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Losses produced by virus diseases depend mostly on symp-
tom severity. Turnip mosaic virus (TuMV) is one of the 
most damaging and widespread potyvirus infecting mem-
bers of the family Brassicaceae, including Arabidopsis 
thaliana. We used JPN1 and UK1 TuMV strains to charac-
terize viral infections regarding symptom development, se-
nescence progression, antioxidant response, reactive oxygen 
species (ROS) accumulation, and transcriptional profiling. 
Both isolates, despite accumulating similar viral titers, in-
duced different symptomatology and strong differences in 
oxidative status. Early differences in several senescence-
associated genes linked to the ORE1 and ORS1 regulatory 
networks as well as persistent divergence in key ROS pro-
duction and scavenging systems of the plant were detected. 
However, at a later stage, both strains induced nutrient 
competition, indicating that senescence rates are influ-
enced by different mechanisms upon viral infections. Anal-
yses of ORE1 and ORS1 levels in infected Brassica juncea 
plants showed a similar pattern, suggesting a conserved 
differential response to both strains in Brassicaceae spp. 
Transcriptional analysis of the ORE1 and ORS1 regulons 
showed similarities between salicylic acid (SA) response 
and the early induction triggered by UK1, the most severe 
strain. By means of SA-defective NahG transgenic plants, 
we found that differential senescence progression and ROS 
accumulation between strains rely on an intact SA pathway. 

Plant viruses cause important losses worldwide in economi-
cally relevant crops (Scholthof et al. 2011). The development of 
virus symptoms is complex and varies depending on various 

aspects such as plant developmental status at infection, environ-
mental conditions, and virus combinations, even strain, within a 
particular host. Symptoms include plant stunting, changes in leaf 
morphology, tissue chlorosis, necrosis, and sometimes plant 
death (Hull 2002). Viruses use various strategies to coopt cellu-
lar resources of compatible host plants to promote their infec-
tions. In compatible hosts, viral invasion triggers numerous bio-
chemical and physiological changes in cells, tissues, and even 
whole plants (Maule et al. 2002). Viral infections induce mas-
sive transcriptomic changes in the host, including an important 
subset of genes related to reactive oxygen species (ROS) pro-
duction and scavenging, salicylic acid (SA) signaling, and senes-
cence, among others (Golem and Culver 2003; Hillung et al. 
2012; Huang et al. 2005; Whitham et al. 2006). As a result, early 
senescence is one of the possible outcomes of compatible viral 
infections (Ascencio-Ibanez et al. 2008). 

Senescence begins with chloroplast dismantling followed by 
catabolism of macromolecules (Guo and Gan 2005; Hopkins 
et al. 2007; Lim et al. 2007) and membrane destabilization 
(Rolny et al. 2011). Leaf senescence is a fine-tuned process 
that involves cell death for recycling and reuse of valuable 
resources (Gan and Amasino 1997) that are reallocated from 
the senescing leaf to growing tissues (Buchanan-Wollaston 
1997; Hortensteiner and Feller 2002). Senescence is triggered 
by age and development (Hensel et al. 1993) and responds to 
endogenous signals (Riefler et al. 2006). However, it is also 
influenced by both abiotic and biotic stressors (Butt et al. 
1998; Miller et al. 1999; Navabpour et al. 2003; Pic et al. 
2002; Weaver et al. 1998; Xiong et al. 2005). In this regard, 
diverse developmental and environmental stimuli, including 
pathogen attack, trigger the accumulation of intracellular ROS 
and, among them, hydrogen peroxide (H2O2) is an apparent 
signaling element in the regulation of senescence (Balazadeh 
et al. 2010b, 2011; Munne-Bosch and Alegre 2002; Wu et al. 
2012). Senescence determines changes in expression of many 
genes, including those of regulatory function (Balazadeh et al. 
2010b, 2011; Buchanan-Wollaston et al. 2005). Consistently 
upregulated transcription factors (TF) are included in the cate-
gory of senescence-associated genes (SAG). 

Many SAG also respond to environmental stress and, there-
fore it can be hypothesized that some of them serve as integra-
tors of the different signaling pathways that control stress 
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responses or age-dependent senescence (Balazadeh et al. 2010a; 
Weaver et al. 1998). NAC and WRKY families are among the 
largest groups of senescence-related TF (Balazadeh et al. 2008; 
Breeze et al. 2011) and play important roles in leaf senescence. 
Several NAC TF are involved in important networks of stress- 
and age-induced senescence; mainly ORE1 (Balazadeh et al. 
2010a; Kim et al. 2009), its paralog ORS1 (Balazadeh et al. 
2011), and JUB1 (Wu et al. 2012). Whereas ORE1 is regulated 
by microRNA 164 (miR164), ORS1 is not. Promoter analyses 
revealed that ORE1 and ORS1 share common regulatory ele-
ments in Arabidopsis thaliana, and promoter conservation 
across different Brassicaceae spp. is very high (Balazadeh et al. 
2011). Most of these elements were predicted to participate in 
stress, wound, or SA responses, including W-box and WRKY 
box. Furthermore, ORE1, ORS1, and JUB1 respond to H2O2 dif-
ferently (Balazadeh et al. 2011; Wu et al. 2012). The ORE1 and 
ORS1 regulons share only a subset of downstream co-regulated 
genes (Balazadeh et al. 2011), suggesting that these senescence-
associated NAC TF differ in their regulation. The WRKY TF 
family has 74 members in Arabidopsis and is involved in the 
regulation of plant defense and senescence. Numerous WRKY 
group III TF, including WRKY70, have been functionally char-
acterized as leaf senescence regulators (Besseau et al. 2012; 
Miao et al. 2004; Ulker et al. 2007). Specifically, WRKY70, an 
H2O2-insensitive factor with SA-dependent expression during 
senescence, participates in the integration of hormone signaling 
in defense processes (Li et al. 2004, 2006). 

Nodes of convergence between senescence signals and patho-
gen defense are essential because the same hormones frequently 
play a key role in orchestrating both processes. Among them, 
SA plays a central role in plant defense signaling. It is required 
for the recognition of pathogen-derived components and sub-
sequent establishment of local and systemic resistance 
(Hammond-Kosack and Jones 1996; Ryals et al. 1996; Tsuda 
et al. 2008). SA accumulation is induced upon stress condi-
tions and treatments with pathogens or pathogen-derived elici-
tors (Sharma and Davis 1997; Tsuda et al. 2008; Vernooij et al. 
1994). Consistently, NahG transgenic plants harboring the 
nahG gene (which encodes a bacterial SA-degrading enzyme) 
have increased susceptibility to both cellular and viral patho-
gens (Delaney et al. 1994; Kachroo et al. 2000). 

Among the best studied biotic stresses known to involve SA 
are viral infections (Vlot et al. 2009). Although typical of 
incompatible plant–virus pathosystems (Ryals et al. 1996), in-
volvement of SA in plant virus response has been reported for 
systemic, compatible interactions, including Arabidopsis and 
Turnip mosaic virus (TuMV) (Whitham et al. 2003). 

Although several studies have compared the differential ef-
fects of the same virus in diverse ecotypes or cultivars of the same 
species (Hillung et al. 2012; Lalic et al. 2010; Martin Martin et 
al. 1999; Pagan et al. 2008), studies evaluating the outcome of 
infections of related virus strains on the same species are scarce 
and limited (Hakmaoui et al. 2012; Hanssen et al. 2011). 

Here, we use JPN1 and UK1 strains of TuMV (a potyvirus 
that infects members of the Brassicaceae family) (Nguyen et 
al. 2013; Sanchez et al. 1998) to infect A. thaliana and Bras-
sica juncea to characterize the hosts throughout the infectious 
processes. We focused our analysis regarding differences in 
host symptoms development, antioxidant species, and ROS 
accumulation and transcriptomic changes of relevant SAG. 

RESULTS 

Different TuMV strains induce distinct symptoms  
in Arabidopsis. 

To compare the phenotypic responses of Arabidopsis plants 
to two TuMV strains, A. thaliana (ecotype Col-0) plants were 

inoculated with either UK1 or JPN1 isolates of TuMV. These 
two isolates are representative of two different genetic strains 
of the virus; namely, MB and MR, respectively (Sanchez et al. 
2003). For simplicity, we will refer to the isolates as “strains: 
hereinafter. A detailed comparison of the main differences be-
tween the two strains is to be published elsewhere. Overall, the 
developmental plan of infected plants was altered comparing 
strains and between strains and noninfected plants. TuMV 
UK1 interfered strongly with the normal succession of devel-
opmental events. TuMV JPN1 did not arrest development; 
rather, it altered it quantitatively, affecting branching, flower-
ing pattern, and some other important developmental features. 
For the purpose of this article, a description of the differential 
responses related to aspects specific to this study is presented 
The phenotypic responses were evaluated by recording the de-
velopment of typical TuMV symptoms at several days postin-
oculation (DPI) (Fig. 1A). Whereas, at 4 DPI, no symptoms 
were visible, twisting in systemic uppermost leaves was ob-
served at 6 DPI, especially in leaves forming a small angle 
with the inoculated one. By 11 DPI, a more pronounced twist-
ing was observed in young leaves and a flowering delay could 
be detected in plants inoculated with any strain when com-
pared with mock-inoculated plants. Interestingly, at this point, 
JPN1- and UK1-inoculated plants started to display different 
symptoms. UK1-inoculated plants showed a precocious yel-
lowing on rosette leaves and dark staining on some older 
leaves. At 16 DPI, differences between plants became more 
pronounced. Whereas JPN1-infected plants succeeded in bolt-
ing and rosette leaves stayed green (although a degree of twist-
ing could be seen), UK1-infected plants showed further yel-
lowing of the rosette and developed dwarfed, curled leaves, re-
sulting in severe stunting, and bolting was arrested (Fig. 1A). 
These differences were accentuated later and, by 21 DPI, UK1 
provoked leaf death and a general yellowing of the rosette. At 
27 DPI, both viruses exhibited clear senescence acceleration 
when compared with mock-inoculated plants but only UK1 
arrested bolt emergence. 

Viral RNA accumulation was measured in these plants by 
means of a TuMV-specific quantitative reverse-transcription 
polymerase chain reaction (qRT-PCR) assay on RNA extracts 
from pooled systemic, uppermost leaves (Fig. 1B). Rather 
similar amounts of viral RNA were detected in both groups of 
infected plants. UK1 accumulated at a slightly higher level at 4 
and 10 DPI. However no difference in viral load was detected 
at 16 DPI (Fig. 1B, white bars). 

The senescence process is highly delayed  
in JPN1-infected compared with UK1-infected plants. 

To analyze and compare the senescence process triggered by 
both strains, we recorded the progression of senescence on the 
fifth rosette leaves (Fig. 2A). No evident differences could be 
observed at 4 and 11 DPI between treatments (Mock, UK1, and 
JPN1). However, by 16 DPI, UK1-infected plants showed clear 
yellowing on their fifth leaves, whereas JPN1 induced very mild 
senescence symptoms. Differences between treatments accen-
tuated at 21 DPI, when UK1 provoked advanced senescence 
symptoms, JPN1-infected leaves showed tip yellowing, and 
mock-inoculated leaves presented very mild senescence 
symptoms. At 27 DPI, virus-infected fifth leaves were fully 
necrotic. Additionally, as early as 16 DPI, UK1-infected leaves 
exhibited purplish and reddish coloration, which is commonly 
related to anthocyanins in senescing leaves (Archetti et al. 
2009). This pattern was further accentuated at 21 DPI but was 
barely detected in JPN1- or mock-treated samples until 27 DPI. 

To further understand the comparative senescence process, 
we determined physiological senescence markers through the 
infectious process (Fig. 2B to F). One such marker is loss of 
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fresh weight. No significant differences were detected between 
treatments at 16 DPI when sampled leaves reached maximum 
weight. At 21 DPI, however, virus-infected samples acceler-
ated their loss of fresh weight, predominantly UK1-infected 
samples compared with JPN1 (P < 0.05) and mock (P < 0.001) 
(Fig. 2B). At 27 DPI, infected leaves had almost reached full 
senescence. 

Chlorophyll levels (Fig. 2C) were significantly lower in 
UK1-infected samples as early as 11 DPI, when no yellowing 
phenotype or fresh weight reduction could yet be seen (Fig. 
2A and B). JPN1 induced statistically significant differences 
with mock only after 21 DPI. 

Anthocyanins are flavonoid compounds induced during se-
nescence (Archetti et al. 2009). We monitored their accumula-
tion over time (Fig. 2D). As expected, at 21 DPI, pigment 
accumulation increased from previously almost undetectable 
levels in the mock group. JPN1 induced a slightly earlier accu-
mulation of anthocyanins, although not statistically different 
from mock-inoculated samples even at 21 DPI. However, by 
16 DPI, UK1 provoked an abrupt accumulation of anthocya-
nins, which remained sevenfold higher than those of mock-

inoculated samples at 21 DPI. Although anthocyanin content 
was expected to rise in a senescence-driven manner, the sharp 
increase of this flavonoid in UK1-infected samples was nota-
ble. Anthocyanins are induced by several stressors (Gould 2004) 
which trigger oxidative stress. Therefore, we argue that their 
antioxidant role could at least partially explain the increase in 
their accumulation. 

Carotenoids are antioxidant molecules also induced by oxi-
dative stress (Kim et al. 2008; Kim et al. 2012). No significant 
differences in relative carotenoid concentrations between treat-
ments were found across the experiment (Fig. 2E). Neverthe-
less, a particular trend could be detected in UK1-inoculated 
samples when compared with mock- or JPN1-inoculated sam-
ples. Intra-treatment analysis revealed that only the UK1 group 
exhibited a consistent rise in relative carotenoid concentration 
between 11 and 21 DPI (+77%). By 27 DPI, drying of the virus-
infected leaves (Fig. 2A) limited further analysis. Interestingly, 
when calculating the chlorophylls/carotenoids ratio (Fig. 2F) 
for all treatments, clear differences were detected. This ratio 
was three- and fourfold higher in UK1- compared with mock-
inoculated samples at 16 and 21 DPI, respectively. The JPN1 

Fig. 1. Phenotypic characterization of two Turnip mosaic virus (TuMV) strains infecting Arabidopsis. A, Appearance of the Arabidopsis thaliana Col0 plants 
following mock inoculation (upper panel) or JPN1 or UK1 TuMV strain infection (lower panels). Bolts were cut before recording mock-inoculated plants at 
21 and 27 days postinoculation (DPI) for clarity. Bar = 1 cm. B, Relative viral loads for JPN1- and UK1-inoculated plants at three different DPI obtained 
using a TuMV-specific quantitative reverse-transcription polymerase chain reaction assay. Comparisons were made between viruses (white bars) or within a
virus (solid lines). For both viruses in this latter case, 4 DPI was arbitrarily set as 0. Error bars represent standard error. 
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group showed minor differences with mock throughout the 
experiment. Taken together, these results suggest a particular 
oxidative status induced by UK1 infection. 

UK1 but not JPN1 induces ROS accumulation in 
systemically infected tissues. 

Considering the natural processes of viral replication and 
spread from the initial inoculation sites, we hypothesized that 
putative early systemic redox changes should be first detected in 
upper, younger leaves. To find the most suitable leaf for further 

biochemical and molecular analysis, we employed TuMV har-
boring a green fluorescent protein gene (TuMV-GFP, engineered 
based on UK1) (Sanchez et al. 1998; Tourino et al. 2008) to fol-
low the progression of the infection in detail. No fluorescence 
was detected in systemic tissues at 4 DPI (Supplementary Fig. 
S1). By 6 DPI, however, viral particles had reached leaves 8, 9, 
10, and 11. At 8 DPI, only leaf 11 was fully fluorescent, which 
indicates that this leaf is a primary sink tissue for viral particles 
coming from the inoculated third leaf. Leaf 11 from 4 to 21 DPI 
for all treatments is shown in Figure 3A. As expected, UK1 

Fig. 2. Comparative senescence progression in Turnip mosaic virus (TuMV)-infected Col0 plants. A, Representative leaf 5 harvested from plants at 4 to 27 
days postinoculation (DPI) inoculated with buffer only (mock) or JPN1 or UK1 TuMV strains. Bar = 1 cm. B, Fresh weight measurements of the sampled 
leaves during the experiment; 18 ≤ n ≤ 32 leaves per treatment and DPI. C, Total chlorophylls; D, anthocyanins; and E, carotenoids content and F, carote-
noid/chlorophyll ratio in leaf 5 of mock- and virus-inoculated plants across the experiment; 4 ≤ n ≤ 11 leaves per treatment and DPI. Asterisks and small tri-
angles indicate significant differences between mock/UK1- and mock/JPN1-inoculated samples, respectively. One-way analysis of variance with Tukey’s
post-test was performed. Error bars represent standard error. 
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accelerated senescence symptoms, mimicking the response of 
leaf 5. However, unlike leaf 5, viral infections reduced the maxi-
mum growth of leaf 11 (Fig. 3B). Moreover, JPN1-infected 
leaves continued to grow until 21 DPI whereas UK1 completely 
arrested growth beyond 11 DPI (Fig. 3B; Table 1). These results 
are in agreement with our preliminary observations (F. Ponz and 
F. Sánchez, unpublished results). Because leaf 11 had not 
emerged at 0 DPI, the impact of the viral infection on its devel-
opment should be paramount as a principal sink of the inocu-
lated third leaf. Hereinafter, we chose leaf 11 to study molecular 
changes throughout the infection. 

The increase in antioxidants could be attributed to a higher 
accumulation of ROS, including superoxide (O2

–) and H2O2, 
which are common in some responses to biotic stresses that 
could modify the redox status of the cells (Grosskinsky et al. 
2012). To determine the relative accumulation of H2O2 and O2

–, 
3,3-diaminobenzidine (DAB) and nitro blue tetrazolium chlo-
ride (NBT) staining techniques were performed, respectively. 
A statistically significant overaccumulation of H2O2 from 11 to 
21 DPI induced by UK1 is shown in Figure 4A; strikingly, 
JPN1-infected samples did not show any differences with the 
controls. NBT staining (Fig. 4B) exhibited a similar pattern. 

Key genes in senescence, oxidative stress, and  
hormone response are differentially regulated  
upon JPN1 and UK1 infection. 

Transcript accumulation of key genes in senescence, oxida-
tive stress, and hormone response were assayed by qRT-PCR 
on leaf 11 at 4, 10, and 16 DPI (Fig. 5). The complete list of 
analyzed transcripts and the respective fold changes in their 
accumulation following viral infections is shown in Supple-
mentary Table S1. Given the importance of ORE1 and ORS1 
in senescence and oxidative stress, both genes were assayed. 
Other genes were selected on the basis of their response to 
relevant biotic and abiotic stimuli, predicted SAG nature, or 
strong dependence on ORE1/ORS1 regulation (Balazadeh et 
al. 2010a, 2011). Results of the assays on these genes are sum-
marized in Figure 5A. Few analyzed genes showed significant 
expression changes in JPN1-infected samples until 16 DPI, 
when senescence is already an ongoing process. By contrast, 
UK1 induced profound changes in gene expression from the 

Fig. 4. H2O2 and O2
– overaccumulation in UK1-infected systemic Col0 

leaves. A, Relative quantification of 3,3-diaminobenzidine staining on 
11th leaves. Individual intensity values were normalized to mock-
inoculated controls at each day postinoculation (DPI) analyzed. Mean 
values were calculated for mock-inoculated controls (white bars) and
JPN1- and UK1-infected samples (light and dark gray bars, respectively). 
B, Same as in A for quantification of nitro blue tetrazolium chloride
staining; 3 ≤ n ≤ 11 leaves per treatment and DPI. One-way analysis of 
variance with Tukey’s post-test were performed. Error bars represent 
standard error. 

Fig. 3. A, Representative recording and B, leaf area growth of Col0 leaf
11 sampled at 4 to 21 days postinoculation (DPI) inoculated with buffer
only (mock) or JPN1 or UK1 Turnip mosaic virus (TuMV) strains; 20 ≤
n ≤ 34 leaves per treatment and DPI. Asterisks and small triangles indi-
cate significant differences between mock/UK1- and mock/JPN1-inocu-
lated samples, respectively. Kruskal-Wallis nonparametric test with 
Dunn’s post-test was performed. Error bars represent standard error. Bar = 
1 cm. 

Table 1. Intra-treatments statistic analysis of Col0 leaf 11 area growth at 4 
to 21 days postinoculation (DPI)a 

Column 1 Mock JPN1 UK1 

4 DPI vs. 11 DPI *** *** *** 
4 DPI vs. 16 DPI *** *** *** 
4 DPI vs. 21 DPI *** *** *** 
11 DPI vs. 16 DPI ns ns ns 
11 DPI vs. 21 DPI *** *** ns 
16 DPI vs. 21 DPI ns ns ns 
a 20 ≤ n ≤ 34 for each treatment and time point; ns = no significant statistical 

differences between the time points compared within a given treatment.  
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beginning of the infection at 4 DPI, when no developmental 
symptoms or differential accumulation of ROS could yet be 
detected (Figs. 3A and 4). This pattern was mimicked at 10 DPI. 
By 16 DPI, both strains induced the overaccumulation of most 
of these selected SAG, including ORE1, although alterations 
were more pronounced with UK1. Nonetheless, divergences 
between JPN1- and UK1-driven changes are not only time de-
pendent or quantitative but also qualitative in nature. The pattern 
of accumulation of Peroxidase 71 (At5g64120), a cell-wall 
peroxidase which produces ROS (Rouet et al. 2006), was par-
ticularly interesting. Cell-wall peroxidases are implicated in 
ROS production in plant defense (Bindschedler et al. 2006). 
Moreover, the production of ROS is a hallmark of successful 
pathogen recognition and activation of plant defenses and is 
typically apoplastic (Torres 2010). Despite its strong and sus-
tained induction from 4 to 16 DPI in UK1 samples, JPN1 did 
not have any effect on the accumulation of this transcript. 
However, PDF1.4, a defense-related gene induced by viral in-
fections (Ascencio-Ibanez et al. 2008), is also induced at early 
stages in JPN1-infected plants, indicative of strain recognition. 
Surprisingly, the ORE1 paralog ORS1 was downregulated at 
16 DPI following both viral infections. Thus, we inoculated B. 
juncea plants with both strains to test the extent and conserva-
tion of these results in other TuMV-susceptible host. The accu-
mulation patterns of both analyzed genes were similar to those 
of A. thaliana (Supplementary Fig. S2); ORE1 overaccumu-
lated earlier in UK1-infected samples and ORS1 was down-
regulated at 16 DPI in all virus-infected samples. 

Regarding Arabidopsis, the observed increase in O2
– accumu-

lation in UK1-infected samples could be attributed to a misregu-
lation of the detoxification mechanisms of the cell. Copper-zinc 
superoxide dismutases (CSDs) are of paramount importance in 
the enzymatic defense system against O2

–. MiR398 targets cyto-
solic CSD1 and chloroplastic CSD2 and a copper chaperone for 
superoxide dismutase (CCS1) (Beauclair et al. 2010; Chu et al. 
2005; Sunkar et al. 2006) but not the CCS1-independent peroxi-
somal CSD3 (Huang et al. 2012). The impact of viral infections 
on transcript accumulation of these five genes is shown in Fig-
ure 5B. Remarkably, at 10 DPI, the CSD2 transcript level is not 
changed in UK1 in contrast to the more than twofold increase 
observed in JPN1; furthermore, the negative regulator miR398 is 
increased almost sixfold in UK1. 

Nutrient stress and hormone disarray are other well-known 
outcomes of viral infections. APS1 and PHO2 mRNAs are 
downregulated under sulfate and phosphate starvation, respec-
tively (Fujii et al. 2005; Jones-Rhoades and Bartel 2004). Cop-
per is crucial in plant protection against ROS (Burkhead et al. 
2009) and its deprivation induces miR397 and miR408 (Abdel-
Ghany and Pilon 2008). The accumulation of these transcripts 
under viral infections is compared in Figure 5C, showing nota-
bly lower levels of PHO2 in infected samples. Modulation of 
plant hormone networks, including auxin, abscisic acid, and 
jasmonic acid (JA) pathways, has been reported following 
pathogen attack (Zhang et al. 2011). To test for important genes 
involved in auxin signaling pathways, ARF8 and TIR1 levels 
were assayed (Fig. 5C). Although statistically significant differ-
ences between treatments were detected, no clear pattern 
emerged from these comparisons. TCP4 TF directly regulates 
lipoxygenase (LOX)2, a chloroplast-localized enzyme that is re-
sponsible for the first step in the JA biosynthesis pathway 
(Schommer et al. 2008). TCP4 was consistently repressed in the 
JPN1-infected samples throughout the infection. However, only 
slight changes could be observed in the UK1-infected samples. 
A similar but less pronounced repression was observed for 
LOX2 in the JPN1 group. In contrast to the results of TCP4, 
LOX2 was overaccumulated at 16 DPI in the UK1 group (Fig. 
5C). Because JA signaling is usually antagonistic to SA signal-

ing and SA signaling is important for plant defense against 
virus, these results encouraged us to further investigate the effect 
of these hormones on ORE1- and ORS1-dependent genes ana-
lyzed. 

SA and methyl jasmonate (MeJA) effects  
on ORE1 and ORS1 senescence networks. 

Our results revealed that several SAG were induced by UK1 
at 4 DPI in leaf 11 soon after its emergence (Figs. 5A and 3A). 
These findings, together with the reported role of SA and JA 
both in modulating senescence and orchestrating plant defense 
(Guo and Gan 2005; Quirino et al. 2000), led us to investigate 
the expression profile of the analyzed SAG in response to 
these hormones (Fig. 6A; Supplementary Table S2). In agree-
ment with previous reports (Besseau et al. 2012), WRKY70 
showed a strong response to SA after 4 h and was induced by 
MeJA, though to a much lesser extent. None of these hor-
mones altered mature miR164 accumulation. Most of the 
genes analyzed of the ORE1 and ORS1 regulons were upregu-
lated by SA, including ORE1 itself. By contrast, three genes 
were downregulated by MeJA treatment, and no analyzed gene 
was found to be induced by this hormone. In contrast with 
ORE1, however, ORS1 did not change upon SA treatment. A 

Fig. 5. Quantitative reverse-transcription polymerase chain reaction (qRT-
PCR) analysis of selected genes upon infection by Turnip mosaic virus
(TuMV) strains. Heat maps illustrating qRT-PCR results are shown for A,
senescence-associated genes; B, copper-zinc superoxide dismutase (O2

–) 
scavenging system; and C, other relevant genes related to nutrient stress, 
hormone response, and senescence. Comparisons were made between mock-
treated samples and JPN1 or UK1, as indicated. Log2 fold change values 
are given in a double-color scale. N/A = not analyzed, N/D = not detected, 
and ∞ = detected only in virus-infected samples; * = 0.01 ≤ P ≤ 0.05, ** = 
0.001 ≤ P ≤ 0.01, and *** = P ≤ 0.001.  
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possible explanation for this might be different timings of 
induction between these closely related paralogs under the 
same stimulus, as previously reported (Balazadeh et al. 2011). 
Thus, we analyzed both SAG 24 h after induction. ORE1 
showed a sustained increase after SA application but ORS1 
remained unchanged (Fig. 6B). MeJA exhibited a late effect on 
ORE1, accentuating the tendency toward its downregulation 
shown at 4 h. No effect was detected on ORS1. 

Differential senescence progression and  
H2O2 accumulation between strains are lost  
in SA-defective NahG plants. 

Several transcripts belonging to SAG and some of them cod-
ing for ROS-generating enzymes are early overaccumulated in 

UK1- but not JPN1-infected plants (Fig. 5A) and most of them 
were found to be SA responsive (Fig. 6). Thus, we hypothe-
sized that differential SA responses could be underlying the 
distinct senescence phenotypes associated with both TuMV 
strains. To investigate this possibility, we used NahG-transgenic 
plants, which have impaired SA accumulation, and repeated 
measurements of senescence parameters and ROS accumula-
tion during viral infections with JPN1 and UK1 TuMV strains. 
The set of senescence parameters analyzed is shown in Figure 7. 
NahG plants presented delayed developmental senescence com-
pared with Col0 plants (Figs. 2 and 7, mock-inoculated con-
trols), a phenotype previously described (Buchanan-Wollaston 
et al. 2005). Interestingly, almost all differences between 
mock- and virus-inoculated plants were lost (Fig. 7A to D), 
with the exception of anthocyanin accumulation (Fig. 7E). 
None of the physiological markers of senescence presented 
statistically significant differences between strains. Similarly 
to Col0, however, UK1 infections triggered growth arrest phe-
notypes in NahG plants, as revealed by the growth rate of leaf 
11. Nevertheless, differently from Col0 plants, JPN1 also 
induced growth arrest beyond 11 DPI in NahG plants (Table 2; 
Supplementary Fig. S4). ROS accumulation was measured in 
leaf 11 of NahG plants (Fig. 8). DAB staining showed no dif-
ferences in H2O2 levels between treatments during the experi-
ment (Fig. 8A). However, O2

– overaccumulated in UK1-infected 
NahG plants and JPN1 induced a transient overaccumulation 
of this ROS at 16 DPI, as shown by NBT staining (Fig. 8B). 

DISCUSSION 

UK1 triggers earlier senescence and  
more severe symptoms than JPN1  
despite accumulating similar viral RNA levels. 

In this study, we used two closely related TuMV strains 
(UK1 and JPN1) to investigate the bases of their contrasting 
symptom induction. This allowed us to associate phenotypes 
with the differential ROS accumulation, antioxidant responses, 
and distinct expression of SAG. A previous report had com-
pared the transcriptomic effects of infections of two Potato 
virus Y (PVY) strains with differential accumulation level on 
potato plants and showed several differentially regulated anti-
oxidant-related genes at early time points after infection using 
inoculated leaves for analysis (Kogovsek et al. 2010). On the 
other hand, in the present study, all measurements were done 
in systemically infected leaves. Phenotype recording showed 
differential symptomatology triggered by both strains despite 
accumulating similar levels of viral RNA (Fig. 1). A similar 
scenario has been recently described for a potexvirus, Pepino 
mosaic virus, infecting tomato (Hanssen et al. 2011). Among 
differential symptomatology triggered by both strains, rosette 
yellowing was notably accelerated in UK1-infected plants 
(Fig. 1A). UK1 clearly accelerated senescence in comparison 
with JPN1 in Col0 plants (Fig. 2). On the other hand, viruses 
failed to accelerate senescence in NahG plants (Fig. 7). The 
analysis of antioxidant content showed evident differences be-
tween strains in Col0 plants (Fig. 2D to F). These compounds 
change their accumulation in a senescence-driven manner but 
also play important roles in oxidative protection (Breeze et al. 
2011; Gould 2004; Nagata et al. 2003).  

Accumulation of UK1-induced antioxidant molecules and 
ROS depend on SA and correlate with symptom severity. 

ROS production is a common outcome of viral infections 
and plants that cannot cope with excessive O2

– accumulation 
fail to flower and have impaired vegetative growth (Nagata et 
al. 2003). Accordingly, UK1 (but not JPN1) induced the arrest 
of the growth of flowers (Fig. 1A) and systemic leaves (Fig. 3; 

Fig. 6. Quantitative reverse-transcription polymerase chain reaction analy-
sis of selected senescence-associated genes (SAGs) upon application of
salicylic acid (SA) and methyl jasmonate (MeJA). A, SAGs and other rele-
vant genes tested after 4 h of hormone treatments. Log2 fold change val-
ues are given in a double-color scale. B, ORE1 and ORS1 were analyzed
24 h post-treatment. Comparisons were made between mock-treated sam-
ples and SA or MeJA, as indicated. Error bars represent standard error; ** =
0.001 ≤ P ≤ 0.01 and *** = P ≤ 0.001.  
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Table 1). Analysis of H2O2 and O2
– levels (Fig. 4) revealed dif-

ferential ROS accumulation induced by these strains: whereas 
JPN1 remained indistinguishable from mock levels throughout 
the experiment, UK1 overaccumulated both types of ROS. 
Further, in NahG plants, the growth arrest phenotype induced 
by UK1 was associated with increased O2

–  levels (Fig. 8B; Ta-
ble 2) though no H2O2 overaccumulation could be detected 
(Fig. 8A). The growth arrest detected in JPN1 between 11 and 
21 DPI in NahG plants also correlated with a transient overac-
cumulation of O2

–  at 16 DPI. Together, these findings suggest 
O2

–  as the main ROS responsible for growth arrest pheno-
types; however, more experiments are needed to further clarify 
this point. Therefore, a scenario arises in which UK1 triggers 
an overaccumulation of ROS (both the SA-dependent H2O2 
and the SA-independent O2

–) that, in turn, provokes impaired 
cellular functions, leading to growth arrest and early senes-
cence in Col0 plants. JPN1 also induced senescence but in a  
milder way, suggesting that other mechanisms distinct from 
ROS damage or signaling are involved. Normal SA levels and 
concomitant H2O2 accumulation during the infections are 

needed for differential senescence progression observed be-
tween strains. Anthocyanins were differently accumulated be-
tween mock- and virus-infected NahG plants but differences 
between strains were abolished (Fig. 7E). Anthocyanins were 
found to be several-fold overaccumulated throughout the ex-
periment in NahG when compared with Col0 plants following 
mock inoculations (Figs. 2D and 7E, solid lines). This finding 

Fig. 7. Comparative senescence parameters in Turnip mosaic virus (TuMV)-infected NahG plants. Fifth leaves were harvested from plants inoculated with 
buffer only (mock) or JPN1 or UK1 TuMV strains at 4 to 27 days postinoculation (DPI). A, Fresh weight measurements of the sampled leaves during the ex-
periment; 10 ≤ n ≤ 23 leaves per treatment and DPI. B, Total chlorophylls; C, carotenoids; D, carotenoid/chlorophyll ratio; and E, anthocyanins content in 
leaf 5 of mock- and virus-inoculated plants across the experiment; 4 ≤ n ≤ 9 leaves per treatment and DPI. Asterisks and small triangles indicate significant
differences between mock/UK1- and mock/JPN1-inoculated samples, respectively. One-way analysis of variance with Tukey’s post-test was performed. Error
bars represent standard error. 

Table 2. Intra-treatments statistic analysis of NahG leaf 11 area growth at 
4 to 21 days postinoculation (DPI)a 

Column 1 Mock JPN1 UK1 

4 DPI vs. 11 DPI * ** *** 
4 DPI vs. 16 DPI *** *** *** 
4 DPI vs. 21 DPI *** *** *** 
11 DPI vs. 16 DPI Ns ns ns 
11 DPI vs. 21 DPI * ns ns 
16 DPI vs. 21 DPI Ns ns ns 
a 12 ≤ n ≤ 18 for each treatment and time point; ns = no significant statistical

differences between the time points compared within a given treatment.  
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is in line with previously reported milder symptoms developed 
by NahG plants under several RNA virus infections and could 
be attributed to their higher content of reduced antioxidants, 
which also attenuated viral symptoms when applied exoge-
nously (Wang et al. 2011). Similarly, we observed no H2O2 
overaccumulation in UK1-infected NahG plants (Fig. 8A), a 
result also previously reported (Wang et al. 2011). This scenario 
might be plausible because the initial oxidative burst after patho-
gen infection is followed by SA biosynthesis which, in turn, 
affects the ROS levels in a positive feedback loop (Yuan and 
Lin 2008). 

Moreover, whereas, in Col0 plants, O2
– levels increased 

between 70 and 180% during the experiment in UK1-infected 
plants relative to mock-inoculated controls, UK1-infected NahG 
plants overaccumulated only 50 to 80% (Figs. 4B and 8B). 

ROS-generating and -scavenging systems  
are both differentially regulated by JPN1 and UK1. 

Differential ROS accumulation could result from alterations 
in ROS production or scavenging systems. qPCR analysis 
revealed that both strains regulated differently key genes impli-
cated in these processes in Col0 plants (Fig. 5). Although JPN1 
and UK1 seems to both be recognized by the plant, consider-
ing the early induction of PDF1.4, a SA-insensitive defensin-
like protein (Fig. 6A), only UK1 upregulated ROS-generating 

peroxidase starting from 4 DPI (Fig. 5A). Consistently, ROS 
accumulation peaks at 16 DPI in UK1-infected samples (Fig. 
4), coinciding with a maximum in peroxidase upregulation. 
Though other enzymes such as NADPH oxidases are also 
important to ROS generation (Torres 2010), our analysis iden-
tified a differential regulation between strains in a key ROS-
generating and pathogen-responsive peroxidase. This result is 
important because it allows us to link phenotypic observations 
with a putative molecular model for the differential ROS accu-
mulation between strains, though deeper studies are needed to 
confirm this association. 

LOXs are activated during the senescence (Lynch and 
Thompson 1984) and LOX2 is a chloroplastic enzyme that 
produces ROS (Bell et al. 1995). Only UK1 induced upregula-
tion of LOX2 at 16 DPI (Fig. 5C). The sustained downregula-
tion of TCP4 induced by JPN1 could explain this difference, 
because TCP4 controls LOX2 expression (Schommer et al. 
2008). 

The detoxification mechanisms of the cell were assessed by 
analyzing the O2

– scavenging system composed by the cyto-
plasmic CSD1, the chloroplastic CSD2, and their chaperone 
CCS1, together with their negative regulator miR398 (Fig. 
5B). Although similar patterns were seen between strains, a 
remarkable exception was seen at 10 DPI, when CSD2 was 
strongly upregulated in JPN1-infected plants but no significant 
differences were detected in UK1-infected plants. This differ-
ence coincided with a higher expression of miR398 in UK1-
infected samples by 10 DPI that could be preventing CSD2 
overaccumulation. Because chloroplasts are a main source of 
ROS (Asada 2006; Bhattacharjee 2012) and chloroplastic 
CSD2 is not upregulated in UK1-infected plants until 16 DPI, 
it could be suggested that the O2

– scavenging system is im-
paired in these plants. 

The overaccumulation of miR398 under late viral infections 
was unexpected because miR398 is predicted to be downregu-
lated by ROS and biotic stresses (Jagadeeswaran et al. 2009). 
MiR398 is induced under copper deprivation (Yamasaki et al. 
2007). We analyzed the accumulation profile of miR397 and 
mIR408, which are also upregulated under copper deficiency, 
through their common activation via the SPL7 TF (Yamasaki 
et al. 2009). No clear upregulation pattern was detected for 
these miRNAs (Fig. 5C). Therefore, copper deprivation is un-
likely to be the driving force behind miR398 overaccumulation. 

Together, the sustained and strong upregulation of the ROS-
generating Peroxidase 71 and the late upregulation of LOX2 
observed only in UK1-infected plants (Fig. 5A and C) and the 
differential accumulation profile of CSD2 (Fig. 5B) are con-
sistent with the contrasting ROS accumulation observed be-
tween strains (Fig. 4). Thus, both ROS generation and scav-
enging systems are differently altered by UK1 and JPN1. 

Transcriptomic analysis reveals  
early UK1-induced SAG overaccumulation and  
late convergence between both TuMV strains. 

Notable differences between JPN1- and UK1-induced gene 
expression changes were detected when ORE1 and ORS1 
regulons were analyzed. (Fig. 5A). Remarkably, UK1 upregu-
lated many SAG at 4 DPI, when leaf 11 had barely emerged 
(Fig. 3A). Sustained ROS overaccumulation in systemic UK1-
infected young leaves was associated with early induction of 
many SAG that could, in turn, lead to an irreversible triggering 
of full senescence. These findings are consistent with a study 
that demonstrated extensive overlap between senescence and 
pathogen-induced TF (Chen et al. 2002). Differences between 
strains were found again at 10 DPI, when no visible leaf yel-
lowing could as yet be detected (Fig. 3A). However, a tendency 
to converge was found for both virus-induced SAG profiles at 

Fig. 8. UK1-induced reactive oxygen species accumulation is partially
abolished in NahG plants. A, Relative quantification of 3,3-diaminobenzi-
dine staining on 11th leaves. Individual intensity values were normalized
to mock-inoculated controls at each day postinoculation (DPI) analyzed.
Mean values were calculated for mock-inoculated controls (white bars)
and JPN1- and UK1-infected samples (light and dark gray bars, respec-
tively). B, Same as in A for quantification of nitro blue tetrazolium chlo-
ride staining; 4 ≤ n ≤ 6 leaves per treatment and DPI. One-way analysis of
variance with Tukey’s post-test were performed. Error bars represent
standard error. 
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16 DPI. This situation is in agreement with a recent report show-
ing that, at later stages, senescence networks triggered by di-
verse stimuli converged (Guo and Gan 2012). 

ORE1 is induced at 4 and 10 DPI under UK1 infection when 
no downregulation of its negative regulator miR164 was de-
tected. At 16 DPI, however, miR164 and ORE1 accumulation 
were negatively correlated following both viral treatments, 
suggesting transcriptional regulation of ORE1 at early stages 
of infection but an additional effect of senescence-driven post-
transcriptional regulation at 16 DPI. 

The strong downregulation of its paralog ORS1 at 16 DPI 
was unexpected because not only is ORS1 greatly induced by 
H2O2, a metabolite accumulated in UK1-infected leaves, but 
both paralogs also possess high promoter sequence conserva-
tion and play similar roles in promoting senescence (Balazadeh 
et al. 2011). Interestingly, both strains induced similar changes 
on the accumulation profile of these master regulators of senes-
cence in B. juncea. This emphasizes not only the conserved 
response of both paralogs to a common stress in Brassicaceae 
spp. but also the differential responses between them to an 
external stimulus. 

SA and H2O2 interplay is a key component  
of differential senescence responses. 

Senescence is delayed considerably in NahG plants where 
several SAG belonging to ORE1 and ORS1 regulons are highly 
downregulated compared with wild-type plants (Buchanan-
Wollaston et al. 2005). ORE1 and ORS1 themselves are also 
upregulated by H2O2 (Balazadeh et al. 2011). Therefore, NahG 
plants have seriously impaired the signaling of these senescence 
networks through both the lack of accumulation of SA (to which 
ORE1 and other SAG respond) and H2O2 (to which both NAC 
paralogs responds). In this regard, the loss of senescence accel-
eration in NahG-infected plants could be attributed, at least in 
part, to the break in the SA–H2O2 feedback system. Interest-
ingly, a recent study using the potyvirus PVYNTN has shown that 
SA is essential in determining the development of disease symp-
toms and early transcriptomic changes in compatible interac-
tions with a tolerant cultivar of potato (Baebler et al. 2011). Our 
findings underline a central role of SA in determining senes-
cence progression following different TuMV strain infections. 
Also in potato, SA levels were increased in a susceptible cultivar 
after infection with PVYNTN, even in systemic leaves at 1 dpi 
(Krecic-Stres et al. 2005). Nonetheless, it was found that mutant 
plants impaired in SA pathway were not more susceptible than 
Col0 plants to infection, contrasting to what was observed fol-
lowing infection with cellular pathogens (Huang et al. 2005). 
Similar results were obtained in a work that described milder 
symptoms in NahG plants after infections with different RNA 
viruses, despite the lower overaccumulation of key SA-respon-
sive defense genes (Wang et al. 2011). Based on our results, we 
speculate that disturbed ORE1 or ORS1 senescence networks 
could be playing a central role in determining milder symptoms 
after viral infections on SA-defective plants. 

The outcome of TuMV infection involves intricate networks, 
including differential SA response and  
competition for nutrients. 

Whereas it has been proposed that leaf phenotypes induced 
by TuMV infection are mainly due to the misregulation of 
ARF8 (Jay et al. 2011), our results (Fig. 5C) are more in agree-
ment with a previous work that did not find changes in ARF8 
accumulation in either inoculated or systemically infected 
leaves; our data are also in agreement with the upregulation of 
CSD1 and CSD2 showed in this work (Yang et al. 2007). 

Nevertheless, caution must be adopted when comparing dif-
ferent approaches in the study of viral infections. Infected leaves 

comprise a heterogeneous mixture of host responses (Maule et 
al. 2002). Consequently, direct comparisons between inoculated 
and systemically infected leaves should be carefully interpreted. 

Taken together, our results indicate that both strains induce 
senescence and produce symptoms through partially different 
pathways. Nutrient deprivation is a common outcome of both 
viral infections, as shown here by PHO2 downregulation at 16 
DPI, consistent with the reported amino acid level depletion at 
late stages of viral infection (Bazzini et al. 2011). Anthocyanin 
rise observed in virus-infected plants could be also a response 
to nitrogen and phosphorous depletion (Kant et al. 2011; Peng 
et al. 2007, 2008). Because viral accumulation reached similar 
levels for both strains (Fig. 1B), simple resource competition 
fails to explain the differential symptoms. However, the senes-
cence process in JPN1-treated plants could be a partial conse-
quence of this deprivation. In UK1-infected plants, this process 
would be further exacerbated via the ROS overaccumulation 
produced by SA-dependent ROS-generating enzymes and early 
activation of ORE1 and ORS1 regulons. 

Several lines of evidence point to SA as the key hormone 
responsible for the main differences in symptoms observed be-
tween strains. The extensive overlapping between early response 
to UK1 and the SA response of many SAG, the partial abolition 
of symptoms differences, and ROS accumulation between 
strains in NahG plants are strong evidence supporting this hy-
pothesis. Additional investigation needs to be done in order to 
unravel the mechanism inducing symptom differences between 
both TuMV strains. Nevertheless, a possibility begins to develop 
integrating our data with recently published work (Conti et al. 
2012; Love et al. 2012). In line with these recent findings, it is 
tempting to envision a viral suppressor factor of SA-mediated 
response that could be active in JPN1 but not in UK1, com-
pletely changing SA-mediated response as observed here, and 
affecting symptom production but not virus accumulation. 

MATERIALS AND METHODS 

Plant growth conditions. 
Seed were stratified at 4°C for 3 days. A. thaliana Col-0 and 

NahG plants were grown under standard conditions (Boyes et 
al. 2001) in controlled environmental chamber. B. juncea 
plants were maintained in greenhouse with a photoperiod of 16 
and 8 h and temperature of 22 to 25°C (day) and 20°C (night), 
respectively. 

Virus infection assays. 
TuMV-UK1 (accession number X65978), TuMV-JPN1, and 

TuMV-GFP strains were maintained in infected A. thaliana 
Col-0. Fresh sap was obtained immediately prior to use to 
inoculate plants. Mock-inoculated plants were rubbed with 
sodium sulfite buffer (1% K2HPO4 + 0,1% Na2SO3 [wt/vol]). 
Plants were mechanically inoculated in their third true leaf at 
stage 1.08 (Boyes et al. 2001), because those leaves were 
almost fully developed by the time of the procedure. 

Pigment measurements. 
Pigments were extracted from individual samples of leaf 5. 

Chlorophylls and carotenoids were extracted using 96% etha-
nol. Anthocyanins were extracted with methanol/HCl (99:1 
[vol/vol]) and quantified as described by Rabino and Mancinelli 
(1986), with modifications. All pigment extracts were stored at 
room temperature for 16 h in the dark with gentle agitation. 
Absorbance of 0.2 ml was measured at 664, 649, and 470nm 
(chlorophylls and carotenoids) or 530 and 657 nm (anthocya-
nins) in a Multiskan Spectrum (Thermo Fisher Corp., Waltham, 
MA, U.S.A.). Chlorophyll concentrations were calculated using 
the following equations: Ca+b = total chlorophylls (g/ml) = 
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22.24 × A649 + 5.24 × A664, Ca = chlorophyll a (g/ml) = 13.36 × 
A664 – 5.19 × A649, and Cb = chlorophyll b (g/ml) = 27.43 × 
A649 – 8.12 × A664. Carotenoid concentrations were calculated 
using Cc = total carotenoids (g/ml) = (1,000 × A470 – 2.13 × 
Ca – 97.64 × Ca)/209. Anthocyanin contents were calculated 
using A530 – 0.25 × A657. 

DAB staining and quantification. 
DAB treatment was adapted from Thordal-Christensen and 

associates (1997). At 4, 11, 16, and 21 DPI, the 11th leaves of 
the plants was excised at the petiole with chirurgical scissors, 
immersed in DAB (Sigma-Aldrich, St. Louis) solution, and 
kept overnight in the dark under gentle agitation. Reactions 
were stopped and leaves were ethanol clarified. To quantify the 
level of DAB staining, samples were scanned using Image 
Scanner (GE Healthcare, Piscataway, NJ. U.S.A.). Densities 
were assessed using image analysis software (ImageJ for Win-
dows, v1.46p). Background was calculated by immersing leaves 
in a solution without DAB, ethanol clarifying as described 
above, scanning at the same time, and subtracting the mean 
value of three replicates to each of the DAB-treated leaves. 
Averages were calculated after data normalization to mock-
treated plants. 

NBT staining and quantification. 
For NBT staining, 11th leaves were sampled as for DAB 

treatment. Leaves were submerged in an NBT solution (Invi-
trogen, Molecular Probes, Eugene, OR, U.S.A.) as previously 
described (Wohlgemuth et al. 2002). Solutions were infiltrated 
into leaf tissues by 2-min vacuum shocks in a vacuum cham-
ber; then, the infiltrated leaf tissues were incubated for 2 h in 
the dark under gentle agitation. Ethanol clarifying, image anal-
ysis, and background subtraction were performed as described 
for DAB treatment. 

Leaf area calculations. 
Data from 11th leaves scanned for quantification of DAB 

and NBT staining were used to compare tissue growth using 
ImageJ software. 

Hormone treatments. 
SA or MeJA at 0.5 mM were sprayed on Col0 plants at 

growth stage 1.08. Effectiveness of treatments was confirmed 
by qRT-PCR using MeJA-inducible LOX2 (AT3G45140) (Bell 
and Mullet 1993) and SA-inducible PR1 (AT2G14610) (Uknes 
et al. 1992) (Supplementary Fig. S3). 

Oligonucleotide primer sets and real-time qPCR. 
Oligonucleotide primer sets for real-time qPCR were de-

signed using Vector NTI Advance 9 software (Life Technolo-
gies, Carlsbad, CA, U.S.A.). They are listed in Supplementary 
Table S3. MicroRNA primers for cDNA synthesis and qPCR 
assays were adapted from (Chen et al. 2005). 

Details on the minimum information for publication of 
quantitative real-time PCR experiments requirements are listed 
in Supplementary Tables S4 and Table S5. 

Statistical analysis. 
One-way analysis of variance with Tukey’s post-test and 

Kruskal-Wallis test with Dunn’s post-test were performed 
using GraphPad Prism (version 5.03 for Windows; GraphPad 
Software, San Diego, CA, U.S.A.). For all statistical analysis, 
significance was set as */Δ = 0.01 ≤ P ≤ 0.05, **/ΔΔ = 0.001 ≤ 
P ≤ 0.01, and ***/ΔΔΔ = P ≤ 0.001 throughout the experi-
ments. For qPCR analysis, LingRegPCR program (Ramakers 
et al. 2003) and the normalization method of Pfaffl and associ-
ates (2002) were used. Relative expression ratios and statistical 

analysis were performed using fgStatistics software interface 
(version 2009; Córdoba, Argentina). A false-discovery rate 
adjustment was applied for correcting for multiple compari-
sons (Benjamini and Hochberg 1995) using a threshold of 
0.05. 
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