of 
the ER. This can result in ER stress and subsequent triggering 
of protective signalling pathways, termed the unfolded protein 
response (UPR) (Bao and Howell, 2017). The role of the UPR is to 
orchestrate adaptation to ER stress and to restore ER function, 
prolonging cell viability. Alternatively, under conditions of severe 
or chronic ER stress, the UPR activates alternative routes, leading 
to programmed cell death (PCD) (Williams et al., 2014).

The expression of viral proteins, with the associated disrup-
tion of normal protein synthesis and cellular balance, can cause 
ER stress and UPR in plants. Some reported examples include 
the triple gene block 3 (TGB3) movement protein of Potato virus 
X (PVX) (Ye et al., 2011), the 6K2 membrane binding protein of 
Turnip mosaic virus (TuMV) (Zhang et al., 2015), the P10 outer 
capsid protein of Rice black-streak dwarf virus (RBSDV) (Sun 
et al., 2013) and the P11 movement protein of Garlic virus X 
(GarVX) (Lu et al., 2016). PVX infection, as well as ectopic ex-
pression of PVX TGB3, led to increasing expression of bZIP60 
and UPR-related genes, such as ER luminal binding protein (BiP), 
calreticulin (CRT) and calmodulin (CAM) (Ye et al., 2011). bZIP60 
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is a downstream transcription factor that activates the genes re-
quired for coping with UPR. Remarkably, PVX accumulation was 
significantly elevated in bZIP60-silenced Nicotiana benthamiana 
plants, suggesting that UPR limits the local accumulation of po-
texvirus. However, bZIP60 silencing did not induce necrosis in 
PVX-infected plants (Arias Gaguancela et al., 2016). In addition, 
the TGB3 protein elicited PCD when expressed either from the 
Tobacco mosaic virus (TMV) genome or from the Cauliflower mo-
saic virus (CaMV) 35S promoter (Ye et al., 2013, 2011).

Systemic necrosis is one of the most severe symptoms 
caused by plant viruses, which eventually leads to cell death in 
virus-infected systemic leaves (Syller, 2012). In several compat-
ible pathosystems, systemic necrosis has been shown to share 
biochemical, physiological and molecular features with the hy-
persensitive response (HR), a form of PCD (García-Marcos et al., 
2013; Komatsu et al., 2010; Mandadi and Scholthof, 2013). Co-
infection, but not single infection, of N. benthamiana plants 
with PVX and several members of the Potyvirus genus results 
in systemic necrosis, which correlates with the transcriptional 
activation of defence-related genes and PCD (García-Marcos 
et al., 2013, 2009). Contrary to that which has been observed 
in other PVX-associated synergisms (De et al., 2018; Vance, 
1991), the levels of PVX gRNA were not substantially increased 
in N. benthamiana plants when doubly infected with PVX and 
either Plum pox virus (PPV), Potato virus Y (PVY) or Tobacco etch 
virus, despite the synergism in pathology that leads to extreme 
augmentation of symptoms in this host (González-Jara et al., 
2005, 2004). We further showed that Agrobacterium-mediated 
transient co-expression of PVX together with viral suppressors of 
RNA silencing (VSRs) recapitulated in local tissues the systemic 
necrosis caused by PVX–potyvirus synergistic infections (Aguilar 
et al., 2015). Moreover, ectopic expression of the potexviral P25 
(TGB1) protein encoded by the TGB subgenomic RNA (sgRNA) 
was sufficient to elicit a cell death response when overexpressed 
with other VSRs, including the helper component-proteinase 
(HC-Pro) protein of potyvirus. A frameshift mutation in the P25 
open reading frame (ORF) of PVX, which maintained unaltered 
the TGB3 gene, did not lead to necrosis when co-expressed with 
VSRs, suggesting that P25 is the main PVX determinant involved 
in the elicitation of a systemic HR-like response in PVX-associated 
synergisms.

P25 of potexviruses is a multifunctional protein that acts as 
a suppressor of RNA silencing by targeting RNA-dependent RNA 
polymerase6 (RDR6) and Suppressor of Gene Silencing3 (SGS3) 
(Okano et al., 2014), two key components of the RNA silencing 
machinery. In addition, it has been shown that P25 directly af-
fects only a subset of the Argonaute (AGO) family of proteins, 
probably indicating that its suppressor function is mediated by 
the preclusion of AGO proteins from accessing viral RNA, as well 
as by direct inhibition of the RNA silencing machinery (Brosseau 
and Moffett, 2015; Chiu et al., 2010). Previously, it has been 

reported that the silencing suppression activity of PVX P25 cor-
relates with its capacity to induce cell death in N. benthamiana 
(Aguilar et al., 2015). Moreover, it has been suggested that, as 
described for other avirulence (avr) determinants with VSR ac-
tivity (Angel and Schoelz, 2013; Király et al., 1999; Wang et al., 
2015), P25 could be recognized as an avr protein that would trig-
ger an HR-like response once it reaches a threshold level by the 
action of other VSRs. Indeed, P25 elicits a bona fide HR in potato 
cultivars expressing the Nb resistance gene (Malcuit et al., 1999).

In addition to its function as a VSR, P25 is responsible for the 
extensive rearrangements of actin and endomembranes (ER and 
Golgi) induced during PVX infection (Tilsner et al., 2012). In several 
cases, ER membrane reorganization due to the expression of viral 
proteins is associated with cell death (Hashimoto et al., 2015; Lu 
et al., 2016). Thus, it is possible that the actin/endomembrane re-
modelling activities of P25 could be related to its role as an elicitor 
of cell death. In summary, the mechanism of cell death induction 
by the P25 protein in the context of PVX-associated synergisms 
remains unclear, especially in terms of the relationship with the 
ER rearrangement activity and its function as a suppressor of RNA 
silencing. In this study, we show that ER membrane modification 
induced by the PVX P25 protein triggered a UPR when expressed 
in combination with VSRs. However, despite induction of the UPR, 
ER stress remained unresolved in leaves expressing either combi-
nations of P25 and VSRs or PVX together with PPV HC-Pro, which 
ultimately led to cell death. Furthermore, we show that UPR-
related mechanisms mediated by BiP and bZIP60 can also limit the 
multiplication and spread of PVX.

RESU LT S

Expression of P25 together with HC-Pro induces the 
collapse of the ER

The P25 protein of PVX was responsible for the cell death re-
sponse in PVX-associated synergism (Fig. S1, see Supporting 
Information; Aguilar et al., 2015). We asked whether ER reorgani-
zation mediated by P25 might play a role in the induction of cell 
death. Nicotiana benthamiana leaf patches were infiltrated with 
Agrobacterium cultures expressing β-glucuronidase (GUS), P25 or 
PPV HC-Pro alone, or a combination of P25 plus HC-Pro. We used 
transgenic N. benthamiana plants that constitutively expressed 
green fluorescent protein (GFP) targeting the cortical ER (line 16c) 
(Ruíz et al., 1998). At 6 days post-infiltration (dpi), granular struc-
tures associated with disruption of the ER network were observed 
in the cytoplasm of cells expressing P25 plus HC-Pro (Fig. 1A, bot-
tom right panel), but not in cells expressing P25, HC-Pro or GUS. In 
addition, large inclusion bodies were evident in patches infiltrated 
with P25 plus HC-Pro and, to a lesser extent, in patches with P25 
alone. Eventually, the ER network fragmented into smaller pieces 
which led to the collapse of the cells in patches infiltrated with the 
P25 plus HC-Pro combination at 8 dpi.
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To correlate the changes in ER membrane reorganization 
with cell death, leaf discs from 16c transgenic and wild-type 
(wt) plants were excised and assayed for electrolyte leakage, a 
quantitative indicator of cell membrane injury which correlates 
strongly with cell death (Aguilar et al., 2015). Consistent with the 
above results, the combination of P25 together with HC-Pro and, 
to a lesser extent, P25 alone resulted in the strong production of 
electrolytes indicative of necrosis in 16c and wt plants at 8 dpi 
(Fig. 1B). We confirmed that HC-Pro and transgene GFP accu-
mulated in 16c patches infiltrated with P25 + HC-Pro at levels 

comparable with patches infiltrated with either HC-Pro or P25 
alone (Fig. 1C). The higher levels of P25 accumulation observed 
in the combination of P25 with HC-Pro compared with P25 alone 
is probably a result of the stronger silencing suppression activity 
of HC-Pro compared with that of P25 (Senshu et al., 2009).

Modification of ER membranes is often associated with 
de novo membrane synthesis. We investigated whether cell 
death induced by the P25 protein was influenced by cerulenin, 
an inhibitor of de novo lipid synthesis (Omura, 1976). For this 
purpose, cerulenin (200 µm) or dimethyl sulfoxide (DMSO) as a 
control was infiltrated into wt N. benthamiana leaves in com-
bination with Agrobacterium expressing GUS, P25 or HC-Pro 
alone, or a combination of P25 plus HC-Pro. When the com-
bination P25 plus HC-Pro or P25 alone was co-infiltrated with 
cerulenin, the level of electrolyte leakage was significantly 
lower than that in the controls at 8 dpi (Fig. 2A). Consistent 
with this finding, the production of hydrogen peroxide (H2O2), 
indicative of cell death, was attenuated in patches infiltrated 
with P25 plus HC-Pro (Fig. 2B), although the expression of P25 
was not influenced by cerulenin treatment (Fig. 2C). When P25 
and HC-Pro were co-infiltrated with cerulenin in 16c transgenic 
leaves, granular structures associated with disruption of the 
ER were clearly inhibited at 6 dpi compared with untreated 
P25 + HC-Pro-expressing leaves (Fig. 2D). These results sug-
gest that P25-induced ER modification could result in the in-
duction of cell death, and that this process requires continuous 
lipid biosynthesis.

Fig. 1  Visualization of endoplasmic reticulum (ER) modification in cells 
co-expressing Potato virus X (PVX) P25 together with Plum pox virus 
(PPV) helper component-proteinase (HC-Pro). (A) Transgenic Nicotiana 
benthamiana plants expressing ER-GFP (line 16c) were infiltrated with 
Agrobacterium cultures expressing P25, HC-Pro or β-glucuronidase (GUS) 
alone or a combination of cultures expressing P25 plus HC-Pro, as indicated. 
Granular structures associated with disruption of the ER network were 
visible in cells expressing P25 plus HC-Pro (bottom right panel), but not in 
cells expressing P25, HC-Pro or GUS. Large irregular inclusions (arrows) were 
also evident in patches infiltrated with P25 plus HC-Pro and, to a minor 
extent, in patches with P25 alone. Photographs were taken at 6 days post-
infiltration (dpi). Bars in each panel represent 45 µm. (B) 16c and wild-type 
(wt) N. benthamiana leaves were infiltrated with Agrobacterium cultures 
expressing T7-tagged P25, HC-Pro or green fluorescent protein (GFP) 
alone, or a combination of cultures expressing T7-tagged P25 plus HC-Pro. 
Leaf discs were excised and assayed for electrolyte leakage at 8 dpi. Data 
represent the means ± standard errors of five replicates, each consisting 
of four plants that received the same treatment. Statistically significant 
differences between means were determined by employing Scheffé’s 
multiple range test for between-group comparisons. Different letters 
indicate significant differences at P < 0.05. (C) Western blot analyses of 
extracts derived from 16c leaf patches at 8 dpi, using antibodies against the 
T7 epitope (top panel), PPV HC-Pro (middle panel) or GFP (bottom panel). 
The lowest panel below the western blots shows the Ponceau S-stained 
membrane after blotting, as a loading control. The intensities of the P25, 
HC-Pro and GFP bands, normalized for the loading controls, were quantified 
by densitometric analyses. [Colour figure can be viewed at wileyonlinelibrary.
com]
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Previous studies have revealed that the ER network and its 
mobility are associated with the actin cytoskeleton (Sparkes 
et al., 2009). As it has been shown that PVX P25 remodels 
host actin and endomembranes (Tilsner et al., 2012), we used 
the microfilament inhibitor latrunculin B (LatB) to examine the 
influence of actin organization on P25-induced cell death. Wt 
N. benthamiana leaves were treated with LatB (10 µm) or DMSO 
4 days after infiltration with HC-Pro plus either GUS or P25. No 
statistical differences in electrolyte leakage were observed be-
tween LatB-treated patches and controls (Fig. 2E), suggesting 
that an intact actin cytoskeleton is not required for P25-induced 
cell death.

Cell death induced by P25/HC-Pro does not rely on 
RNA silencing mechanisms

Previously, it has been reported that the silencing suppression 
activity of P25 correlates with the cell death response (Aguilar 
et al., 2015). To evaluate whether the RNA silencing suppres-
sor activity of P25 is required for the induction of ER membrane 
reorganization, three single amino acid mutants of P25, A104V, 
T117A and K124E, reported previously, were used for analysis 
(Aguilar et al., 2015). 16c transgenic plants were infiltrated with 
Agrobacterium cultures expressing GUS, P25wt or HC-Pro alone 
or combinations of HC-Pro plus either P25wt or P25 mutants. The 
combination of HC-Pro together with the silencing suppression-
competent P25 mutant A104V led to disruption of the ER network 
at 8 dpi, similar to that observed in P25wt + HC-Pro-infiltrated 
areas (Fig. 3A). Remarkably, leaf patches infiltrated with HC-Pro 
plus the silencing suppression-deficient mutants T117A or K124E 
did not undergo drastic rearrangement of the ER network struc-
ture compared with patches infiltrated with P25wt or P25 mutant 
A104V. We confirmed that P25 mutants A104V, T117A and K124E 
accumulated in the infiltrated patches at comparable levels to 
P25wt, as assayed by western blot analysis (Fig. 3B). These ob-
servations, together with previously reported data showing that 
T117A and K124E, but not A104V, abolished the capacity of P25 
protein to elicit cell death (Aguilar et al., 2015), suggest that the 
capacity of the P25 protein to disrupt ER membrane structures 
could be linked to its suppressor activity, or at least that it maps 
to the same protein domain responsible for VSR activity.

To study the contribution, if any, of RNA silencing to the cell 
death response elicited by P25, several genetic approaches were 
undertaken. First, we used N. benthamiana transgenic lines sup-
pressed for each one of the four known Dicer-like (DCLi) genes 
and for a combination of DCL2 and DCL4 (DCL2/4i). DCL genes 
are core components of host RNA-mediated silencing pathways. 
Quantitative reverse transcription-polymerase chain reaction 
(qRT-PCR) and semi-quantitative RT-PCR analyses of transgenic 
lines DCL1i, DCL2i, DCL3i and DCL4i have shown previously a 
specific reduction in DCL1, DCL2, DCL3 and DCL4 mRNA levels, 

respectively (Dadami et al., 2013). We agroinfiltrated wt and 
DCL1i, DCL2i, DCL3i, DCL4i and DCL2/4i lines with Agrobacterium 
cultures expressing GUS, P25 or HC-Pro alone, or a combination 
of P25 plus HC-Pro, and assayed for electrolyte leakage. There 
were no statistical differences in electrolyte leakage between 
DCL1i, DCL2i, DCL3i, DCL4i and DCL2/4i lines compared with wt 
in patches infiltrated with P25 + HC-Pro at 8 dpi (Fig. 4A).

P25 of potexviruses has been reported to target components 
in the antiviral RNA silencing pathway, such as RDR6 and SGS3 
(Okano et al., 2014). Transgenic hairpin-mediated silencing of 
RDR6 (RDR6i line) and virus-induced gene silencing (VIGS) of 
SGS3 (Fig. S2, see Supporting Information) did not alter the cell 
death induced by the co-expression of P25 together with HC-Pro, 
as assayed by electrolyte leakage (Fig. 4C,E).

Next, we undertook a different approach by transiently over-
expressing AGO proteins together with P25 or HC-Pro alone, 
or a combination of HC-Pro plus P25, in wt N. benthamiana 
leaves. This included N. benthamiana AGO2 and AGO4, as well 
as Arabidopsis AGO2, which has been reported to interact with 
P25 (Chiu et al., 2010). Within each group of plants, no statis-
tical differences in electrolyte leakage were observed between 
AGO-overexpressing patches and controls (Fig. 4G). The overex-
pression of the different AGO proteins was confirmed by RT-PCR 
(Fig. S2). In all of these assays with overexpressing/silencing- 
deficient plants, we confirmed that P25 accumulated at greater 
levels in patches infiltrated with P25 plus HC-Pro than in patches 
infiltrated with P25 alone, i.e. an increase comparable with that 
shown by wt and control plants (Fig. 4,B,D,F,H). Altogether, 
these findings suggest that there is not a causal relationship 
between the suppression of RNA silencing and the cell death re-
sponse elicited by the P25/HC-Pro combination.

The UPR is induced by P25/HC-Pro co-expression

It has been reported that certain viral proteins can cause ER 
stress and UPR in plants. We tested whether ER membrane re-
organization due to co-expression of P25 together with HC-Pro 
was associated with UPR. Wt N. benthamiana leaves were infil-
trated with each binary construct alone or with the combination 
of P25 together with HC-Pro. We next examined the mRNA levels 
of genes associated with UPR, including those encoding bZIP60 
and ER-resident chaperones, such as BiP, heat shock protein 90-2 
(HSP90-2), S-phase kinase-associated protein 1 (SKP1), CRT and 
CAM. bZIP60 is known to up-regulate BiP as part of an ER stress 
response (Bao and Howell, 2017). BiP and HSP90-2 are chaper-
ones that restore proper protein folding during ER stress. SKP1 is 
a component of the SCF-type E3 ubiquitin ligase complex that is 
implicated in the elimination of misfolded proteins. CRT is a lec-
tin that recognizes N-linked oligosaccharides on glycoproteins. 
CAM is a Ca2+ sensor that activates immune-related PCD. qRT-
PCR analysis showed that BiP, bZIP60, HSP90-2, SKP1 and CRT 
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were significantly induced in leaf patches expressing P25 plus 
HC-Pro compared with patches expressing GFP, HC-Pro or P25 
alone at 3 dpi. Transcript levels of CAM were found to be induced 
in patches expressing P25 plus HC-Pro at 6 dpi (Fig. 5). These 
observations suggest that the combination of P25 plus HC-Pro 
induces ER stress and the UPR in N. benthamiana.

The UPR attenuates the cell death response elicited 
by P25/HC-Pro

It has been reported that overexpression of the PVX TGB3 protein 
leads to ER stress-related cell death in N. benthamiana, which 
can be alleviated by the ER-resident chaperone BiP (Ye et al., 
2011). To determine whether P25-mediated necrosis could be al-
leviated by BiP, leaf patches were infiltrated with a mixture of 
Agrobacterium expressing P25 and HC-Pro in combination with 
either BiP or GFP. Overexpression of BiP alleviated cell death and 
H2O2 production elicited by the P25/HC-Pro combination com-
pared with controls at 8 dpi (Fig. 6A,B). We confirmed that P25 
accumulated in BiP-overexpressing patches at levels compara-
ble with controls, as assayed by western blot analysis (Fig. 6C). 
BiP was also detected serologically by western blot in the corre-
sponding patches (Fig. 6C, bottom). To investigate whether the 
alleviation of P25/HC-Pro-induced cell death by BiP is related to 
ER membrane modification, P25 plus HC-Pro was co-infiltrated 
with BiP or GUS in 16c transgenic leaves. Granular structures as-
sociated with disruption of the ER were clearly inhibited in leaves 
expressing P25 + HC-Pro + BiP compared with control leaves at 
6 dpi (Fig. 6D).

To determine whether BiP affects the cell death induced by 
P25 when overexpressed with other VSR proteins, N. benth-
amiana leaf patches were infiltrated with Agrobacterium mix-
tures expressing P25 plus Tomato bushy stunt virus (TBSV) P19, 

Fig. 2  Effect of cerulenin treatment on the cell death response induced 
by P25/helper component-proteinase (HC-Pro). (A) Wild-type (wt) 
Nicotiana benthamiana leaves were infiltrated with Agrobacterium cultures 
expressing T7-tagged P25, HC-Pro or green fluorescent protein (GFP) alone, 
or a combination of cultures expressing T7-tagged P25 plus HC-Pro, in 
combination with cerulenin (200 µm) or dimethyl sulfoxide (DMSO) as a 
control. Leaf discs were excised and assayed for electrolyte leakage at 8 days 
post-infiltration (dpi). (B) Leaves were stained with 3,3′-diaminobenzidine 
(DAB) solution at 8 dpi. (C) Western blot analysis of extracts derived from 
leaf patches at 8 dpi, using antibodies against the T7 epitope. The bottom 
panel below the western blot shows the Ponceau S-stained membrane after 
blotting, as a loading control. The intensity of the P25 bands, normalized for 
the loading controls, was quantified by densitometric analysis. The value for 
the band in leaf patches infiltrated with P25-T7 plus β-glucuronidase (GUS) 
(DMSO) was set at unity and the other data were calculated relative to this 
value. (D) Effect of cerulenin treatment on P25 + HC-Pro-induced membrane 
modification in transgenic N. benthamiana plants expressing endoplasmic 
reticulum (ER)-GFP (line 16c). Photographs were taken at 6 dpi. The bars in 
each panel represent 20 µm. (E) Wt N. benthamiana leaves were infiltrated 
with either latrunculin B (LatB, 10 µm) or a DMSO buffer control at 4 days 
after infiltration with combinations of Agrobacterium cultures expressing 
HC-Pro plus either GUS or P25. Leaf discs were excised and assayed 
for electrolyte leakage at 8 dpi. Data represent the means ± standard 
errors of six replicates, each consisting of four plants that received the 
same treatment. Statistically significant differences between means were 
determined by employing Scheffé’s multiple range test for between-group 
comparisons. Different letters indicate significant differences at P < 0.05. 
For pairwise comparisons, asterisks indicate significant differences between 
treatments (Student’s t-test, P < 0.05). [Colour figure can be viewed at 
wileyonlinelibrary.com]
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Cucumber mosaic virus (CMV) 2b or Citrus tristeza virus (CTV) 
P23, in combination with either BiP or GFP. The combinations of 
P25 together with P19, 2b and P23 resulted in the strong produc-
tion of H2O2, indicative of necrosis at 8 dpi, which was alleviated 
by BiP expression (Fig. S3, see Supporting Information). Further, 
a reduced cell death response compared with controls was ob-
served when the combination of HC-Pro plus the P25 protein of 

another potexvirus, Plantago asiatica mosaic virus (PlAMV), was 
expressed together with BiP. However, expression of the combi-
nations of PPV HC-Pro together with TBSV P19 or CMV 2b did not 
lead to necrosis.

To examine the role of bZIP60 in the cell death response elic-
ited by P25/HC-Pro, we knocked down the expression of bZIP60 
by VIGS. Nicotiana benthamiana plants were infiltrated with the 

Fig. 3  Disruption of endoplasmic reticulum (ER) correlates with the silencing suppression activity of P25. (A) Transgenic Nicotiana benthamiana plants 
expressing ER-GFP (green fluorescent protein) (line 16c) were infiltrated with Agrobacterium cultures expressing T7-tagged P25, helper component-proteinase 
(HC-Pro) or β-glucuronidase (GUS) alone or a combination of cultures expressing HC-Pro plus T7-tagged versions of either P25wt or P25 A104V, T117A, K124E 
mutants, as indicated. Large irregular inclusions are marked by arrows. Photographs were taken at 8 days post-infiltration. Bars in each panel represent 45 µm. (B) 
Western blot analyses of extracts derived from leaf patches at 8 dpi, using antibodies against the T7 epitope (top panel) or Plum pox virus (PPV) HC-Pro (middle 
panel). The lower panel below the western blots shows the Ponceau S-stained membrane after blotting, as a loading control. The intensities of the P25 and HC-
Pro bands, normalized for the loading controls, were quantified by densitometric analyses. [Colour figure can be viewed at wileyonlinelibrary.com]
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Fig. 4  Different RNA silencing pathways do not alter the cell death response induced by P25/helper component-proteinase (HC-Pro). (A) Nicotiana benthamiana 
transgenic lines suppressed for each one of the four known Dicer-like (DCL) genes and for a combination of DCL2 and DCL4 (DCL2/4) were infiltrated with a 
combination of Agrobacterium cultures expressing T7-tagged P25, HC-Pro or green fluorescent protein (GFP) alone, or a combination of cultures expressing 
T7-tagged P25 plus HC-Pro. (C) Nicotiana benthamiana transgenic lines suppressed for RNA-dependent RNA polymerase6 (RDR6i) were infiltrated with a 
combination of Agrobacterium cultures expressing T7-tagged P25, HC-Pro or β-glucuronidase (GUS) alone, or a combination of cultures expressing T7-tagged 
P25 plus HC-Pro. (E) Leaves from Suppressor of Gene Silencing3 (SGS3)-silenced (TRV:SGS3) and control (TRV:00) plants were infiltrated with a combination 
of Agrobacterium cultures expressing T7-tagged P25, HC-Pro or GUS alone, or a combination of cultures expressing T7-tagged P25 plus HC-Pro. (G) Wild-type 
(wt) N. benthamiana plants were infiltrated with combinations of Agrobacterium cultures expressing N. benthamiana Argonaute2 (AGO2) (NbAGO2), AGO4 
(NbAGO4), Arabidopsis AGO2 (AtAGO2) or GUS together with HC-Pro or T7-tagged P25 alone, or the combination of HC-Pro plus T7-tagged P25, as indicated. 
Leaf discs were excised and assayed for electrolyte leakage at 8 days post-infiltration (dpi). The value of control samples was set at unity and the other data were 
calculated relative to this value. Data represent the means ± standard errors of six replicates, each consisting of four plants that received the same treatment. 
Statistically significant differences between means were determined by employing Scheffé’s multiple range test. Different letters indicate significant differences at 
P < 0.05. (B, D, F, H) Western blot analyses of extracts derived from leaf patches at 8 dpi, using antibodies against the T7 epitope (top panel) or Plum pox virus 
(PPV) HC-Pro (middle panel). The lower panel below the western blots shows the Ponceau S-stained membrane after blotting, as a loading control. The intensities 
of the P25 and HC-Pro bands, normalized for the loading controls, were quantified by densitometric analyses. [Colour figure can be viewed at wileyonlinelibrary.
com]
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Tobacco rattle virus (TRV) recombinant vector (TRV2:bZIP60) or 
the empty vector (TRV2:00) as a control. At 20 days after infec-
tion, RT-PCR analysis using RNA extracted from the upper leaves 
confirmed that bZIP60 transcript levels were reduced substan-
tially in bZIP60-silenced plants compared with control plants 
(Fig. 7A). Combinations of P25 together with HC-Pro or GFP 
alone as a control were infiltrated in opposite leaf patches of 
plants silenced for bZIP60 or control plants. The bZIP60-silenced 
plants infiltrated with P25 plus HC-Pro exhibited significantly 
higher levels of electrolyte leakage than the control plants at 
8 dpi (Fig. 7B). Consistent with the above results, the production 
of H2O2 was enhanced in bZIP60-silenced plants compared with 
control plants (Fig. 7C). We confirmed that P25 accumulated in 

bZIP60-silenced plants at levels comparable with those of control 
plants, as assayed by western blot analysis (Fig. 7D). Altogether, 
these results demonstrate that bZIP60 and BiP, and therefore the 
UPR pathway, attenuate the cell death response elicited by P25/
VSR combinations.

The UPR attenuates PVX-associated synergism and 
reduces the local accumulation and systemic spread 
of PVX

To evaluate whether UPR contributes to ameliorate the cell 
death induced by PVX-associated synergisms, binary con-
structs expressing either BiP or GUS were agroinfiltrated to-
gether with PVX in the presence or absence of HC-Pro. By 8 dpi, 

Fig. 5  Co-expression of Potato virus X (PVX) P25 together with Plum pox virus (PPV) helper component-proteinase (HC-Pro) promotes endoplasmic reticulum 
(ER) stress. Nicotiana benthamiana leaves were infiltrated with Agrobacterium cultures expressing T7-tagged P25, HC-Pro or green fluorescent protein (GFP) 
alone or a combination of cultures expressing T7-tagged P25 plus HC-Pro. Quantitative reverse transcription-polymerase chain reaction (qRT-PCR) analysis of 
the expression of ER stress marker genes in N. benthamiana leaves at 3 [luminal binding protein (BiP), bZIP60, heat shock protein 90-2 (HSP90-2), S-phase 
kinase-associated protein 1 (SKP1) and calreticulin (CRT)] or 6 days post-infiltration (calmodulin, CAM), as indicated. Expression of the 18S rRNA gene served as 
a control. Data represent the means ± standard errors of three replicates, each consisting of three plants that received the same treatment. Statistically significant 
differences between means were determined by employing Scheffé’s multiple range test, except for CAM, where these differences were determined by T3 
Dunnett´s test. Different letters indicate significant differences at P < 0.05.
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electrolyte leakage measurement revealed that cell death in 
BiP-overexpressing patches infiltrated with PVX plus HC-Pro 
was attenuated compared with that in control patches (Fig. 8A). 
Consequently, the presence of BiP alleviated the strong necrosis 
response elicited by PVX in combination with HC-Pro (Fig. 8B). 
To examine the effect of BiP overexpression on the accumulation 
level of PVX, we measured the amount of virus in leaf patches 
from BiP-overexpressing and control samples at 4 and 7 dpi. 
Comparative analysis by qRT-PCR revealed that the level of PVX 
gRNA in BiP-overexpressing patches, in the presence or absence 

of HC-Pro, was lower than that in the controls at 7 dpi, as well 
as at 4 dpi in the absence of HC-Pro (Fig. 8C). Despite the drastic 
increase in electrolyte leakage, no significant enhancement in 
PVX gRNA levels was observed in control plants inoculated with 
PVX plus HC-Pro relative to plants challenged with PVX alone, 
supporting the previous findings showing that cell death was not 
determined by the level of PVX gRNA itself, but by the sgRNA 
encoding P25 (Aguilar et al., 2015). Similar qRT-PCR results were 
obtained in an independent experiment when samples were 
taken at 3 and 6 dpi (Fig. S4, see Supporting Information).

In a second assay, bZIP60-silenced and control plants were 
agroinfiltrated with PVX in the presence or absence of HC-Pro. 
The bZIP60-silenced plants infiltrated with PVX plus HC-Pro 
exhibited significantly higher levels of electrolyte leakage and 
necrosis response than did non-silenced control plants at 8 dpi 
(Fig. 9A,B). PVX gRNA accumulated at higher levels in bZIP60- 
silenced patches infiltrated with PVX plus HC-Pro compared with 
control patches, but not in those challenged with PVX alone at 4 
and 7 dpi (Fig. 9C).

To further characterize the requirement of UPR for the antivi-
ral defence response, we challenged bZIP60-silenced and control 
plants with PVX expressing GFP and followed the accumulation 
of PVX-GFP in systemic tissues. Both the visual intensity of flu-
orescence and the amounts of GFP detected by western blot 
showed a higher accumulation of PVX in bZIP60-silenced plants 
compared with controls at 8 dpi (Fig. 9D,E).

DISCUSSION

The UPR represents a cellular response to ER stress aiming to 
restore protein homeostasis. Failure of this restoration ultimately 
leads to the induction of PCD by mechanisms still poorly under-
stood (Bao and Howell, 2017; Williams et al., 2014). In this work, 

Fig. 6  The overexpression of luminal binding protein (BiP) attenuates 
the cell death induced by P25/helper component-proteinase (HC-Pro). 
(A) Nicotiana benthamiana leaves were infiltrated with combinations of 
Agrobacterium cultures expressing T7-tagged P25, HC-Pro, BiP or green 
fluorescent protein (GFP), as indicated. Leaf discs were excised and assayed 
for electrolyte leakage at 8 days post-infiltration (dpi). Data represent the 
means ± standard errors of six replicates, each consisting of four plants 
that received the same treatment. Statistically significant differences 
between means were determined by employing Scheffé’s multiple range 
test. Different letters indicate significant differences at P < 0.05. (B) Leaves 
were stained with 3,3′-diaminobenzidine (DAB) solution at 8 dpi. (C) 
Western blot analyses of extracts derived from leaf patches at 8 dpi, using 
antibodies against the T7 (top panel) or haemagglutinin (middle panel) 
epitope. The lower panel below the western blots shows the Ponceau 
S-stained membrane after blotting, as a loading control. The intensities of 
the P25 and BiP bands, normalized for the loading controls, were quantified 
by densitometric analyses. (D) Effect of BiP expression on P25 + HC-Pro-
induced membrane modification in transgenic N. benthamiana plants 
expressing endoplasmic reticulum (ER)-GFP (line 16c). GUS, β-glucuronidase. 
Photographs were taken at 6 dpi. Bars in each panel represent 20 µm. 
[Colour figure can be viewed at wileyonlinelibrary.com]
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we focus our attention on the elicitation of UPR and cell death in 
PVX-associated synergisms.

ER-GFP-transgenic N. benthamiana plants and inhibitor as-
says using cerulenin demonstrated that the P25-induced cell 
death correlated with dramatic alterations in the cortical ER 
reticular structure. The granular structures and large inclusion 
bodies induced by the expression of P25 together with HC-Pro 
were similar to those induced by the helicase protein encoded 
by Radish mosaic virus, which triggered cell death when over-
expressed in N. benthamiana (Hashimoto et al., 2015). Previous 
studies have shown that PVX P25 mutants that have impaired 
ability to suppress RNA silencing do not induce cell death when 
synergized by the presence of other VSRs (Aguilar et al., 2015). 
In this work, two silencing suppression-deficient mutants of P25, 
T117A and K124E, showed reduced ER membrane modification 
effects compared with P25wt, suggesting that these mutations 
affect the conformational structure of the protein that regu-
lates the membrane modification activity. On the other hand, 
the suppression-competent P25 mutant A104V fully retained 
its ER membrane modification activity. Such correlation of cell 
death-inducing activity in the P25 protein with its silencing sup-
pression activity suggests a causal relationship between these 
two properties. Because the P25-induced cell death has charac-
teristics similar to HR, i.e. strong oxidative stress and degradation 
of nuclear DNA, amongst others (García-Marcos et al., 2013), it 
has been suggested that P25 induces cell death mediated by 
R-like protein recognition once P25 reaches a threshold level by 
the action of VSRs (Aguilar et al., 2015). Indeed, several studies 
have shown that a number of viral suppressors of RNA silencing 
can also act as avr determinants (Angel and Schoelz, 2013; Király 
et al., 1999; de Ronde et al., 2014), some of which require VSR 
activity to induce an HR (Chen et al., 2008; Li et al., 1999; Wang 
et al., 2015). In support of this hypothesis, silencing of SGT1 and 
RAR1, which are known to play essential roles in many R-gene-
triggered resistance responses against viruses, reduced both 
P25-mediated necrosis and systemic necrosis induced by PVX/
PPV synergism (Aguilar et al., 2015). Although the hypothetical 
R gene in N. benthamiana has not been identified, P25 elicits 
an HR in potato cultivars expressing the Nb gene (Malcuit et al., 
1999). Transient expression of a P25-GFP fusion protein in Nb po-
tato cells led to the formation of large inclusion bodies, followed 
by degradation of subcellular structures, similar to those induced 
by the expression of P25/VSR in N. benthamiana.

One of the most commonly accepted models for R–avr recog-
nition is the guard hypothesis, in which the pathogen avr protein 
targets a host protein under surveillance of the R protein rather 
than binding directly to the R protein (Moffett, 2016). The guard 
hypothesis predicts that pathogen perception is achieved by 
monitoring proteins (guardees) commonly targeted by avr pro-
teins. Thus, we hypothesized that the alteration of the normal 
levels of the guardee could have an effect on R–P25 recognition, 

as has been described in Arabidopsis, where the reduction in 
RIN4 (guardee) via antisense RNA inhibited both the HR and the 
restriction of Pseudomonas syringae growth controlled by the 
RPM1 resistance protein (Mackey et al., 2002). Here, we tested 
this hypothesis by the co-expression of P25 in combination with 
HC-Pro in plants with altered expression of key components of 
the RNA silencing machinery, several of which have been re-
ported to be targeted by P25 (Brosseau and Moffett, 2015; Chiu 
et al., 2010; Okano et al., 2014). However, the knockdown of 
RDR6, SGS3 and Dicer-like genes, as well as the overexpression 
of NbAGO2, NbAGO4 and AtAGO2, failed to alter the cell death 
response elicited by the P25/HC-Pro combination, suggesting 
that none of these proteins are candidates for P25 targeting 
for indirect detection by the hypothetical R gene. Although we 
cannot rule out that the N. benthamiana R protein might recog-
nize directly a suppression-competent conformation of P25, the 
low sequence identity amongst the P25 proteins from PVX and 
PlAMV (36%), both of which elicited cell death when synergized 
with HC-Pro, makes this possibility unlikely. It has been reported 
that the avr determinant in the potexvirus–Rx pathosystem re-
quires a high level of identity amongst the coat proteins of the 
various recognized viruses (Baurès et al., 2008).

Alternatively, the RNA silencing suppressor activity and in-
duction of cell death by P25 might not be linked by a causal 
relationship, but may still rely on a structural feature of the pro-
tein that is required for both activities. In this scenario, the P25-
triggered necrosis may be connected to an essential function of 
P25 during potexvirus infection. It has been reported that P25 in 
the absence of other viral factors induces the rearrangement of 
ER membranes into the so-called X-body, a virally induced inclu-
sion structure that supports PVX replication (Tilsner et al., 2012). 
In this study, we showed that ER chaperones and protein-folding 
genes, such as BiP, HSP90-2, SKP1, CRT and CAM, and a tran-
scription factor that is induced during ER stress, bZIP60, were all 
up-regulated in N. benthamiana leaves expressing P25 together 
with HC-Pro. Although the up-regulation of UPR-related gene 
expression was somewhat modest in P25/HC-Pro-infiltrated 
patches, similar increases in these genes (c. twofold) were re-
ported in plants systemically infected with the synergistic pair 
PVX–PVY (García-Marcos et al., 2009). Thus, the extensive rear-
rangement of ER membranes with the progressive formation of 
granular structures and large inclusion bodies during the ectopic 
expression of P25 probably disturbs ER homeostasis and causes 
ER stress. However, despite the induction of UPR, stress on the 
ER remained unresolved in P25/VSR-infiltrated patches, which 
ultimately led to cell death. It should be noted that UPR-related 
gene expression was an early response to the ectopic expression 
of P25/HC-Pro that preceded the onset of cell death, as has been 
reported in other examples of ER-targeted viral proteins that lead 
to cell death (Lu et al., 2016; Ye et al., 2013, 2011). Similarly, we 
propose that co-infections of PVX with other viruses expressing 
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strong VSRs could mimic HC-Pro action on P25, allowing P25 to 
accumulate to very high levels with a detrimental effect on ER 
homeostasis, subsequently leading to necrosis in systemic leaves. 
The expression of P25 from the PVX genome is tightly regulated 
by the low levels of expression of the TGB sgRNA (Verchot et al., 
1998), suggesting that the control of P25 expression might rep-
resent a strategy of the virus to avoid detrimental effects in the 
host. It has been shown that the accumulation of PVX sgRNA 
encoding P25, but not gRNA, increases in plants doubly infected 
with PVX and PPV, and by the co-expression of PVX together 
with PPV HC-Pro (Aguilar et al., 2015). Moreover, the expression 
of P25 from a PPV vector was sufficient to induce an increase 

in PPV pathogenicity that led to necrotic mottling in systemic 
leaves. Thus, systemic necrosis caused by PVX-associated syn-
ergistic infections is most probably the result of an unmitigated 
ER stress following the overaccumulation of a viral protein, P25, 
with ER remodelling activity. Another implication drawn from 
our results is that unidentified viral proteins with ER remodelling 
activities could be involved in other cases of viral synergisms, 
where ‘helper’ viruses encoding strong VSRs, such as potyvi-
ruses, exacerbate the accumulation of the partner encoding a 
protein with ER remodelling activity (Syller, 2012).

Previous investigations have shown that the TGB3 protein 
of PVX triggers UPR and elicits PCD when expressed from TMV 
or under the control of the CaMV 35S promoter and delivered 
by agroinfiltration into N. benthamiana (Ye et al., 2013, 2011). 
These findings argue that PVX encodes at least two protein prod-
ucts, TGB3 and P25, capable of inducing a UPR and cell death 
when overexpressed by either a viral vector or in the presence 
of a strong VSR. Although we cannot rule out a contribution of 
TGB3 in cell death induced by PVX-associated synergisms, we 
suggest that P25 is the main PVX determinant involved in the 
elicitation of cell death, as it has been reported that a P25 frame-
shift mutant clone of PVX, which maintains unaltered the TGB3 
gene, does not lead to necrosis when co-expressed with VSRs 
(Aguilar et al., 2015; this study).

BiP is an essential regulator of UPR and has been demon-
strated to attenuate ER-induced cell death in several systems 
(Reis et al., 2011; Ye et al., 2013). Similarly, the overexpression of 
BiP contributes to alleviate the induction of cell death associated 
with PVX-associated synergisms. On the other hand, silencing 
of bZIP60 has been reported to suppress BiP transcript levels, 

Fig. 7  Silencing of bZIP60 results in enhanced cell death induced by 
P25/helper component-proteinase (HC-Pro). Nicotiana benthamiana leaves 
were infiltrated with Agrobacterium cultures expressing pTRV2:bZIP60 or 
pTRV2:00 (vector control). (A) Silencing of bZIP60 transcripts was monitored 
by reverse transcription-polymerase chain reaction (RT-PCR) in the 
uppermost leaves at 20 days after inoculation (dai). The same RT reactions 
were used to amplify 18S RNA gene transcripts as a control. The number of 
PCR cycles is indicated below the treatments. RT–, control without RT. (B) At 
20 dai, leaves of pTRV2:bZIP60 and control plants were agroinfiltrated with 
green fluorescent protein (GFP) alone or the combination of T7-tagged P25 
plus HC-Pro in opposite leaf patches. Leaf discs from bZIP60-silenced and 
control leaves were excised and assayed for electrolyte leakage at 8 days 
post-infiltration (dpi). Data represent the means ± standard errors of six 
replicates, each consisting of four plants that received the same treatment. 
Statistically significant differences between means were determined by 
employing Scheffé’s multiple range test. Different letters indicate significant 
differences at P < 0.05. (C) Leaves from bZIP60-silenced and control leaves 
were stained with 3,3′-diaminobenzidine (DAB) solution at 8 dpi. (D) 
Western blot analysis of extracts derived from leaf patches at 8 dpi, using 
antibodies against the T7 epitope. The lower panel below the western 
blot shows the Ponceau S-stained membrane after blotting, as a loading 
control. The intensity of the P25 bands, normalized for the loading controls, 
was quantified by densitometric analysis. [Colour figure can be viewed at 
wileyonlinelibrary.com]
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indicating that bZIP60 acts as an upstream signal transducer of 
UPR (Ye et al., 2011). Thus, it was not unanticipated that overex-
pression of BiP and knockdown of bZIP60 would have opposite 
effects on the cell death caused by P25/VSR combinations. It is 
worth noting that the effects of overexpression of BiP and knock-
down of bZIP60 on cell death caused by synergistic infection 
with PVX plus HC-Pro recapitulated those observed in combina-
tions of P25 with different VSRs, indicating that the agroinfiltra-
tion assays with viral proteins recreated common mechanisms 
underlying PVX-associated synergisms. Moreover, it is remark-
able that a significant amount of cell death was still observed in 
leaf patches overexpressing BiP, indicating that the pro-survival 
response based on BiP may be insufficient to completely inhibit 
cell death in PVX-associated synergisms. Indeed, previous results 
from our group failed to detect an alleviation of P25-induced ne-
crosis by BiP overexpression when tissue staining to detect H2O2 
production was used instead of the more quantitative electrolyte 
leakage assay (Aguilar et al., 2015).

Recently, it has been reported that disruption of the host 
methionine cycle and the concomitant reduction in cellular glu-
thathione levels by HC-Pro from Potato virus A (PVA) underlines 
the strong oxidative stress and the severe symptoms observed 
during PVX–PVA synergism in N. benthamiana (De et al., 2018). 
However, we do not favour a central role of HC-Pro in the elic-
itation of cell death in PVX-associated synergisms, as the P25 
protein, as well as PVX, induced cell death when overexpressed 
with VSRs derived from viruses with different biological proper-
ties, e.g. TBSV, CMV and CTV (Aguilar et al., 2015; this study). 
Moreover, overexpression of BiP attenuated the cell death re-
sponse induced by different P25/VSR combinations, suggesting 
a common mechanism underlying PVX-associated synergisms in 
N. benthamiana.

So far, the activation of a specific ER-dependent cell death 
pathway has not been documented in plants. Although it is not 
known precisely how P25 induces cell death, a plausible mech-
anism is that P25-induced membrane modification by itself or 
endogenous molecules exposed during P25-directed membrane 
rearrangement might be recognized as damage-associated mo-
lecular patterns (DAMPs), thus leading to DAMP-triggered im-
munity (Boller and Felix, 2009). Indeed, several studies have 
indicated that the modification of ER membranes attributable to 
the action of membrane-targeted viral proteins may be recog-
nized as a common trigger of cell death responses against a wide 
range of plant viruses (Carette et al., 2002; Hashimoto et al., 
2015; Lu et al., 2016; Luan et al., 2016; Ye et al., 2013, 2011 ). The 
concept of DAMPs has a remarkable parallelism with the guard 
model for R–avr recognition (Boller and Felix, 2009), which could 
explain many of the similarities between P25-induced cell death 
and HR conferred by R genes (Aguilar et al., 2015; García-Marcos 
et al., 2013). For instance, SGT1 and RAR1, both of which partici-
pate in PVX/potyvirus-associated cell death, appear to positively 

regulate the process of cell death during non-host, effector-trig-
gered immunity and pathogen-triggered immunity (Liu et al., 
2002; Wang et al., 2010).

In addition to the role of UPR as a negative regulator 
of P25-induced cell death, overexpression of BiP restricted 
PVX accumulation in local tissues. Concordantly, silencing 
of bZIP60 increased PVX titres and virus spread to the upper 
parts of the plant. These data indicate that UPR partially 
restricts PVX infection in N. benthamiana, as has been re-
ported by others at the local level using bZIP60-silenced 
plants (Arias Gaguancela et al., 2016). However, other ex-
amples support the idea that UPR facilitates virus infec-
tion. Previous studies have shown that mutation of bZIP60 
reduced the ability of TuMV to infect Arabidopsis (Zhang 
et al., 2015). Luan et al. (2016) showed that the P3 protein 
of Soybean mosaic virus (SMV) targets soybean translation 
elongation factor 1A resulting in UPR, which, in turn, facil-
itates SMV replication. Such opposite observations indicate 
that UPR may differentially affect plant responses in distinct 
host–virus interactions. Nevertheless, it is noteworthy that, 
whereas altered accumulation of PVX in local infected leaves 
of bZIP60-silenced plants was dependent on the presence of 
HC-Pro in the inoculum, no such dependence was observed 
in the reduction of PVX titres mediated by BiP overexpres-
sion or in the enhanced systemic movement of the virus in 
bZIP60-silenced plants. The mechanisms of these effects re-
main unknown and need to be investigated further.

In summary, we have explored two possible mechanisms to 
explain the cell death induced during PVX-associated synergism 
in N. benthamiana, i.e. ER stress and elicitation of HR by the 
suppressor of RNA silencing protein P25 from PVX. We found 
no evidence that VSR activity has a causal relationship with cell 
death elicited by P25. Conversely, accumulation of P25 beyond a 
threshold level by the action of VSRs led to extensive rearrange-
ment of ER and subsequent triggering of UPR. Failure to restore 
ER homeostasis ultimately led to ER collapse and cell death. 
Nevertheless, UPR-related gene expression still contributed to 
restrict PVX multiplication and spread.

E XPE RIM E NTA L PROC E DU RES

Binary vector constructs

The PVX, PVX-GFP and PVX∆P25 binary vectors have been de-
scribed previously (Aguilar et al., 2015; Lu et al., 2003; Peart et al., 
2002). The PCR amplification and cloning of T7-tagged versions of 
PVX P25wt or P25 mutants A104V, T117A and K124E, PPV HC-Pro, 
as well as PPV HCLH (HCL134H), TBSV P19, CMV 2b, CTV P23 and 
the haemagglutinin (HA)-tagged N. benthamiana BiP genes, into 
Agrobacterium tumefaciens binary vectors has been described 
previously (Aguilar et al., 2015). Agrobacterium tumefaciens car-
rying pCAMBIA1305.1 containing a gene encoding GUS was used 
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as a negative control. In some experiments, a free GFP reporter 
gene expressed from pCAMBIA2300 was used as a control.

The NbAGO2 ORF and NbAGO4 ORF were cloned using 
cDNA derived from TBSV-infected N. benthamiana leaves 
using gene-specific oligonucleotides (Table S1, see Supporting 
Information). The PCR products were purified and cloned into 
the pGEM-T easy vector (Promega, Alcobendas, Spain), and sub-
sequently subcloned into the XbaI-BamHI and XbaI-SmaI sites 
of the pBIN61 vector to yield pBIN61-NbAGO2 and pBIN61-
NbAGO4, respectively. The construction of pBIN61-AtAGO2 and 
pBIN61-PlAMVP25 has been described previously (Brosseau and 

Moffett, 2015; Takeda et al., 2008). Validation of overexpres-
sion of AGO mRNAs in plants was monitored by RT-PCR using 
gene-specific oligonucleotides (Table S1).

Plant material and agroinfiltration

Nicotiana benthamiana plants, either wt or transgenic for the 
constitutive expression of GFP targeting the cortical ER (line 16c), 
were used (Ruíz et al., 1998). Nicotiana benthamiana plants which 
contain hairpins to decrease endogenous DCL1, DCL2, DCL3 and 
DCL4 or RDR6 transcripts were described by Dadami et al. (2013) 
and Schwach et al. (2005), respectively. Plants were grown in a 
growth chamber with a 16-h light/8-h dark cycle at 25 ℃.

For transient expression assays (leaf patch assays), A. tu-
mefaciens cultures were grown to exponential phase in Luria-
Bertani medium with antibiotics at 28 ℃. Bacterial cultures were 
diluted to a final optical density of 0.6 at 600 nm. Equal volumes 
of each suspension were then combined and infiltration of the 
mixtures was performed into leaves of N. benthamiana plants.

Confocal microscopy

Epidermal cells in 16c N. benthamiana-infiltrated leaves were mon-
itored live for fluorescence derived from GFP targeting the corti-
cal ER at 6–8 dpi. Imaging was conducted with Leica SP2 and SP5 
(Leica Microsystems GmbH, Heidelberg, Germany) confocal laser-
scanning microscopes and software, using fresh leaf tissue and 
×63 magnification oil immersion objectives. GFP fluorescence was 
excited at 488 nm and emitted light was captured at 500–530 nm.

RNA and protein gel blot analysis

Total RNA was extracted from leaf tissues as described previously 
(Pacheco et al., 2012). qRT-PCR for the analysis of gene expression 

Fig. 8  The overexpression of luminal binding protein (BiP) attenuates 
cell death induced by Potato virus X (PVX) plus helper component-
proteinase (HC-Pro). (A) Nicotiana benthamiana leaves were infiltrated with 
combinations of Agrobacterium cultures expressing PVX, HC-Pro, BiP or 
β-glucuronidase (GUS), as indicated. Leaf discs were excised and assayed 
for electrolyte leakage at 8 days post-infiltration (dpi). Data represent the 
means ± standard errors of 12 replicates, each consisting of four plants that 
received the same treatment. Statistically significant differences between 
means were determined by employing Scheffé’s multiple range test. Different 
letters indicate significant differences at P < 0.05. (B) Representative 
leaves were photographed at 12 dpi. (C) Quantitative reverse transcription-
polymerase chain reaction (qRT-PCR) was used to analyse the accumulation 
of PVX genomic RNA levels in leaf patches infected with PVX at 4 and 7 dpi. 
Expression of the 18S rRNA gene served as a control. Data represent the 
means ± standard errors of three replicates, each consisting of three plants 
that received the same treatment. Statistical comparisons between means 
were made by employing the Mann–Whitney U-test for between-group 
comparisons with a Bonferroni correction for multiple comparisons of α to 
α = 0.008. Different letters indicate significant differences at P < 0.008. 
For pairwise comparisons, asterisks indicate significant differences between 
treatments (Mann–Whitney U-test, *P < 0.05). [Colour figure can be viewed 
at wileyonlinelibrary.com]
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was performed with gene-specific primers (Table S1). qRT-PCR 
for virus detection was performed using primers that amplify a 
region from nucleotides 2621 to 2753 of the PVX sequence, as de-
scribed by García-Marcos et al. (2013). The relative quantification 

of PCR products was calculated by the comparative cycle thresh-
old (ΔΔCt) method, as described previously (García-Marcos et al., 
2013). Amplification of 18S rRNA was chosen for normalization be-
cause of its similar level of expression across all treatments.

Fig. 9  Enhanced cell death in bZIP60-silenced plants infected with Potato virus X (PVX) plus helper component-proteinase (HC-Pro). Nicotiana benthamiana 
leaves were infiltrated with Agrobacterium cultures expressing pTRV2:bZIP60 or pTRV2:00 (vector control). (A) Twenty days after inoculation, leaves of 
pTRV2:bZIP60 and control plants were agroinfiltrated with combinations of PVX together with HC-Pro or β-glucuronidase (GUS). Leaf discs from bZIP60-silenced 
and control leaves were excised and assayed for electrolyte leakage at 8 days post-infiltration (dpi). Data represent the means ± standard errors of six replicates, 
each consisting of four plants that received the same treatment. Statistically significant differences between means were determined by employing Scheffé’s 
multiple range test. Different letters indicate significant differences at P < 0.05. (B) Representative leaves were photographed at 10 dpi. (C) Quantitative reverse 
transcription-polymerase chain reaction (qRT-PCR) was used to analyse the accumulation of PVX genomic RNA levels in leaf patches infected with PVX at 4 and 
7 dpi. Expression of the 18S rRNA gene served as a control. Data represent the means ± standard errors of six replicates, each consisting of two plants that 
received the same treatment. Statistical comparisons between means were made by employing Scheffé’s multiple range test for between-group comparisons. 
Different letters indicate significant differences at P < 0.05. For pairwise comparisons, asterisks indicate significant differences between treatments (Student’s 
t-test, P < 0.05). (D) bZIP60-silenced and control plants were agroinfiltrated with PVX-GFP (green fluorescent protein). Photographs were taken with long-
wavelength UV light at 8 dpi. (E) Western blot analysis of extracts derived from systemic leaves at 8 dpi, using antibodies against GFP. Two independent pooled 
samples were analysed, each consisting of two plants that received the same treatment. The lower panel shows the Ponceau S-stained membrane after blotting, 
as a loading control. The intensity of the GFP bands, normalized for the loading controls, was quantified by densitometric analysis. [Colour figure can be viewed 
at wileyonlinelibrary.com]
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Proteins were analysed by western blot as described previ-
ously (Tena Fernández et al., 2013). T7-tagged P25 was detected 
with horseradish peroxidase (HRP)-conjugated anti-T7 antibody 
(Novagen, Billerica, MA, USA) (1 : 5000 dilution). PPV HC-Pro 
was detected with a rabbit polyclonal antiserum (1 : 400 dilu-
tion) (González-Jara et al., 2005). HA-tagged BiP was detected 
with a rat monoclonal antiserum to HA (Roche, Indianapolis, 
IN, USA) (1 : 10 000 dilution). For immunological detection of 
GFP, a rabbit anti-GFP, N-terminal antibody was used (Sigma-
Aldrich, St. Louis, MO, USA) (1 : 3000 dilution). An appropriate 
secondary antibody conjugated with HRP was used in each case. 
Detection was performed using either the ECL system (Amersham 
Biosciences, Little Chalfont, UK) or with SigmaFastTM 5-bromo-
4-chloro-3-indolyl-phosphate/nitro blue tetrazolium substrate 
tablets (Sigma-Aldrich).

Electrolyte leakage assays

The extent of cell death was measured quantitatively by monitor-
ing electrolyte leakage. Twenty-four discs of 0.3 cm2 were excised 
from the upper leaf tissue using a core borer. Discs were rinsed 
briefly with water and floated on 5 mL of double-distilled water for 
6 h at room temperature. The conductivity of the water was meas-
ured using a conductivity meter (Crison, Barcelona, Spain). This 
represented the electrolyte leakage from the leaf discs (reading 1). 
Then, samples were boiled for 20 min at 90 ℃. After the liquid had 
cooled down, the conductivity of the water was measured again. 
This represented the total ions present in the leaf discs (reading 
2). Electrolyte leakage was represented as the percentage of total 
ions released [(reading 1)/(reading 2) × 100]. To clarify the graph-
ics in Fig. 4, where diverse genetic backgrounds were compared, 
the value of control samples was set at unity and the other data 
were calculated relative to this value. Reported data are means 
and standard errors of the values obtained in two independent 
experiments with 6–12 independent replicates, each consisting of 
pools of four plants for each treatment. Statistical analyses were 
performed using the statistical software IBM SPSS Statistics v.20 
(IBM Corporation, Armonk, NY, USA).

For 3,3′-diaminobenzidine (DAB) staining to detect H2O2 
production, leaves were vacuum infiltrated for 10 min with DAB 
solution at 1 mg/mL.

VIGS assays

A 720-bp cDNA fragment (nucleotides 435–1155) of SGS3 and 
a 608-bp cDNA fragment (nucleotides 168–776) of bZIP60 from 
N. benthamiana were amplified by RT-PCR using gene-specific 
oligonucleotides (Table S1), subsequently cut with BamHI 
and XhoI, and ligated into the binary vector pTRV2 to yield 
pTRV2:SGS3 and pTRV2:bZIP60, respectively (Liu et al., 2002). 
The pTRV1 vector and the pTRV2 vector and its derivatives were 
separately transformed into A. tumefaciens strain GV3101. 

Nicotiana benthamiana leaves were infiltrated with A. tumefa-
ciens cultures as described above.

Silencing of RDR6 in the RDR6i transgenic line, and of SGS3 
and bZIP60 in VIGS assays, was detected from upper, non-in-
oculated leaf tissue by RT-PCR (García-Marcos et al., 2013). To 
ensure that similar amounts of cDNA were used for silenced and 
non-silenced plants, amplification of 18S rRNA or actin tran-
scripts was employed as the internal control. Primers that anneal 
outside the region targeted for silencing were used to ensure 
that the endogenous gene would be tested (Table S1).

Drug treatment

To inhibit de novo lipid biosynthesis, N. benthamiana leaves 
were infiltrated with 200 µm of cerulenin (Sigma-Aldrich), which 
was dissolved in 2% DMSO-containing infiltration buffer for 
agroinfiltration.

To assess the role of the actin cytoskeleton, leaves were 
infiltrated with either 10 µm LatB (Merck, Danvers, MA, USA) 
or a DMSO buffer control at 4 days after infiltration with 
Agrobacterium cultures.
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SUPPORTING INFORMATION

Additional supporting information may be found in the online 
version of this article at the publisher’s web site:

Fig. S1 Expression of PVX P25 together with PPV HC-Pro elicits 
cell death in N. benthamiana. (A) Leaf was infiltrated with combi-
nations of Agrobacterium cultures expressing PVX plus either HC-
Pro, HCLH or GFP, and expressing HC-Pro plus GFP, as indicated. 
(B) Leaf was infiltrated with combinations of Agrobacterium cul-
tures expressing PVX P25 plus either HC-Pro, HCLH, or GFP, and 
expressing HC-Pro plus GFP, as indicated. (C) Leaf was infiltrated 
with combinations of Agrobacterium cultures expressing HC-Pro 
plus either PVX or PVX∆P25. Leaves were photographed at 10 
days post-infiltration. HCLH is a variant of PPV HC-Pro contain-
ing a single point mutation (L134H) and is unable to induce the 
systemic necrosis response when expressed from a PVX vector 
(González-Jara et al., 2005).
Fig. S2 Validation of silencing of RNA silencing compo-
nents and AGO overexpression in N. benthamiana plants. (A) 
Silencing of RDR6 transcripts was monitored by RT-PCR in 
RDR6i transgenic line. (B) Silencing of SGS3 transcripts was 
monitored by RT-PCR in uppermost leaves at 20 days after in-
oculation with pTRV2:SGS3 or pTRV2:00 (vector control). The 
same RT reactions were used to amplify actin transcripts as 
a control. The number of PCR cycles is indicated below treat-
ments. (C) Overexpression of NbAGO2 (upper panels), NbAGO4 
(middle panels) and AtAGO2 (bottom panels) transcripts was 
monitored by RT-PCR at 5 days after infiltration with the  
respective constructs.
Fig. S3 BiP overexpression attenuated the cell death response 
in leaves infiltrated with P25 together with suppressors of RNA 
silencing. Leaves of N. benthamiana were infiltrated with combi-
nations of Agrobacterium cultures expressing PVX P25 plus ei-
ther PPV HC-Pro, TBSV P19, CMV 2b, or CTV P23 and expressing 
PlAMV P25 plus HC-Pro in combination with either GFP or BiP, 
as indicated. Leaves were stained with DAB solution at 8 days 
post-infiltration.
Fig. S4 qRT-PCR was used to analyze the accumulation of PVX 
genomic RNA levels in leaf patches infiltrated with PVX plus 
either HC-Pro, BiP or GUS at 3 and 6 days post-infiltration (dpi). 
Expression of the 18S rRNA gene served as a control. Data 
represent the means ± standard errors of 3 replicates, each 
consisting of three plants that received the same treatment. 
Statistical comparisons between means were made by employ-
ing Mann-Whitney U test for between-groups comparisons 
with a Bonferroni correction for multiple comparisons of α to  
α = 0.008. Different letters indicate significant differences at  
P < 0.008. For pairwise comparisons, asterisks indicate sig-
nificantdifferences between treatments (Mann-Whitney U test,  
* P < 0.05). 
Table S1 Primers used for RT-PCRs and construction of clones.


