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Hypersensitive response-related programmed cell death
(PCD) has been extensively analyzed in various plant—
virus interactions. However, little is known about the
changes in gene expression and phytohormone levels
associated with cell death caused by compatible viruses.
The synergistic interaction of Potato virus X (PVX) with a
number of Potyvirus spp. results in increased symptoms
that lead to systemic necrosis (SN) in Nicotiana bentha-
miana. Here, we show that SN induced by a PVX recom-
binant virus expressing a potyviral helper component-
proteinase (HC-Pro) gene is associated with PCD. We have
also compared transcriptomic and hormonal changes that
occur in response to a compatible synergistic virus inter-
action that leads to SN, a systemic incompatible interac-
tion conferred by the Tobacco mosaic virus-resistance
gene N, and a PCD response conditioned by depletion of
proteasome function. Our analysis indicates that the SN
response clusters with the incompatible response by the
similarity of their overall gene expression profiles. How-
ever, the expression profiles of both defense-related genes
and hormone-responsive genes, and also the relative accu-
mulation of several hormones in response to SN, relate
more closely to the response to depletion of proteasome
function than to that elicited by the incompatible interac-
tion. This suggests a potential contribution of proteasome
dysfunction to the increased pathogenicity observed in
PVX-Potyvirus mixed infections. Furthermore, silencing
of coronatine insensitive 1, a gene involved in jasmonate
perception, in N. benthamiana accelerated cell death in-
duced by PVX expressing HC-Pro.

Virus infections are the cause of numerous plant disease
syndromes in susceptible hosts. One of the most severe symp-
toms elicited by many plant viruses is systemic necrosis (SN),
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which causes not only developmental arrest but also leaf or
plant death over the course of several days. The molecular
mechanisms of SN induction in susceptible hosts seem differ-
ent from the so-called hypersensitive response (HR) that is
induced within hours in response to incompatible virus—host
interactions. HR, a form of programmed cell death (PCD)
(Dangl and Jones 2001), is initiated at infection sites and limits
virus spread in association with localized death of infected and
neighboring cells, inducing a variety of defense-related genes
and a wide range of physiological changes, which usually
involve direct or indirect recognition between avirulence (Avr)
factors and host resistance (R) genes (Hammond-Kosack and
Jones 1996).

Several lines of evidence have shown that SN shares HR
attributes, such as the induction of PCD, the expression of
defense-related genes, and the production of reactive oxygen
species (ROS) (Garcia-Marcos et al. 2009; Kim et al. 2008;
Komatsu et al. 2010; Lamb et al. 1997; Xu and Roossinck
2000). Moreover, several studies have suggested that SN may
result from a gene-for-gene interaction, in some cases
through R gene recognition (Atsumi et al. 2009; Kim et al.
2010; Kiraly et al. 1999). In addition, perturbation of Avr—R
recognition during incompatible interactions occasionally re-
sults in virus escape to distant tissues provoking systemic HR
(SHR), a phenotype that resembles SN (Dinesh-Kumar et al.
2000; Seo et al. 2006). Whether the host utilizes the same
molecular or cellular circuits in processing cell death signals
induced by both compatible and incompatible interactions is
not known.

Significant progress has been made in characterizing incom-
patible plant—virus interactions that induce PCD and disease
resistance (Lewsey et al. 2009). However, very little is known
about how compatible viruses induce PCD-like processes, al-
though several studies have identified viral symptom determi-
nants responsible for SN (Burgyan et al. 2000; Kirdly et al.
1999; Komatsu et al. 2011). Because both types of necrosis
responses share molecular and biochemical features, a com-
parative study could shed light on their similarities and differ-
ences. In particular, the magnitude and complexity of gene
expression changes that occur during a compatible plant—virus
interaction that leads to SN have never been compared at the
genome level with those induced by an incompatible interac-
tion. Additionally, although several phytohormones are known
to act as signal molecules in defense responses (Kunkel and
Brooks 2002), a comprehensive study of their involvement in
SN has not been undertaken.
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Compared with single infections, co-infection of Nicotiana
benthamiana with Potato virus X (PVX) and Potato virus Y
(PVY) resulted in increased systemic symptoms (synergism)
that led to SN in the newly emerging leaves, and to plant
death. Accordingly, it induced a severe oxidative stress in plant
leaves, as judged by increases in lipid peroxidation and by
the generation of ROS (Garcia-Marcos et al. 2009). Further,
the expression of the potyviral helper component-proteinase
(HC-Pro) protein by a PVX vector (PVX/HCWT) was sulffi-
cient to induce an increase of PVX pathogenicity that led to
SN (Gonzélez-Jara et al. 2005). Potyvirus sp.-associated syner-
gistic diseases have been suggested to result from suppression
by the multifunctional HC-Pro of the host defense mechanism
based on RNA silencing (Pruss et al. 1997). Moreover, HC-Pro
has also been shown to interfere with the microRNA- and
small-interfering RNA-mediated regulation of endogenous
gene expression (Kasschau et al. 2003). In fact, transgenic ex-
pression of PVY HC-Pro alone partially mimicked transcrip-
tional changes previously shown to occur in plants infected
with intact viruses, indicating that it is a major factor in viral
pathogenicity (Soitamo et al. 2011). However, although over-
expression of HC-Pro induced phenotypic changes in both
growth rate and morphology of Nicotiana spp., the necrosis
symptom was never elicited in these transgenic plants. Re-
search on animal viral proteins has revealed that viruses can
direct or hijack proteasome function by interacting with the
core of the 20S proteasome or with its 19S regulatory particle
(Dielen et al. 2010). Evidence that HC-Pro interferes with
some of the catalytic activities of the plant 20S proteasome
(Ballut et al. 2005; Dielen et al. 2011) suggests the potential
contribution of proteasome dysfunction to the increase in
pathogenicity observed in PVX—Potyvirus infections.

The ubiquitin-proteasome-dependent pathway is involved
in the response of plants to most environmental modifica-
tions and stresses, including plant—pathogen interactions
(Craig et al. 2009; Dielen et al. 2010). Recent advances in
hormone signaling research have uncovered a common strat-
egy in which proteasome-mediated degradation complexes
are central for the transmission of hormonal signals in plant
defense responses (Chini et al. 2009). In addition, the protea-
some system also has a major role in the regulation of animal
apoptosis, and similar regulatory roles have been postulated
for PCD in plants (Hatsugai et al. 2009). It has also been
reported that silencing of different subunits of the 20S pro-
teasome by virus-induced gene silencing (VIGS) triggers
PCD in plants by inactivating proteasome function (Kim et
al. 2003).

In this study, a transcriptome analysis was undertaken in
N. benthamiana to identify similarities and differences in
gene expression profiles between SN induced by a compati-
ble synergistic virus interaction and PCD induced by either
an incompatible virus or depletion of proteasome function.
Our analysis indicated that, although the SN response was
clustered with the incompatible response by the similarity of
their overall gene expression profiles, the particular expres-
sion profiles of defense-related and hormone-responsive
genes in response to SN were more closely related to profiles
in response to depletion of proteasome function than to those
elicited by the incompatible interaction. Biochemical meas-
urement of salicylic acid (SA), jasmonic acid (JA), and ab-
scissic acid (ABA) levels and expression analysis of marker
genes supported these findings, suggesting that SA regulates
the differential defense response to the incompatible virus.
Furthermore, it was shown that JA signaling mediated
through coronatine insensitivel (COI1) interfered with infec-
tion by PVX/HCWT and subsequent cell death in N. bentha-
miana.
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RESULTS

Cell death induced by compatible and incompatible
viruses, and by depletion of proteasome function.

PVX recombinant virus expressing the HC-Pro gene from
Plum pox virus (PPV) (PVX/HCWT) induced an enhancement
of PVX pathogenicity, manifested as necrosis in systemically
infected leaves and stems at 11 days postinoculation (dpi), that
caused plant death during the course of the following few days
(Fig. 1A). A variant of PPV HC-Pro containing a single point
mutation (HCL3,H) was unable to induce this SN response,
although plants developed typical PVX symptoms on
systemically infected leaves (PVX/HCLH) (Gonzilez-Jara et
al. 2005). Infiltration of plants with Agrobacterium tumefaciens
harboring a Tobacco rattle virus (TRV)-based VIGS vector
containing a 520-bp fragment from the PBE subunit of the N.
benthamiana 20S proteasome caused the progression of necro-
sis from periveinal regions of systemic leaves at 8 days after
infiltration (dai), and led to collapse of the plant later on (Kim
et al. 2003). Real-time quantitative reverse-transcription poly-
merase chain reaction (QRT-PCR) analysis showed a markedly
reduced accumulation (20-fold) of NbPBE transcripts in leaves
of NbPBE-silenced plants compared with the effect of the
empty vector (TRV:00) in control leaves. To examine an incom-
patible virus—host interaction, we took advantage of the syn-
chronous HR induction system in transgenic N. benthamiana
plants expressing the N gene resistance gene from N. glutinosa
after infection with a Tobacco mosaic virus-based vector ex-
pressing free green fluorescent protein (TMV-GFP) (Peart et
al. 2002). Shifting TMV-GFP-infected tissues from 30°C, a
nonpermissive temperature for HR induction, to 25°C resulted
in Avr—R recognition that led to a SHR at 72 h after the
temperature shift (hts), which was absent in wild-type plants
infected with TMV-GFP. Likewise, trypan blue staining
revealed the presence of areas of dead cells in wild-type plants
infected with PVX/HCWT or TRV:NbPBE or in N gene-trans-
genic plants infected with TMV-GFP (Fig. 1B). Such staining
was not found in wild-type leaves infected with PVX/HCLH,
TRV:00, or TMV-GFP.

Degradation of nuclear DNA is one of the hallmarks of
PCD. Therefore, we utilized an assay based on the detection
of 3’ hydroxyl groups of degraded nuclear DNA (terminal de-
oxynucleotidyltransferase-mediated dUTP nick end labeling
[TUNEL] assay) (Gavrieli et al. 1992) to investigate whether
PCD was involved in the SN induced by PVX/HCWT. We de-
tected cleavage of nuclear DNA in both the mock-inoculated
control treated with DNasel and in plants inoculated with
PVX/HCWT (Fig. 1C). Control N. benthamiana plants, as well
as PVX/HCLH-infected plants, exhibited no detectable staining
for nuclear DNA cleavage. No positive signal was noted in
sections derived from PVX/HCWT-infected tissues from which
the terminal deoxynucleotidyltransferase enzyme was omitted.

Global gene expression comparison.

Six transcriptome comparisons were made in the Agilent’s
4-by-44 K Tobacco two-color chip. A design for array hybridi-
zations was used in which labeled aRNA derived from each
necrosis-inducing condition was hybridized with labeled aRNA
from the corresponding non—necrosis inducing controls. The
rationale of this strategy was to discriminate suites of genes
that were potentially involved in symptom enhancement (those
whose expression was changed significantly) from those that
were part of a more general response to virus infection within
each comparison. Because the progress of necrosis caused by
the pathogens differed among comparisons, two different time
points were selected for each comparison, based on early and
late stages of infection, as follows: i) PVX/HCWT-infected



plants versus plants infected with PVX/HCLH (hereafter re-
ferred to as SN comparison) at 7 and 11 dpi; ii) NbPBE-
silenced plants versus plants infected with the TRV empty vec-
tor (VIGS Prot comparison) at 4 and 8 dai; and iii) TMV-GFP-
infected, N-transgenic plants versus wild-type plants infected
with TMV-GFP (SHR comparison) at 24 and 72 hts. These
sampling time points correspond to stages of the infection
process prior or subsequent to the emergence of necrotic symp-
toms in each comparison.

Viral accumulation was measured in the different experi-
mental conditions using virus-specific, qRT-PCR assays on the
same pooled RNA extracts used for microarray hybridizations.

In general, the magnitude of virus accumulation was higher in
plants infected with necrosis-inducing pathogens than in plants
infected with non-necrosis inducing pathogens at early and
late time points (Fig. 1D). However, PVX/HCLH accumulated
to greater levels (twofold) than PVX/HCWT at 7 dpi. By 11
dpi, when cell death was apparent on the upper leaves of PVX/
HCWT-infected leaves, accumulation levels of PVX/HCWT
were more than five times higher than PVX/HCLH.

Microarray analysis resulted in lists of differentially expressed
genes (false discovery rate [FDR] < 0.05) (Supplementary Table
S1). Following the dynamics of necrosis appearance, the number
of differentially regulated genes was greater at the late time
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Fig. 1. Cell death induced by three different plant—virus interactions. A, Characteristic necrotic symptoms induced by Potato virus X (PVX)/HCWT,
TRV:NbPBE, and Tobacco mosaic virus-based vector expressing free green fluorescent protein (TMV-GFP) (N plant) in Nicotiana benthamiana plants at 11
days postinoculation (dpi), 8 days after infiltration (dai), and 72 h after temperature shift (hts), respectively. Note absence of necrosis in PVX/HCWT-,
TRV:00- and TMV-GFP (wild-type [Wt] plant)-infected tissues at the same time points. The relative expression of NbPBE in TRV:NbPBE-infiltrated plants
was estimated by quantitative reverse-transcriptase polymerase chain reaction (QRT-PCR) at 8 dai. Scale bars = 1 cm. B, Leaf discs from plants inoculated
with the different virus treatments were stained with trypan blue. Detection of cell death areas could be visualized as a dark coloration. Scale bars = 0.5 mm.
C, Detection of nuclear DNA fragmentation with the transferase-mediated dUTP nick-end labeling (TUNEL) assay (upper panels). Leaf sections from
PVX/HCWT-, PVX/HCLH-, and mock-inoculated plants were assayed and observed at 11 dpi. Sections of a mock-inoculated plant were treated with DNase
I (DNase +) as a positive control. Sections of a PVX/HCWT-inoculated plant were not treated with the terminal deoxynucleotidyl transferase enzyme (TDT -) as
a negative control. Nuclei are indicated by 4',6-diamidino-2-phenylindole staining (lower panels). Scale bars = 50 um. D, Comparison of relative viral loads
estimated by qRT-PCR at early and late stages of infection. RNA samples used for microarray analyses were used to determine the relative levels of
PVX/HCWT and PVX/HCLH in systemic necrosis (SN) comparison, TRV:NbPBE and TRV:00 in virus-induced gene silencing of proteasome (VIGS Prot)
comparison, and TMV-GFP in Wt and N-transgenic plants in systemic hypersensitive response (SHR) comparison. Samples were normalized to expression of
18S rRNA transcripts.

Vol. 25, No. 5, 2012/ 711



A C

SHR 24 HTS SN 11 DPI

1371 1482

a2

772
VIGS Prot 4 DAI

—
-
a
-+
=

=
-
o
=
'
=
-

VIGS Prot 8 DAI
SHR 24 HTS

SN 11 DPI
SHR 72 HTS

SHR 72 HTS SN 11 DPI

VIGS Prot 8 DAI

D

SHR 72 HTS

- = bi

VIGS Prot 4 DAI

SN 11 DPI SHR 24 HTS

VIGS Prot 8 DAI

4.8

SED
-().IJUI :
(11X 1)

[T | .—S. 1

Fig. 2. Number of specific and common differentially expressed genes
(DEG), and clustering analysis of DEG in systemic necrosis (SN), systemic
hypersensitive response (SHR), and virus-induced gene silencing of pro-
teasome (VIGS Prot) comparisons. Venn diagrams displaying the overlap
in DEG between SN at 11 days postinoculation (DPI) and SHR or VIGS
Prot at A, early (24 h after temperature shift [HTS] and 4 days after infil-
tration [DAI], respectively) and B, late (72 HTS and 8 DAI, respectively)
stages of infection. Only genes with changes in expression of 1.5-fold or
more (up or down) relative to the controls and a false discovery rate-cor-
rected P value < 0.05 are shown. C, Hierarchical cluster analysis of the
expression profiles for the 3,258 genes that were differentially expressed
in at least one comparison was performed by the Cluster 3.0 program. Ex-
pression values are color-coded, with red indicating upregulation, green
indicating downregulation, and black indicating no change in the expres-
sion. D, Gene expression dynamics inspector (GEDI) 11-by-10 clustering
analysis for the 3,258 genes that were differentially expressed in at least
one comparison. Genes with similar expression values were grouped
within the same tile. Expression values are color-coded, with red tiles indi-
cating upregulation, blue tiles indicating downregulation, and yellow tiles
indicating no change in the expression.
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points (1,482, 1,662, and 1,816 for the SN, VIGS Prot, and SHR
comparisons, respectively), than at the early time points (33,
772, and 1,371, respectively). In general, approximately equal
numbers of genes were either induced or repressed at the dif-
ferent time points in all the comparisons. Relatively few statis-
tically significant genes were identified for SN at 7 dpi, most
probably due to subtle differences in gene expression in this
comparison at early times of infection. Thus, for the SN com-
parison, we focused on the list of genes altered at 11 dpi.

Venn analysis of selected genes showed that treatments
caused both common and specific changes in host gene ex-
pression (Fig. 2A and B). There was substantial overlap in the
genes altered in each comparison and, in most cases (98%),
the observed expression changes were in the same direction. In
all, 60.2% (893/1,482) and 69.2% (1,026/1,482) of statistically
significant genes identified from the SN comparison also were
altered in the SHR comparison at the early (24 hts) and late
(72 hts) time points, respectively. In contrast, expression of a
relatively smaller number of genes was shared between SN and
VIGS Prot at the early (4 dai, 37%) and late (8 dai, 50.9%) time
points. A similar trend in overlapping regions was observed
when comparing the total number of differentially regulated
genes between the three comparisons across time (data not
shown).

Hierarchical clustering (HCL) was used to group the entire
data sets from the five comparisons by the similarity of their
overall gene expression profiles (Fig. 2C). The expression pro-
files corresponding to samples with PCD triggered by protea-
some silencing at 4 and 8 dai clustered together, apart from
samples representing PCD induced by compatible and incom-
patible viral infections. Remarkably, samples from SHR 24 hts
and SN 11 dpi were grouped together, indicating a closer rela-
tionship in the changes of relative transcript abundance be-
tween these responses compared with those altered by SHR at
72 hts.

The similarity between responses observed at the late stages
of a compatible interaction leading to SN and those that occur
at early stages of an incompatible interaction was further de-
picted using a self-organizing map (SOM) clustering algorithm
(gene expression dynamics inspector [GEDI]) (Eichler et al.
2003). GEDI uses SOM to express complex data sets as mo-
saic images that are characteristic for each sample. Each mo-
saic tile represents a group of genes that are expressed at simi-
lar levels across different experimental conditions which, in
turn, are similar in expression to the surrounding mosaic tiles.
This creates an image of the transcriptome that allows its
analysis as an entity by simple visualization. Because the
assignment of genes to the tiles is universal for the entire set of
expression profiles, GEDI maps can be directly compared with
each other. Therefore, the expression profile of differentially
expressed genes in all five microarray comparisons were visu-
alized as GEDI maps, each consisting of an 11-by-10 mosaic
(Fig. 2D). Consistent with HCL data, visual inspection of the
GEDI maps readily confirmed that SN displays significant fea-
ture similarities, although with differences, to SHR 24 hts,
based on the fine structure of the patterns of deregulated
genes. The visual patterns of the GEDI maps of these samples
remained similar when the analysis was performed with a wide
range of SOM parameters (data not shown).

Functional analysis of differentially expressed genes.

We applied a Java-based platform, the Cytoscape plug-in
ClueGO (Bindea et al. 2009), to determine which Gene Ontol-
ogy (GO) terms within biological process categories were sta-
tistically overrepresented (hypergeometric test, P < 0.005) in
each set of differentially expressed genes that were up- or down-
regulated by the different experimental comparisons. Overall,



overrepresentation analysis on the set of genes altered by SHR
24 hts, SHR 72 hts, SN 11 dpi, VIGS Prot 4 dai, and VIGS
Prot 8 dai identified 68, 64, 56, 42, and 58 functional
categories, respectively (Supplementary Table S2). Interest-
ingly, of the 56 GO categories overrepresented in SN, 82 and
77% were also identified in SHR at 24 and 72 hts, respectively
(Supplementary Fig. S1). In contrast, a smaller number of GO
categories were shared between SN and VIGS Prot at 4 and 8
dai (46 and 55%, respectively), indicating a biological signifi-
cance for the clustering analysis described above. Most of the
similarity in biological processes overrepresented in SN and
SHR comparisons came from repressed GO categories. No GO
category was overrepresented in the data set from SN at 7 dpi.
Analysis with another algorithm, BINGO (Maere et al. 2005),
gave overlapping results to the ones obtained by ClueGO as to
which biological processes and pathways are affected in the
three different experimental comparisons (data not shown).
ClueGO integrates GO terms that have similar associated
genes using kappa statistics and creates functionally organized
networks of GO terms. The networks of GO terms that were
enriched in the different experimental comparisons illustrated

the complexity of the transcriptional response, with a large
number of pathways and processes being affected in all three
PCD responses (Figs. 3 and 4). Even within the selected path-
ways and processes that will be presented below, it is out of
the scope of this article’s main text to present and discuss all
aspects.

Analysis of downregulated genes.

Overrepresentation analysis revealed a set of functionally
grouped networks of enriched GO categories that were com-
monly repressed by all three comparisons. These included
photosynthesis-related processes, cell wall remodeling, glucan
metabolism, and gibberellic acid signaling.

Photosynthesis and, to a lesser extent, other related biochemi-
cal processes, i.e., chlorophyll biosynthesis, photosynthetic elec-
tron transport chain, glycine decarboxylation (photorespiration),
thiamine biosynthesis (involved in chlorophyll biosynthesis as
a cofactor in isopentenyl diphosphate biosynthetic process),
and ferredoxin metabolism—were revealed by ClueGO as the
most prominent GO networks being affected in several of our
data sets (Fig. 3). The overrepresentation of the networks of
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Fig. 3. Network representations of enriched Gene Ontology (GO) categories among genes induced in systemic necrosis (SN), systemic hypersensitive
response (SHR), and virus-induced gene silencing of proteasome (VIGS Prot) comparisons at early (24 h after temperature shift [HTS] and 4 days after infil-
tration [DAI], respectively) and late (11 days postinoculation [(DPI], 72 HTS, and 8 DAI, respectively) stages of infection. Representations generated by
ClueGO of functionally grouped networks of biological process GO categories identified as enriched among the induced data sets derived from the different
experimental comparisons. GO terms are represented as nodes based on their kappa score level (=0.3). Biological processes are color-coded as indicated on
the figure. The label of the most significant term is used as leading group term. Multicolored networks contain GO terms shared by more than one functional
group. The node size represents the term enrichment significance. The not-grouped terms are shown in white.
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GO terms related to photosynthesis in data sets from both SN
and SHR was wider and of greater significance than in those
from VIGS Prot, indicating a deeper impact of PCD induced
by compatible and incompatible viral infections on chloroplas-
tic metabolism (group P value). Furthermore, the significance
of the GO network photosynthesis (Fig. 3, dark-blue network),
the most abundant category of repressed genes, was greater in
SN (group P value, 3.8E-101) and SHR at 24 hts (6.3E-100)
than in SHR at 72 hts (2.0E-72). The same trend was observed
for the GO network glycine decarboxylation, the other network
related to chloroplast metabolism commonly repressed in SN
and SHR data sets (Fig. 3, purple network).

Because overrepresentation analysis does not take into ac-
count amplitudes of transcriptional changes, HCL on all 118
genes within the GO network photosynthesis that were differ-
entially expressed in at least one comparison was used to clus-
ter genes and treatments based on gene expression profiles, to
further study the behavior of these genes. Overall, the repres-
sion of photosynthesis-related genes was stronger in plants
infected by either the compatible or incompatible virus than by
depletion of proteasome function (Supplementary Fig. S2;
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Supplementary Table S3). In addition, the profiles of SN and
SHR at 24 hts were clustered together and separately from that
of SHR at 72 hts. Thus, the repression of photosynthesis-related
genes in a compatible interaction that leads to SN is more
similar to that found in an incompatible interaction at the early
than at the late stages of infection.

Another significantly overrepresented subset for which tran-
script abundance decreased in response to all three comparisons
was that of genes postulated to play a role in the loosening and
rearrangement of the cell wall (Cosgrove 2005). These genes
were grouped into three networks of enriched GO categories
(i.e., plant-type cell wall organization, cellular glucan metabolic
process, and gibberellic acid mediated signaling pathway)
(Fig. 3, gray, dark-green, and red networks, respectively), and
included cell-wall-modification enzymes (endoglucanases,
polygalacturonases, and xyloglucan endotransglycosylases) as
well as other genes related to cell wall dynamics (expansins
and extensions). There was no clear bias in the significance of
these GO networks toward any of the different comparisons.

In addition to the commonly repressed genes, ClueGO iden-
tified a group of GO categories that were overrepresented exclu-
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Fig. 4. Network representations of enriched Gene Ontology (GO) categories among genes repressed in systemic necrosis (SN), systemic hypersensitive
response (SHR), and virus-induced gene silencing of proteasome (VIGS Prot) comparisons at early (24 h after temperature shift [HTS] and 4 days after infil-
tration [DAI], respectively) and late (11 days postinoculation [DPI], 72 HTS, and 8 DAI, respectively) stages of infection. Representations generated by
ClueGO of functionally grouped networks of biological process GO categories identified as enriched among the repressed data sets derived from the differ-
ent experimental comparisons. GO terms are represented as nodes based on their kappa score level (=0.3). Biological processes are color-coded as indicated
on the figure. The label of the most significant term is used as leading group term. Multicolored networks contain GO terms shared by more than one func-
tional group. The node size represents the term enrichment significance. The not-grouped terms are shown in white.
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sively in any of the different comparisons. Microtubule-related
processes (light green network) were downregulated by PCD
induced by VIGS Prot and SHR at both time points but not by
SN. Genes in these GO categories include FtsZ-like proteins
and several subunits of o.- and -tubulins.

A group of genes exclusively overrepresented in the SHR
comparison were enclosed in the GO term regulation of SA

A

-VIGS Prot 4 DAI
VIGS Prot 8 DAI

‘SHR 24 HTS
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SN 11 DPI1
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Fig. 5. Transcriptional regulation of the 110 genes within the Gene Ontol-
ogy network defense response to fungus that were identified in overrepre-
sentation analyses in systemic necrosis (SN), systemic hypersensitive
response (SHR), and virus-induced gene silencing of proteasome (VIGS
Prot) comparisons at early (24 h after temperature shift [HTS] and 4 days
after infiltration [DAI], respectively) and late (11 days postinoculation
[DPI], 72 HTS, and 8 DAI, respectively) stages of infection. A, Hierarchi-
cal cluster analysis of the expression profiles for the 110 genes that were
differentially expressed in at least one comparison was performed by the
Cluster 3.0 program. Expression values are color-coded, with red indicat-
ing upregulation, green indicating downregulation, and black indicating no
change in the expression. B, Gene expression dynamics inspector (GEDI)
5-by-4 clustering analysis for the 110 genes that were differentially ex-
pressed in at least one comparison. Genes with similar expression values
were grouped within the same tile. Expression values are color-coded,
with red tiles indicating upregulation, blue tiles indicating downregulation,
and yellow tiles indicating no change in the expression.

metabolic process. They encode enzymes with endochitinase
activities which have been involved in cell wall expansion and
responses to abiotic stresses.

The GO networks’ response to heat- and DNA-mediated
transformation were overrepresented exclusively in data sets
from VIGS Prot at 4 and 8 dai, respectively. Although nucleo-
some assembly was repressed in all three comparisons, the sig-
nificance of this GO term was greater in VIGS Prot 8 dai than
in SHR 72 hts and SN. These three GO terms included 11 heat
shock proteins, DNA-binding proteins, and different types of
histones, respectively. Other repressed GO terms with few asso-
ciated genes were those related to different types of abiotic
stresses (cold, drought, and UV light) and several types of bio-
synthetic processes.

Analysis of upregulated genes.

In data sets from all three comparisons, induced genes pre-
dicted to encode proteins that are related to defense responses
were in the most highly overrepresented GO categories (green
network) (Fig. 4). Analysis of the affected GO terms indicates
that the different types of PCD lead to transcriptional changes
that consist of the activation of multiple responses to biotic
stimuli or the activation of mechanisms that are common to
several biotic stresses. The significance of overrepresentation
of this network of enriched GO categories varied across time,
with lower P values found at the early time points in both SHR
(1.3E-13) and VIGS Prot (1.1E-14) comparisons compared
with the late time points (1.9E-11 and 2.9E-8, respectively).
The significance of the defense-related GO network in the SN
data set (6.2E-14) was more similar to the early time points
from the other comparisons. Interestingly, HCL of all 110
genes within the GO network defense response to fungus that
were differentially expressed (up or down) in at least one com-
parison showed that the profile of SN was more similar to the
profiles of VIGS Prot at both time points than to those of SHR
(Fig. 5). Genes in these GO categories comprise pathogenesis-
related (PR) proteins, basic chitinases, mitogen-activated pro-
tein kinase, WRKY transcription factors, and enzymes impli-
cated in the biosynthesis of plant oxylipins, among others. It
should be stressed that many of the differences between SN
and SHR came from the 26 and 33 genes which were not dif-
ferentially expressed in SN but were up- or downregulated in
SHR at 24 and 72 hts, respectively (40% of all the deregulated,
defense-related genes in SHR at both time points).

A variety of plant hormones has been implicated in the regu-
lation of cell death because the hormones modulate plant re-
sponses to a wide array of stress conditions (Hoeberichts and
Woltering 2003). In this study, three different hormone signal-
ing pathways—that is, response to ABA (Fig. 4, red) response
to JA (light-blue network), and systemic acquired resistance
(SAR) (middle blue)—were found to be overrepresented in
induced data sets at any time point. In addition, the GO term
JA and ethylene-dependent systemic resistance were present in
all three comparisons in the GO network defense response to
fungus (green). Again, HCL of all 81 genes (75% of which did
not overlap with defense response genes) within the GO terms
related to hormone signaling showed that the expression
profile of SN clustered with those of VIGS Prot at both time
points rather than with those of SHR (Supplementary Fig. S3).
Together, these results suggest that defense- or hormone-related
responses to a compatible virus infection that leads to SN bear
a much closer resemblance to PCD induced by depletion of
proteasome function than to PCD induced by an incompatible
virus.

Other GO terms commonly induced by all three comparisons
were leaf senescence and response to stress or heat. Many of
the genes included in the GO network multicellular organismal
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development (SHR 24 hts) correspond to genes involved in
stress or heat responses. The GO category carbohydrate metabo-
lism was commonly overrepresented in SN and SHR data sets.
On the other hand, two GO networks exclusively overrepre-
sented in VIGS Prot were related to response to sugars (dark
blue) and proteasomal proteins (pink), the last one likely being
a plant response to cope with the shutdown in proteasome
function (Lundgren et al. 2003).
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Fig. 6. Hormone levels in Nicotiana benthamiana plants after infection by
necrosis-inducing pathogens. Leaves were collected from plants at differ-
ent time points after inoculation with Potato virus X (PVX)/HCWT, To-
bacco mosaic virus-based vector expressing free green fluorescent protein
(TMV-GFP), or TRV:NbPBE and A, free salicylic acid (SA); B, jasmonic
acid-Tle (JA-Ile); and C, abscisic acid (ABA) levels were determined in
freeze-dried material by high-performance liquid chromatography mass
spectrometry. Based on the progress of the necrotic symptoms induced by
the respective pathogens, harvesting of leaf tissue for hormone determina-
tions were done at 4, 6, and 8 days after TRV:NbPBE infiltration; 7, 9 and
11 days after PVX/HCWT inoculation; and 24, 48, and 72 h after tempera-
ture shift in TMV-GFP-infected plants. These sampling time points corre-
spond to early, intermediate, and late stages of infection, respectively.
Amounts of hormones in leaves of mock-inoculated plants were negligible
compared with plants infected with necrosis-inducing viruses. Data repre-
sent the means * standard errors of three replicates, each consisting of
three to seven plants that received the same treatment. DW = dry weight.
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Accumulation profiles of SA, JA-Ile, and
ABA and hormone-responsive genes.

To investigate the dynamics of SA, JA-Ile conjugate, and
ABA during the different types of PCD analyzed in this study,
we monitored the accumulation of these hormones after infec-
tion by either necrosis- or non—necrosis inducing pathogens
across time. Overall, the magnitude of hormone accumulation
was higher in plants infected with PVX/HCWT, TRV:NbPBE,
or TMV-GFP (N plants) than during infections with
PVX/HCLH, TRV:00, or TMV-GFP (wild-type plants), respec-
tively (Supplementary Fig. S4). When comparing hormone
accumulation between necrosis-inducing viruses, SA, JA-Ile,
and ABA tend to accumulate to similar levels, although with
different kinetics, in both PVX/HCWT- and TRV:NbPBE-
infected plants (Fig. 6). Infection by TMV-GFP, however, in-
duced a much higher increase in the production of SA com-
pared with infections by PVX/HCWT and TRV:NbPBE, which
ranged from 113- and 62-fold increase at early time points to
12- and 15-fold at late time points, respectively. A moderate
raise in ABA levels was also detected in TMV-GFP-infected
plants compared with PVX/HCWT (fivefold, late time point)
and TRV:NbPBE (sevenfold) infections. Quantification of SA,
JA-Ile, and ABA revealed negligible amounts of hormones in
leaves of mock-inoculated plants compared with plants infected
with necrosis-inducing viruses (data not shown). These results
further confirm microarray data regarding similarities in expres-
sion patterns of defense- or hormone-related genes between
SN and VIGS Prot, and suggest that SA signaling is a major
contributor to the differential regulation of defense response in
SHR.

To examine how much the patterns of hormone production
during each comparison correlate with a coordinate activation
of SA-, JA-, or ABA-responsive genes, we analyzed the ex-
pression of well-characterized marker genes by qRT-PCR at
early stages of infection. These genes included PR-1 (SA re-
sponsive) and ABA2 (ABA responsive), among others. Previ-
ous analysis had shown significant increases in the expression
of genes associated with oxylipin production in plants doubly
infected with PVX and PVY (Garcia-Marcos et al. 2009). To
test the possibility that increased JA-Ile in PVX/HCWT-infected
plants contributed to the enhanced accumulation of oxylipin
biosynthesis genes, we treated healthy N. benthamiana plants
with exogenous JA. RT-PCR analysis showed that 9-LOX, 13-
LOX, o-dioxygenase 1 (0-DOXI), and AOS gene expression
were, indeed, induced in JA-treated plants (Supplementary Fig.
S5). Thus, all these JA-responsive genes as well as an ethylene-
responsive gene, ACO2, were included in the analysis. As an
independent validation of hormone measurements, we used the
same RNA preparations analyzed in microarray experiments.

The results indicated that, in general, the expression patterns
of the marker genes correlated well with the accumulation pat-
terns of the hormonal signals in each comparison, with a sig-
nificant increase in plants infected with necrosis-inducing
pathogens compared with plants infected with non—necrosis
inducing pathogens. The exception was ABA2, which was only
significantly upregulated in PVX/HCWT-infected plants com-
pared with PVX/HCLH infection. The differential accumula-
tion of SA in SHR was reflected by the disproportional accu-
mulation of PR-1 in necrosis- versus non—necrosis inducing
conditions (32-fold increase), as compared with SN (2.5-fold
increase) and VIGS Prot (sevenfold increase) comparisons.

Silencing of NbCOI1 accelerates cell death induced
by PVX/HCWT.

Research on host signaling upon pathogen attack has estab-
lished the primacy of two pathways in plants, one involving
SA and the other involving JA (Whitham et al. 2006). It is gen-



erally believed that most plant responses to viruses are medi-
ated by SA signaling. However, not much information about
the role of jasmonates on viral infection is available. To assess
a functional role of JA signaling in the SN induced by PVX/
HCWT, we silenced COII in N. benthamiana by VIGS. COI1
participates in JA perception and regulates gene expression
through its interaction with transcriptional repressors (Chini et

al. 2009). N. benthamiana plants were infiltrated with a recom-
binant vector carrying a fragment of NbCOIIl (TRV:NbCOII)
or TRV:00 as a control. At 10 dai, plants were either mock
inoculated or challenge inoculated with PVX/HCWT in upper,
noninfiltrated leaves. NbCOII silencing efficiency was ex-
amined by qRT-PCR at 10 dai in mock-inoculated plants (Fig.
7A) and at 9 dpi with PVX/HCWT (19 dai) (Fig. 7G, left
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Fig. 7. Silencing of Nicotiana benthamiana coronatine insensitivel (NbCOII) results in accelerated cell death induced by Potato virus X (PVX)/HCWT
infection. Three-week-old Nicotiana benthamiana plants were infiltrated with Agrobacterium spp. containing TRV:NbCOII or TRV:00 (vector control). A,
Relative expression of NbCOII estimated by quantitative reverse-transcriptase polymerase chain reaction (QRT-PCR) in N. benthamiana plants 10 days after
infiltration (dai). B, Agroinfiltrated plants were mock inoculated or inoculated with PVX/HCWT at 10 dai and scored for the appearance of necrosis. The ex-
periment was repeated twice, independently, with 45 to 60 plants of each treatment. C, Representative necrotic symptoms displayed in NbCOI1-silenced and
control plants at 9 days postinoculation (dpi). Scale bars = 1 cm. D, Uppermost leaves of control and NbCOI!-silenced plants were stained with trypan blue
to detect cell death at 9 dpi. Scale bars = 0.5 cm. E, Leaf discs were excised and assayed for electrolyte leakage at 11 dpi. F, gRT-PCR was used to analyze
PVX/HCWT accumulation in control and NbCOI!-silenced plants at 7, 8, and 9 dpi. G, Relative expression of COI! (left panel) and PR-1 (right panel) esti-
mated by qRT-PCR in control and NbCOII-silenced plants at 9 dpi (19 dai). H, Benzo (1,2,3) thiadiazole-7-carbothioic acid S-methyl ester (BTH), or water
solution as a control, was applied to leaves that were mock inoculated or inoculated with PVX/HCWT. Leaf discs were excised and assayed for electrolyte
leakage at 11 dpi. Data represent the means * standard errors of at least three replicates. Differences from control values were significant at P < 0.05 (*), ac-
cording to Duncan’s multiple range test.
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panel). The results showed significant knockdown of NbCOI1
transcripts in both mock- and PVX/HCWT-inoculated, TRV:
NbCOIlI-infiltrated plants compared with the controls (TRV:00).
Partial suppression of NbCOII expression in mock-inoculated,
NbCOII-silenced plants caused slightly retarded plant growth.

Typical chlorotic mosaic symptoms were observed simulta-
neously in both NbCOII-silenced and control plants at 7 dpi
with PVX/HCWT. Symptom severity was evaluated by re-
cording the development of necrotic patches on leaves from 7
to 9 dpi (Fig. 7B). At 7 dpi, less than 10% of TRV:00-infil-
trated plants displayed necrotic patches in leaves, whereas
35% of NbCOIl-silenced plants showed necrosis (significant
difference, P < 0.05). By 9 dpi, the number of plants affected
by necrosis reached 90% in both control and NbCOI1-silenced
plants, although the development of cell death in NbCOII-si-
lenced leaves was significantly faster than that in nonsilenced
control leaves (Fig. 7C). These results were obtained in three
biological replicates with 30 to 40 plants in each treatment.
Mock-inoculated, NbCOII-silenced plants remained free of
necrotic symptoms throughout the trial period. Consistent with
these observations, trypan blue staining and electrolyte leakage
measurement, as a quantitative assessment of the extent of cell
damage, revealed extensively enhanced cell death in NbCOI1-
silenced leaves compared with nonsilenced control leaves (Fig.
7D and E). To examine whether the enhanced cell death phe-
notype was associated with changes in accumulation of
PVX/HCWT, we measured the amount of virus in systemically
infected leaves from NbCOII-silenced and control plants (Fig.
7F). qRT-PCR analysis showed that PVX/HCWT trends to
accumulate to higher levels in NbCOIl-silenced plants at early
times of infection, with significant differences observed at 8
dpi (P < 0.05).

Previous studies had provided evidence that high activation
of the SA signaling pathway is required for the SN response
induced by several compatible virus infections (Atsumi et al.
2009; Kim et al. 2008). Our qRT-PCR analysis shows that PR-/
gene expression was, indeed, differentially induced in PVX/
HCWT-infected, NbCOI-silenced plants when compared with
infected nonsilenced controls, suggesting that JA and SA sig-
naling act in an antagonistic manner in NbCOII-silenced plants
(Fig. 7G, right panel). To test whether an activated SA-sig-
naling pathway affected the pathogenicity of PVX/HCWT, we
treated wild-type N. benthamiana plants with water or the SA
analog benzo (1,2,3) thiadiazole-7-carbothioic acid S-methyl
ester (BTH) (Fiedrich et al. 1996). As expected, BTH treat-
ment induced PR-1 expression in both local and upper leaves
(data not shown). BTH- and water-treated plants were then in-
oculated with PVX/HCWT and induction of cell death was
monitored in systemic leaves of these plants. We found that
there was no significant effect on the development of necrotic
patches that could be attributed to treatment with BTH. Further-
more, electrolyte leakage measurement did not detect signifi-
cant differences in the extent of cell damage between the water-
and the BTH-treated plants (Fig. 7H). PVX/HCWT accumula-
tion was not affected by BTH treatment (data not shown).
These results showed that the enhanced necrosis in NbCOI1-
silenced plants infected with PVX/HCWT was likely not due
to activation of SA-dependent responses.

DISCUSSION

PCD is involved in PVX-Potyvirus synergism.

Previous studies have shown that several hallmarks of HR,
such as nuclear DNA degradation, ROS production, and ex-
pression of defense-related genes, were associated with the
induction of SN in several compatible plant—virus interactions
(Komatsu et al. 2010; Xu and Roossinck 2000). We previously
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demonstrated that synergistic infection by PVX and PVY in-
duced a more severe oxidative stress in N. benthamiana leaves
compared with single infections, which correlated with the
misregulation of defense-related genes (Garcia-Marcos et al.
2009). The present study also showed that DNA degradation in
N. benthamiana plants after infection with PVX/HCWT led to
SN. Thus, PCD is thought to be involved not only in HR-asso-
ciated resistance reaction to incompatible virus but also in
necrosis disease induced by PVX—Potyvirus-associated syner-
gisms.

One interesting aspect revealed in our study is that virus
accumulation was greater in leaf tissues undergoing necrosis
than in non—necrosis inducing conditions in all three cases of
PCD. Although these variations in viral loads may contribute
to the differential gene expression observed within each com-
parison, it highlights an attribute common to the experimental
systems (i.e., PCD was correlated with increased virus accu-
mulation). Gonzalez-Jara and associates (2005) demonstrated
that wild-type PPV HC-Pro could suppress RNA silencing in
an A. tumefaciens—mediated transient assay in N. benthamiana,
whereas the PPV HCL3;H mutant showed no such activity.
Thus, it is likely that RNA silencing suppression activity can
explain, at least in part, the enhanced virus accumulation asso-
ciated with the late stages of PVX/HCWT infection. Similarly,
Atsumi and associates (2009) reported that a reduced ability to
induce SN in plants infected by HC-Pro mutants of Clover
yellow vein virus was accompanied by decreased virus accu-
mulation, which correlated with a reduced suppressor activity
of the mutated proteins. However, SN was not associated with
enhanced levels of virus titers in N. clevelandii infected with
Cauliflower mosaic virus (Kirdly et al. 1999). In plants, the
proteasome harbors a ribonuclease activity which has been
shown to specifically target viral RNAs (Ballut et al. 2005;
Dielen et al. 2011). Thus, it is tempting to speculate that, in
NbPBE-silenced plants, the inhibition of proteasome function
would allow TRV:NbPBE to accumulate beyond the normal
host-imposed limits. The molecular mechanism associated with
the greater accumulation of TMV-GFP in N-transgenic plants
compared with the wild-type genotype is unknown.

Changes in gene expression during SN are delayed
when compared with those during SHR.

We found few (33) differentially expressed genes in SN at
early stages of infection but over 1,400 at later stages, when
necrosis appeared in systemically infected leaves. This dynam-
ics is completely different from the dynamics observed in SHR
or VIGS Prot, where a very fast and extensive transcriptome
change occurred at early stages of infection (1,371 and 772
differentially regulated genes, respectively). Because rather
similar differences in viral titers (two- to threefold) were de-
tected in each comparison after infection by either necrosis- or
non—necrosis inducing pathogens at early time points, it is un-
likely that such large variation in the number of differentially
expressed genes between the compatible and the incompatible
interaction was attributable only to differences in viral loads
within each comparison. Instead, this observation suggests that
host responses during an incompatible virus interaction are
more robust than those in a compatible virus interaction that
leads to SN at early stages of infection. This is likely so be-
cause plant cells do not recognize the pathogen until the dis-
ease has progressed considerably, or due to temporal suppres-
sion of plant defense mechanisms. A similar response was
reported in Arabidopsis thaliana during compatible and incom-
patible interactions with the bacterial pathogen Pseudomonas
syringae (Tao et al. 2003). Nevertheless, differential expres-
sion of a set of hormone-responsive genes was detected in SN
at early stages of infection by qRT-PCR, as expected by the



increased levels of SA, JA, and ABA measured at this time
point.

Our results are in general agreement with other studies show-
ing that responses to compatible pathogens lag behind those
seen in incompatible interactions (Jones and Dangl 2006; Tao
et al. 2003). The overall expression profile in response to SN
at late stages of infection was closer to that of SHR at the early
time point than at the late time point, and clearly differed from
those of VIGS Prot at both time points. GO enrichment analy-
sis and further examination of sets of misregulated genes by
clustering analysis revealed that similarities between SN and
SHR at 24 hts came from repressed genes, being particularly
evident in the case of photosynthesis-related genes. Repression
of photosynthesis and chloroplast metabolism in general is a
common host response to compatible and incompatible patho-
gens (Bolton 2009). Previously, it was reported that PVX-—
PVY infection promoted the peroxidation of lipids, in parallel
with an increased generation of O,  in chloroplasts (Garcia-
Marcos et al. 2009). The generation of ROS in chloroplasts has
been described to play an important role in the signaling for or
execution of HR cell death in plants (Liu et al. 2007). Thus,
ROS signaling could be considered an important part of cell
death processes, resulting in the rapid cell-death phenotype in
HR during the incompatible interaction or the delayed disease-
related cell death during the compatible interaction. A decrease
in the photosynthetic rate by transcriptional repression in both
compatible and incompatible interactions may attempt to pro-
tect the photosynthetic apparatus against oxidative damage or,
alternatively, be a consequence of stress responses caused by
virus infections (Bolton 2009).

Other interesting changes observed in this study were the
significant repression of cell-wall-related genes in all three
cases of PCD. This gene group is known to be a major deter-
minant of cell morphogenesis and growth in plants (Cosgrove
2005). Thus, decreased expression of cell-wall-modification
enzymes is consistent with disease symptoms, such as the
stunted growth observed in plants infected with PVX/HCWT,
TRV:NbPBE, or TMV-GFP. This is in general concurrence
with previous findings that cell-wall-related transcripts were
downregulated in plants infected with diverse RNA viruses
(Shimizu et al. 2007; Yang et al. 2007).

SN-induced defense and hormonal responses share
similarities to those induced by depletion of proteasome.
All three N. benthamiana—virus interactions that led to PCD
caused a considerable increase in SA, JA, and ABA produc-
tion, and were associated with the subsequent activation of de-
fense-related and hormone-responsive genes. It is noteworthy,
however, that expression profiles of defense- or hormone-related
genes in response to SN were more closely related to profiles
in response to depletion of proteasome function than to those
elicited by SHR. Biochemical measurement of phytohormone
levels and expression analysis of marker genes supported these
findings, suggesting that SA regulates the differential response
in SHR compared with SN. A marked increase of SA is required
for the induction of SAR that occurs during resistance response
to incompatible viruses (Lewsey et al. 2009). Thus, even though
production of SA and expression of PR-1 was increased at early
stages of PVX/HCWT infection, this was not effective in re-
straining virus multiplication and spread to upper parts of the
plant. Furthermore, the activation of SA signaling by applica-
tion of BTH on wild-type plants did not affect the pathogenic-
ity of PVX/HCWT, indicating that the SA-mediated, defense-
like response that is induced during compatible infections has
very little effect, if any, on pathogenicity (Huang et al. 2005).
The altered expression of defense- or hormone-responsive
genes observed in PVX/HCWT-infected plants may be linked

to the interference of HC-Pro with multiple RNA silencing
pathways (Soitamo et al. 2011). However, the expression of
the HC-Pro gene alone does not account for the ample tran-
scriptome changes observed in PVX/HCWT infection. Soitamo
and associates (2011) analyzed the transcriptional response of
N. tabacum leaves which constitutively express the HC-Pro
derived from PVY in the Agilent microarray used in this study.
Comparison with our data showed that only a small pool of
genes (48 of 748) was commonly misregulated in both tran-
scriptomes. Thus, additional layers of altered regulatory circuits
may exist in virus-infected plants that modulate the extensive
transcriptome reprogramming observed in PVX/HCWT infec-
tion. Interestingly, it was reported that HC-Pro from Lettuce
mosaic virus (LMV) could bind the proteasome and inhibit its
20S endonuclease activity, while its proteolytic activity was
slightly stimulated (Ballut et al. 2005). The 20S proteasome is
involved in antiviral responses in animals and plants (Dielen et
al. 2010). Indeed, a knockout mutant of Arabidopsis PAE pro-
teasome subunit exhibited increased susceptibility to LMV
(Dielen et al. 2011). Thus, Potyvirus spp. could target host
defense mechanisms through interference with the proteasome
mediated by HC-Pro. These alterations on proteasome activi-
ties would not necessarily provide an advantage to the virus
but may have adverse effects on cellular homeostasis that con-
tribute to disease-symptom development. In our study, NbPBE
silencing and subsequent disruption of proteasome function
could partially mimic HC-Pro action on proteasome activities,
allowing virus to accumulate beyond the normal host-imposed
limits and induce a somehow similar defense or hormone
response in both TRV:NbPBE- and PVX/HCWT-infected
plants.

COI1 negatively regulates cell death induced
by PVX/HCWT.

We have shown that silencing of COI1 accelerated cell death
induced by PVX/HCWT in the susceptible host N. benthamiana.
Accelerated necrosis may be interpreted as a consequence of the
slightly increased accumulation of virus observed in NbCOII-
silenced plants. Thus, COI1 interferes somehow with infection
by PVX/HCWT, indicating that viral multiplication is partly
restrained even in SN induced by a compatible virus infection.
Liu and associates (2004) reported that VIGS of COII led to
loss of HR resistance to TMV in N-transgenic N. benthamiana
plants. This suggests that plant responses to compatible and
incompatible interactions share a common step mediated by
COIl. COIl is part of the Skpl-Cullin-F-box (SCF) E3
ubiquitin ligase complex SCF*! that participates in JA per-
ception (Chini et al. 2009). Interestingly, SGT1, an interactor of
SCF complexes, is required for the restraint of viral accumula-
tion in the SN caused by Plantago asiatica mosaic virus in N.
benthamiana (Komatsu et al. 2010). Thus, convergent routes
associated with the ubiquitin-proteasome-dependent pathway
may be operating in mediating partial inhibition of virus multi-
plication during compatible plant—virus interactions.

We previously demonstrated that downregulation of a-
DOXI by VIGS led to an attenuated cell death response at
early stages of PVX-PVY infection (Garcia-Marcos et al.
2009). a-DOX] is involved in the oxygenation of fatty acids
into reactive 2-hydroperoxides and represents an oxylipin bio-
synthetic branch different to that that leads to JA (de Ledn et
al. 2002). The differential impact of genes encoding oxylipin
biosynthesis (a-DOXI) and JA perception (COII) on virus
synergism-associated cell death suggests an antagonistic rela-
tionship between products of a-DOX1 and the JA pathway.
Functional diversification of JA and other oxylipins has been
reported in signaling mechanisms that mediate root develop-
ment and plant defenses in Arabidopsis (Velosillo et al. 2007).
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In summary, our study demonstrates that SN induced by a
PVX recombinant virus expressing the PPV HC-Pro was asso-
ciated with PCD. Despite the SN response being clustered
with the incompatible response by the similarity of their over-
all gene expression profiles, both hormone determination and
clustering analyses of defense- or hormone-responsive genes
suggest a role for proteasome in the SN associated with the
compatible interaction. In addition, we also show that the jas-
monate signaling pathway interferes with cell death caused by
the PVX—Potyvirus synergistic interaction.

MATERIALS AND METHODS

Biological materials.

N. benthamiana plants were grown in a growth chamber
with a cycle of 16 h of light and 8 h of darkness at 25°C. The
infectious cDNA clones of PVX-HCWT and PVX-HCLH have
been described previously (Gonzalez-Jara et al. 2005). They
were based on plasmid pP2C2S-402, a cDNA clone of PVX
(strain UK-3) derived from pP2C2S (Baulcombe et al. 1995).
PVX-HCWT contains a functional, translatable HC-Pro version
from PPV, while PVX-HCLH contains a PPV HC-Pro version
with a leucine to histidine mutation in amino acid 134 that
makes it nonfunctional in suppression of gene silencing. Infec-
tious RNA transcripts from TMV-GFP were obtained from
TMV-GFP 1056, derived from TMV p30B.GFP with modifica-
tions in the virus movement protein gene (Lacomme and Santa
Cruz 1999).

All plasmids were linearized with Spel or Kpnl, and RNA
transcripts were made by using T7 RNA polymerase as de-
scribed (Gonzdlez-Jara et al. 2005). Transcript RNAs were
inoculated onto leaves of N. benthamiana. The first leaves show-
ing systemic symptoms were collected and ground in 10 vol-
umes of 20 mM sodium phosphate buffer (pH 7.0). The extracts
were clarified by centrifugation for 5 min at 5,000 x g, and the
resulting supernatants were divided into aliquots and kept at
—80°C. These crude virus preparations were used for the
inoculation of N. benthamiana plants by applying 10 pl of sap
inoculum onto Carborundum-dusted leaves.

The N gene-transgenic N. benthamiana line 310 A has been
described previously (Peart et al. 2002). Infectious sap from
TMV-GFP-infected plants was used to inoculate wild-type and
N-transgenic N. benthamiana plants. Inoculated plants were
maintained in a growth cabinet at 32°C with a 16-h photope-
riod (80 pEm™ s7!) for 6 days before transfer to a growth cham-
ber at 25°C to induce and synchronize the HR, which is induced
on recognition of TMV-GFP.

RNA isolation and microarray analysis.

Per time and treatment, three independent biological repli-
cates were used to monitor differences in gene expression be-
tween treatments. For each biological replicate, two sympto-
matic, noninoculated upper leaves from each of 10 plants per
treatment were harvested and immediately frozen in liquid N,.
Total RNA was extracted from plant leaves using Trizol reagent
(Invitrogen, San Diego, CA, U.S.A.), followed by purification
with RNeasy midiprep columns (Qiagen, Hilden, Germany).
RNA quantification and RNA quality determination were done
as described (Adie et al. 2007). RNA was screened by North-
ern blot to ensure that recombinant PVX viruses retained the
HC-Pro gene (Gonzalez-Jara et al. 2005).

The Agilent’s 4-by-44 K Tobacco microarray contains
40,375 nonredundant probes (catalogue number G2519F-
021113). Hybridization and scanning of slides was performed
in accordance with the work of Adie and associates (2007).
The statistical significance of the results was evaluated by the
nonparametric algorithm Rank Products (Breitling et al. 2004)
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and available as RankProd package at Bioconductor (Hong et
al. 2006). This method detects genes that are consistently
highly ranked in several replicated experiments independently
of their numerical intensities. The results are provided in the
form of P values defined as the probability that a given gene is
ranked in the observed position by chance. To control the
FDR, P values were corrected using the method of Benjamani
and Hochberg (1995). Genes with an FDR-corrected P < 0.05
and a fold-change of >1.5 or <0.67 were selected for further
investigation. The expression profiles resulting from different
treatments were clustered based on their similarity in expression
using hierarchical complete linkage algorithm and Euclidean
distance metric implemented in Cluster 3.0 (Eisen et al. 1998).
The clustering results were visualized by a gene tree heat map
using the TreeView program (Saldanha 2004). Clustering
analysis was also performed with GEDI clustering software
using default parameters (Eichler et al. 2003). The GEDI ap-
proach was used because, unlike “traditional” clustering algo-
rithms, it captures in a two-dimensional diagram the complexity
of the whole transcriptome.

Overrepresentation analysis.

Functional annotations for the probes represented in the mi-
croarray were taken from any of the following sources: i) the
best BLASTX hit of A. thaliana proteins (e value <1 x 10719),
ii) the BLASTX hit of nonredundant proteins from GenBank
using the program Blast2GO (Conesa et al. 2005), and iii) the
available GO information for N. tabacum available on The
Institute for Genomic Research website. In total, 20,367
(50.4%) of the probes that are monitored with the array were
annotated by either method.

The enrichment analysis was created using a Cytoscape
plugin called ClueGO (Bindea et al. 2009). GO analysis was
carried out using a reference set based on GO annotations as de-
scribed above. A right-sided hypergeometric test yielded the
enrichment for GO terms within biological process category.
Benjamini-Hochberg correction for multiple testing controlled
the P values. ClueGO visualizes the selected terms in a function-
ally grouped annotation network that reflects the relationships
between the terms based on the similarity of their associated
genes. The degree of connectivity between terms is calculated
using kappa statistics. A kappa score of 0.3 was used in this
study. The calculated kappa score is also used for defining func-
tional groups. The GO Term Grouping setting was on, with an
initial group size of 2 and group merging set at 50%. The group
leading term is the most significant term of the group. Multi-
colored networks contain GO terms shared by more than one
functional group. The not-grouped terms are shown in white.
The probes for which there was no GO annotation were not
recognized in the test or reference set by ClueGO and, thus,
they were not taken into account in the overrepresentation
analysis. Only GO terms with corrected P values < 0.005 were
considered to be overrepresented in our analysis.

TUNEL and cell death assays.

The TUNEL assay was performed using the In Situ cell
death detection kit, fluorescein (Roche Diagnostics, Barcelona,
Spain) according to the manufacturer’s instructions. Before
detection, systemically infected leaves were fixed, embedded
in Paraplast, and sectioned in longitudinal sections. Sections (3
pm) were cut on glass slides, were dewaxed in xylene, were
rehydrated, and were then pretreated with proteinase K at 20
pg/ml. Slides treated with DNasel at 1,500 U/ml in 50 mM
Tris-HCI (pH 7.5), 10 mM MgCl,, and bovine serum albumin
at 1 mg/ml for 10 min at room temperature served as positive
controls. Consecutive slides were treated with 4',6-diamidino-
2-phenylindole for nuclei staining. For cell death analyses,



leaves were stained with lactophenol-trypan blue as described
(Hamberg et al. 2003). Representative phenotypes were photo-
graphed with a Leica L2 stereoscope and Leica DM 2500 micro-
scope using a Leica DFC 320 camera.

Cell damage was assayed by measuring electrolyte leakage
as described by De Leén and associates (2002). Twenty-five
disks of 0.3 cm? were excised from upper leaf tissue using a
core borer. Disks 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 measured using a Crinson con-
ductivity meter. This represented the ion leakage from the leaf
discs (reading 1). Then, samples were boiled for 20 min at
90°C. After the liquid cooled, 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 x
100). Reported data are means and standard errors of the val-
ues obtained in three independent experiments with pools from
5 to 10 plants for each treatment. Statistical analyses (analysis
of variance followed by Duncan’s multiple range test) were
performed using the statistical software STATGRAPHICS Plus
5.1 (Statistical Graphics Corp, Englewood Cliffs, NJ, U.S.A.).

qRT-PCR and RT-PCR analyses.

qRT-PCR reactions were performed in the Rotor-Gene 6000
real-time PCR detection system (Corbett Research, Mortlake,
Australia). One-step qRT-PCR was performed using total RNA
preparations treated with TURBO DNA-free kit (Ambion,
Austin, TX, U.S.A.). The real-time assay was performed using
15 pl of a reaction mix that contained 7.5 pl of Brilliant III
Ultra-Fast qRT-PCR Master Mix (Agilent, Madrid), 1.8 ul of
RNase-free water, 0.75 pl of reverse transcriptase, 0.15 pl of
100 mM dithiothreitol, 0.3 uM each primer, and 3 pl of total
RNA extract (approximately 10 ng RNA/ul). qRT-PCR assays
with and without reverse transcriptase were run in parallel, to
ensure the absence of DNA template in the samples. All reac-
tions were done in triplicate and the values obtained averaged.
qRT-PCR was carried out at 50°C for 10 min, 95°C for 3 min,
and 40 cycles of 95°C for 10 s and 60°C for 20 s. Synthesis of
c¢DNA products of approximately 150 bp in length was con-
firmed by melting curve analysis using the Rotor-Gene 6000
software. 18S rRNAs were chosen for normalization because
of their similar level of expression across all virus infections
and their PCR amplification efficiencies.

RT-PCR for the analysis of AOS, 9-LOX, 13-LOX, and o-
DOXI gene expression after methyl jasmonate (MeJA) treat-
ment was performed as described by Garcia-Marcos and associ-
ates (2009). The gene-specific oligonucleotides used to amplify
partial cDNA fragments were the same used for gqRT-PCR. The
Actin gene transcripts were amplified as an internal control. A
PCR using template derived from RNA without reverse tran-
scription was performed as a negative control.

VIGS.

A 520-bp cDNA fragment of PBE from N. benthamiana was
amplified by PCR using oligonucleotides PBE-F1 and PBE-R1.
A 186-bp fragment of NbCOII was amplified using oligonu-
cleotides COI1-F1 and COI1-R1. The cDNA fragments were
subsequently cut with BamHI and Xhol and ligated into the
binary vector pTRV2 to yield pTRV2:NbPBE and pTRV2:
NbCOII, respectively (Liu et al. 2004). The pTRV1 vector and
the pTRV2 vector and its derivatives were separately trans-
formed into Agrobacterium tumefaciens 2260. N. benthamiana
leaves were infiltrated with A. fumefaciens cultures as described
(Tenllado and Diaz-Ruiz 2001).

Total RNA was extracted from upper, noninoculated leaf
tissue at different days after infiltration. Silencing of NbPBE

and NbCOIl mRNAs were detected by qRT-PCR as described
above. The following gene-specific primers that anneal outside
the region targeted for silencing to ensure that the endogenous
gene is tested were used: for NbPBE silencing, PBE-F2 and
PBE-R2; for NbCOI1 silencing,: COI1-F2 and COI1-R2.

MeJA and BTH treatments.

Four-week-old plants were treated with either 250 uM MeJA
(Sigma) or mock solution (containing 250 uM ethanol) using
foliar sprays. After spraying, plants were covered with a plas-
tic cover and samples were harvested at 24 h. For BTH treat-
ment, plants were sprayed with either | mM BTH or water
solution (1.4% acetone and 0.02% Tween-20) for six consecu-
tive days.

Hormone analysis.

Dry tissue (0.05 g) was homogenized in 2.5 ml of ultrapure
water. A mixture of internal standards was added before the
extraction (100 ng of [2Hg]-ABA, 100 ng [*H,]-SA, and dihy-
drojasmonic acid). Extractions and experimental procedures
were performed as described by Flors and associates (2008).
After extraction, a 20-ul aliquot was directly injected into the
high-performance liquid chromatography (HPLC) system.
Analyses were carried out using a Waters Alliance 2690 HPLC
system (Milford, MA, U.S.A.) with a nucleosil ODS reversed-
phase column (100 by 2 mm i.d.; 5 um) (Scharlab, Barcelona,
Spain). The chromatographic system was interfaced to a Quatro
LC (quadrupole-hexapolequadrupole) mass spectrometer (Mi-
cromass, Manchester, U.K.).
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