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Studies of the interaction between Arabidopsis thaliana and
the necrotrophic fungal pathogen Sclerotinia sclerotiorum
have been hampered by the extreme susceptibility of this
model plant to the fungus. In addition, analyses of the
plant defense response suggested the implication of a com-
plex interplay of hormonal and signaling pathways. To get
a deeper insight into this host-pathogen interaction, we
first analyzed the natural variation in Arabidopsis for resis-
tance to S. sclerotiorum. The results revealed a large varia-
tion of resistance and susceptibility in Arabidopsis, with
some ecotypes, such as Ws-4, Col-0, and Rbz-1, being
strongly resistant, and others, such as Shahdara, Ita-0, and
Cvi-0, exhibiting an extreme susceptibility. The role of dif-
ferent signaling pathways in resistance was then determined
by assessing the symptoms of mutants affected in the per-
ception, production, or transduction of hormonal signals
after inoculation with S. sclerotiorum. This analysis led to
the conclusions that i) signaling of inducible defenses is
predominantly mediated by jasmonic acid and abscisic
acid, influenced by ethylene, and independent of salicylic
acid; and ii) nitric oxide (NO) and reactive oxygen species
are important signals required for plant resistance to S.
sclerotiorum. Defense gene expression analysis supported
the specific role of NO in defense activation.

In response to pathogen attack, plants have developed com-
plex signaling and defense mechanisms in order to protect
themselves. Plant defenses are regulated through a complex
network of transduction pathways involving a number of sig-
naling molecules, including reactive oxygen species (ROS),
nitric oxide (NO), salicylic acid (SA), jasmonic acid (JA), and
ethylene (ET) (Kunkel and Brooks 2002). A number of mu-
tants affecting the biosynthesis or transduction of these signals
are available (Kunkel and Brooks 2002). In addition to these,
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mutational analyses in Arabidopsis have uncovered genes act-
ing as positive regulators that are required for resistance con-
ferred by several resistance (R) genes. EDS1 and NDRI1 are
such regulators and are hypothesized to belong to two down-
stream pathways triggered by R genes, encoding two kinds of
protein structures (toll interleukin 1 receptor-nucleotide bind-
ing site-leucine-rich repeat [TIR-NB-LRR] or coiled-coil NB-
LRR, respectively), determining which downstream factors are
required (Aarts et al. 1998; Century et al. 1995; Parker et al.
1996). Additional, independent pathways have also been found
(Bittner-Eddy and Beynon 2001; McDowell and Dangl 2000).
Subsequently, downstream resistance components, such as
RAR1 and SGT1, have been discovered, which are required
for signaling by specific sets of resistance genes (Austin et al.
2002; Azevedo et al. 2002; Muskett et al. 2002; Tor et al.
2002; Tornero et al. 2002). Plant mitogen-activated protein
kinases (MPK) such as MPK4 have also been implicated as
components of defense signaling pathways (Brodersen et al.
2006; Petersen et al. 2000).

Thus, a number of signaling components have been identi-
fied which reveal that resistance to different pathogen types is
achieved through activation of specific signaling pathways, de-
pending on the R protein structures, the invasion mode of the
pathogen, and, certainly, on some other, still unknown parame-
ters. For instance, JA/ET pathways seem to be more related to
necrotrophic pathogens, whereas the SA pathway is more often
used by biotrophic pathogens. Abscisic acid (ABA) has recently
been shown to act as an essential signal for different pathogens
and, more specifically, pathogens affecting JA biosynthesis
(Adie et al. 2007, Kaliff et al. 2007; Mauch-Mani and Mauch
2005; Ton and Mauch-Mani 2004). In addition, these pathways
do not function independently but interconnect cooperatively
and antagonistically through a complex regulatory network
(Glazebrook 2005; Thomma et al. 2001). The dynamics of
these interactions are not clearly understood but they are cru-
cial to fine-tuning induction of defenses in response to differ-
ent pathogens. A limited number of models is currently stud-
ied; therefore, the characterization of novel plant-pathogen
interactions should enable a better understanding of these
regulatory networks and the discovery of new plant defense
mechanisms. In this context, we have studied the interaction
between Sclerotinia sclerotiorum (S. sclerotiorum) and Arabi-
dopsis thaliana.



S. sclerotiorum is a necrotrophic fungal pathogen that causes
a major disease in many crop species worldwide. Over 400
plant species have been reported to be susceptible to this patho-
gen, including important crops such as oilseed rape and sun-
flower (Purdy 1979). Genetic resistance to S. sclerotiorum exists
in sunflower and oilseed rape (Bert et al. 2002; Liu et al. 2005;
J. Zhao et al. 2006a). However, the nature of this resistance,
polygenic and partial, and the large effect of environmental
conditions on disease development make it difficult to improve
resistance using classical breeding methods.

The molecular bases of plant—S. sclerotiorum interactions
remain poorly understood. However, Sclerotinia spp. have been
shown to produce a number of pathogenicity factors, including
cell-wall-degrading enzymes (Riou et al. 1991) and oxalic
acid, known to play a key role in the interaction (Godoy et al.
1990; Guimaraes and Stotz 2004; Kim et al. 2008). Recently,
generation of transgenic plants degrading oxalic acid have
been shown to be more resistant to Sclerotinia spp. (Donaldson
et al. 2001; Livingston et al. 2005). Oxalate-degrading bacteria
can also protect A. thaliana and crop plants against necrotro-
phic fungi (Schoonbeek et al. 2007). Interestingly, the model
plant A. thaliana has been shown to be naturally infected by S.
sclerotiorum (Wang et al. 2008), opening the way to basic
studies. However, previous reports indicated that the extreme
susceptibility of Arabidopsis to this pathogen would prevent
the characterization of genetic and molecular determinants of
resistance or susceptibility (Dai et al. 2006). For this reason,
subsequent studies have been conducted using an oxalate-defi-
cient S. sclerotiorum strain with reduced aggressiveness
(Godoy et al. 1990). At this point, it should be noted that ox-
alate is not only an essential pathogenicity factor of S. scle-
rotiorum but also a key actor of the interactions of the fungus
with its hosts (Cessna et al. 2000; Guimaraes and Stotz 2004).
In addition, some components of the ABA, JA, SA, and ET
signaling have been shown to be implicated in defense to S.
sclerotiorum (Guo and Stotz 2007). These studies led to inter-

esting but fragmentary data, because a limited number of
mutants were analyzed for each pathway and some pathways
were not studied, such as those involving early components of
the resistance pathways, including EDS1, NDR1, PAD4, and
signaling molecules such as NO and ROS.

To get a deeper insight into the Arabidopsis—S. sclerotiorum
host-pathogen interaction, we have analyzed the natural varia-
tion in Arabidopsis for resistance to S. sclerotiorum and stud-
ied the plant molecular defense pathways involved in resistance
through genetic and genomic analysis. This combined analysis
allowed us to i) reveal an unexpectedly large variation of resis-
tance and susceptibility in Arabidopsis, ii) clarify the role of
each signaling pathway using several components of each
pathway and a natural S. sclerotiorum strain, and iii) identify
NO and ROS as important signals required for plant resistance
to S. sclerotiorum. Finally, the analysis in oilseed rape of dif-
ferent defense marker genes (previously analyzed in Arabidop-
sis) indicates that their regulation is largely conserved in re-
sponse to S. sclerotiorum infection in this crop.

RESULTS

Natural variation for S. sclerotiorum resistance
in A. thaliana.

In order to investigate the genetic and molecular determi-
nants of resistance or susceptibility to S. sclerotiorum in Arabi-
dopsis, we first analyzed natural variation of this trait. Our aim
was to determine whether the extreme susceptibility previously
reported in Arabidopsis (Dai et al. 2000) is a general feature of
this model species or is restricted to only some ecotypes. We
also wanted to identify susceptible and resistant ecotypes to be
able to evaluate the susceptibility or resistance of defense sig-
naling mutants.

For this purpose, more than 50 ecotypes of A. thaliana were
tested for their response to the fungal pathogen (Fig. 1). In all,
45 of these accessions are part of a core collection of 48 eco-
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Fig. 1. Natural variation of resistance to Sclerotinia sclerotiorum among Arabidopsis accessions. Leaves of 4-week-old plants were inoculated with S. sclero-
tiorum (strain S55). Each inoculated plant was scored 7 days after inoculation. Means and standard errors were calculated from scoring at least six plants.
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types, estimated to correspond to 100% of the variation present
in Arabidopsis (McKhann et al. 2004). The other accessions
(six ecotypes) are currently used in the laboratory or corre-
spond to parental accessions of recombinant inbred line popu-
lations. Plant resistance to S. sclerotiorum was evaluated using
a semiquantitative test with a scoring scale of O to 6, based on
measurement every 2 days, of the fungal colonization of the
whole plant after inoculation of one leaf, until 14 days
postinoculation (dpi). Fungal colonization varied continuously
in the different accessions (Fig. 1). This result indicates that
some ecotypes exhibit extremely contrasting phenotypes, such
as Ws-4 and Rubezhnoe-1 (Rbz-1), which are highly resistant
to S. sclerotiorum, and Shahdara (Sha), Ita-0, and Cvi-0, which
are highly susceptible (Fig. 1). Additionally, many ecotypes
show an intermediate phenotype (Fig. 1). Thus, resistance to S.
sclerotiorum exists and is a quantitative trait in Arabidopsis, as
previously reported in crops (Bert et al. 2002; Zhao et al.
2006a). Based on these results, the ecotypes Rbz-1 and Sha
were used as the resistant and susceptible controls, respectively,
for further experiments.

Contribution of the JA, ET, SA, and ABA pathways.

To determine the role of SA, JA, ET, and ABA in resistance
to S. sclerotiorum, mutants affected in the perception, produc-
tion, or transduction of these hormonal signals were inoculated
and the symptoms were assessed as previously described.
Most of these mutants are available in the Col-0 genetic back-
ground, evaluated as strongly resistant (Fig. 1). Mutants affected
in the early steps of signaling pathways leading to resistance to
biotrophs were also analyzed (edsl, pad4, and ndrl-1I) (Century
et al. 1995; Falk et al. 1999; Jirage et al. 1999). These mutants
were not affected in their response to S. sclerotiorum (Supple-
mentary Fig. 1A and B).

Consistent with previous analyses of JA-deficient mutants
(Guo and Stotz 2007), and the described role of JA in the re-
sistance to necrotrophic fungi (Lorenzo and Solano 2005),
the JA-insensitive coil-1 mutant was highly susceptible to S.
sclerotiorum (Fig. 2A and B), indicating that JA is a major
signal for activation of defenses against this fungus. How-
ever, jarl-1, a jasmonate-resistant mutant shown to exhibit
enhanced sensitivity to the fungal necrotroph Pythium irregu-
lare, was not affected for responsiveness to S. sclerotiorum.
JARI encodes an enzyme that generates the jasmonyl-isoleu-
cine (JA-Ile) conjugate (Staswick and Tiryaki 2004) that en-
gages the COIl pathway (Thines et al. 2007). Our results
indicate that some (but not all) components of the jasmonate-
signaling cascade, such as COIl1, are essential for resistance
to S. sclerotiorum.

Consistent with results of Guo and Stotz (2007), the ET-
insensitive ein2-1 mutant showed a significantly increased sus-
ceptibility to the fungus (although clearly lower than coil-1),
indicating that ET is required for defense (Fig. 2A and B).
However, EIN4, EIN3, ERF1, and EIN7, which are positive
regulators of the ET signaling pathway (ET receptor EIN4,
transcriptional factors EIN3 and ERF1, and exoribonuclease
regulator EIN7) (Guzman and Ecker 1990; Roman et al.
1995), did not appear to play a role in resistance to the fungus.
Similar results were found for the dominant efo2-1 mutation,
which affects the C-terminal domain of the ACC synthase 5
(ACS5) and which, as a result, increases the production of ET
(Chae et al. 2003). In contrast, efo3, which also affects an ACC
synthase (ACS9) (Chae et al. 2003), is significantly affected in
resistance to S. sclerotiorum, although to a lesser extent com-
pared with ein2-1. These results indicate that ET is important
for fully active plant defenses. However, the fact that only two
mutations (efo3 and ein2-1) exerting different effects on the
ET pathway (overproduction and insensitivity) affect the plant
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response suggests that ET might exert an indirect effect on
resistance to S. sclerotiorum, through cooperative or antago-
nistic crosstalk with other regulatory pathways.

Interestingly, SA mutants affected in SA accumulation (sid1/
eds5 and sid2/eds16) or signaling (npri-1) and nahG trans-
genic plants impaired in SA accumulation (Cao et al. 1994;
Friedrich et al. 1995; Rogers and Ausubel 1997; Wildermuth et
al. 2001) did not show any significant difference in resistance
to S. sclerotiorum compared with the wild type (Fig. 2A and
C). The hypersusceptibility previously described for the npri-1
mutant was not reproduced in our experiments (Guo and Stotz
2007). These results clearly establish that SA does not
contribute to resistance to S. sclerotiorum.

Finally, in agreement with previous reports concerning the
essential role of ABA for plant resistance to different patho-
gens (Adie et al. 2007; Guimaraes and Stotz 2004; Hernandez-
Blanco et al. 2007), all ABA-deficient or -insensitive (aba or
abi, respectively) mutants tested showed increased susceptibil-
ity to S. sclerotiorum in the background Ler (ecotype interme-
diate-resistant to S. sclerotiorum) (Fig. 2A and D). However, in
the Col-0 background, only aba2-3, a mutant impaired in ABA
biosynthesis, was significantly altered in response to the fun-
gus, suggesting the implication of other regulators in combina-
tion with ABA.

The contribution of JA, SA, ET, and ABA pathways was
further evaluated at the molecular level by expression analy-
sis of JA-, SA-, ET-, and ABA-dependent genes (Fig. 3A). In
good agreement with the extreme susceptibility of coil-1, ex-
pression of VSPI, a gene associated with the JA pathway,
was induced early in response to inoculation in the resistant
ecotype, whereas this marker was downregulated in the sus-
ceptible ecotype. This was the only defense gene positively
regulated in the very early stages of the infection (6 h postin-
oculation [hpi]), and this induction was transient, low tran-
script levels being detected in the later stages of infection. At
24 or 48 hpi, all the other defense markers tested (PR-1,
PDF1-2, and RD20, genes associated with SA, ET, and ABA
pathways, respectively) were highly expressed in the resis-
tant ecotype and expressed at lower levels in the susceptible
ecotype. This was also observed at 72 hpi, except for VSPI
and PRI, which were highly expressed in the susceptible
ecotype, probably as a result of massive colonization of the
plant by the fungal pathogen.

Many members of the WRKY transcription factors are in-
volved in the regulation of transcriptional reprogramming of
the immune response; therefore, some well-known members
were tested in the context of this interaction (Fig. 3B).
WRKY33 and 40, known as positive and negative regulators of
defense, respectively (Eulgem and Somssich 2007), were
found to be highly expressed as soon as 24 hpi in the resistant
ecotype, whereas they were expressed at lower levels in the
susceptible ecotype. However, at 2 dpi, similar levels of ex-
pression were observed in both ecotypes. WRKY70 and MYC2
have been shown to regulate the selection of signaling path-
ways in plant defense, especially for JA-, SA-, and ET-medi-
ated pathways (Li et al. 2004, 2006; Lorenzo et al. 2004).
Interestingly, WRKY70, which acts as a negative regulator of
the JA pathway, was downregulated in the two ecotypes in the
very early stages of the interaction, then induced 1 or 2 dpi in
the resistant ecotype. AtMYC2, which negatively regulates JA-
regulated genes involved in defense responses against patho-
gens, showed a similar expression profile. These results sug-
gest a negative role for WRKY70 and MYC2 in resistance to
S. sclerotiorum, in good agreement with our data showing a
major role for JA in this interaction. All together, these data
show a general defense reprogramming during the interaction,
with an emphasis on the JA pathway.



ROS and NO are required for defense to S. sclerotiorum.

NO in synergy with ROS has been shown to be rapidly gen-
erated during many plant-pathogen interactions (Besson-Bard
et al. 2008; Delledone 2005; Wendehenne et al. 2004). In the
case of the Arabidopsis—S. sclerotiorum interaction, oxalic acid,
a major pathogenicity factor of the fungus, has been reported
to modulate ROS production (Cessna et al. 2000; Guo and
Stotz 2007). However, the exact role of these signaling mole-
cules in resistance or susceptibility has not been addressed.

In agreement with previous reports, staining with 3,3'-dia-
minobenzidine (DAB) indicated H,0, accumulation during the
interaction (Fig. 4A). This production is observed earlier (20

hpi) in the resistant ecotype (Rbz-1) compared with the sus-
ceptible one (Sha), where H,O, accumulates at high levels 48
hpi. These results were confirmed by using the H,O,-sensitive
fluorescent dye 2',7'-dichlorofluorescein diacetate (H,DCF-
DA) for detection by microscopy and for fluorescence inten-
sity measurement (Fig. 4A and B). The resistant ecotypes Col-
0 and Rbz-1 show a higher production of H,O, 20 hpi com-
pared with the susceptible ecotype Sha whereas, at 30 hpi, no
significant difference could be observed between the different
ecotypes. Noninoculated controls produced a similar amount
of H,0, during the time course of the experiment and in the
different genetic backgrounds (data not shown).
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Fig. 2. Effect of mutations affecting jasmonic acid (JA), ethylene (ET), salicylic acid (SA), and abcisic acid (ABA) production and signaling pathways on re-
sistance to Sclerotinia sclerotiorum. Leaves of 4-week-old plants were inoculated with S. sclerotiorum (strain S55) and the disease score was evaluated 7
days postinoculation. A, Four week-old plants inoculated with S. sclerotiorum. B, Disease score of each mutant of the JA and the ET pathways was evaluated
7 days after inoculation compared with the wild-type ecotypes Col-0 (genetic background of the mutants), Rbz-/ (resistant ecotype), and Sha (susceptible
ecotype). C, Disease score of each mutant of the SA pathway was evaluated 7 days after inoculation compared with the wild-type ecotypes. D, Disease score
of each mutant of the ABA pathways was evaluated 7 days after inoculation compared with the wild-type ecotypes Col-0 and Ler (genetic backgrounds of the
different mutants). Means and standard deviation were calculated from scoring at least 6 plants. A significant difference in susceptibility for a mutant or
accession compared with the wild-type Col-0 is indicated with an asterisk (B and D, P < 0.01; C, P < 0.05).
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NO was detected by 4,5-diaminofluorescein diacetate (DAF-
2DA)-mediated fluorescence. By microscopic observation of
infected areas, we clearly observed that more cells showed
accumulation of NO in the zone adjacent to the infection area
at early time points (16 hpi) in the resistant ecotype compared
with the susceptible ecotype (Fig. SA). These results were con-
firmed by fluorescence measurement (Fig. 5B). However, at
later time points (20 hpi), NO levels detected in the susceptible
and resistant ecotypes were not significantly different. NO pro-
duction also occurred in noninoculated leaf samples, probably
as a result of constitutive NO production or the stress due to
the inoculation procedure. Leaf NO production was signifi-
cantly reduced by the mammalian NO synthase (NOS) inhibi-
tor L-NAME (37% inhibition) (data not shown).

To further characterize the plant molecular response for ROS
and NO generation, analysis of the expression of RBOH-D and

RBOH-F, known to be involved in ROS production (Mittler et
al. 2004; Torres et al. 2002), and of NIAI and NIA2, which par-
ticipate in NO generation during signaling processes (Besson-
Bard et al. 2008; Bright et al. 2006; Garcia-Matta and Lamattina
2003; Wilkinson and Crawford 1993), was performed in suscep-
tible (Sha) and resistant (Rbz-1) plants (Figs. 4C and 5C). Dur-
ing the course of the interaction with S. sclerotiorum, all these
genes were induced as soon as 24 hpi, and their expression level
was generally higher in the resistant ecotype compared with the
susceptible one. Only NIA I expression exhibited a different pro-
file and was reduced during the early stages of the interaction.
Taken together, these results indicate that ROS and NO are
early-induced signals during the interaction between Arabi-
dopsis and S. sclerotiorum. Additionally, generation of these
signals and expression of related genes appear to be correlated
with resistance, at least at the early stages of the interaction.
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Fig. 3. Defense gene expression in susceptible and resistant ecotypes of Arabidopsis thaliana after inoculation with Sclerotinia sclerotiorum. Transcript lev-
els of A, defense genes or B, transcriptional regulators were evaluated by quantitative reverse-transcription polymerase chain reaction. Leaves of 4-week-old
plants of Rbz-1 (resistant, triangles) and Sha (susceptible, squares) were inoculated with S. sclerotiorum (strain S55) and harvested at different times after in-
oculation (box: 72 h postinoculation). Each measurement is an average of two replicates and experiments were repeated two times with similar results. The
expression values of each gene were normalized using the expression level of B-tubulin4 as an internal standard. Mean values and standard errors were calcu-

lated from two independent experiments. A.U., arbitrary units.
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In order to genetically determine the role of these signaling
molecules during the interaction, mutants altered in their pro-
duction were tested for their response to S. sclerotiorum: the
NO-associated 1 (rnoal) mutant impaired in NO synthesis
(Asai and Yoshioka 2009; Zeidler et al. 2004); the double mu-
tant nial nia2 (nitrate reductase [NR]-null mutant impaired in
both NRI and NR2 gene activities) (Bright et al. 2006; Desikan
et al. 2004) for NO; rboh-D, rboh-F, and the double mutant
rboh-D rboh-F (mutants affected in NADPH oxidases
[RBOH] involved in ROS production in response to pathogen
infection) (Torres et al. 2002); and csdl, csd2, and fsdl (mu-
tants impaired in superoxide dismutases [SOD] CSD1, CSD2,
and FSDI1, respectively, involved in the scavenging of ROS)
for ROS (Klibenstein et al. 1998; Torres et al. 2002). Although
the single mutants behaved as the wild type, noal and the dou-
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ble mutants nial nia2 and rboh-D rboh-F showed an extremely
susceptible phenotype (Fig. 6A and B). However, it should be
noted that the NO-impaired mutants were even more suscepti-
ble than the susceptible ecotype Sha and that, among the ROS
mutants, only the double mutant rboh-D rboh-F was impaired
in its response to the fungus and exhibited a partially affected
response. Consistent with these data, ROS production was
strongly reduced in the mutant rboh-D (60%), and almost
totally abolished in rboh-D rboh-F (76%) but not significantly
affected in rboh-F (11%) (Fig. 6C). NO synthesis was strongly
reduced in noal (83% inhibition) and also in nial nia2 (62%
inhibition) (Fig. 6C), suggesting that the two major pathways
proposed for NO formation (reduction of nitrite to NO by ni-
trate reductase or oxidation of Arg to citrulline by NOS) might
be involved in NO generation in response to S. sclerotiorum.
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Fig. 4. Reactive oxygen species production (H,0,) and expression of biosynthesis genes in susceptible and resistant ecotypes after inoculation with Scle-
rotinia sclerotiorum. A, Inoculated leaves of susceptible (Sha) and resistant (Rbz-1) ecotypes were taken from four independent plants at 20 and 48 h postin-
oculation (hpi) and were stained with 3,3'-diaminobenzidine (DAB) or 2',7'-dichlorofluorescein diacetate (H,DCF-DA). Whole leaves were observed under a
stereomicroscope for DAB staining (left panel) and under a fluorescence microscope (Leica MZ FLIII) for H,0, staining using H,DCF-DA (right panel) (ni,
noninoculated). B, H,O, production measured 20 and 30 hpi in leaf discs taken from the inoculated area (10 discs) or from noninoculated plants (5 discs) and
fluorescence measured after Hy)DCF-DA treatment. Data are means + standard deviation of 15 independent plants per experiment (four independent experi-
ments). Fluorescence intensity in inoculated samples is expressed after deduction of fluorescence intensity of the corresponding noninoculated samples
(varying from 1,900 to 2,900). C, Expression of RBOH-D, RBOH-F genes in leaves of susceptible (Sha, pink) and resistant (Rbz-1, blue) ecotypes during the
first 2 days after inoculation and 72 hpi (box). Each measurement is an average of two replicates and experiments were repeated two times with similar re-
sults. Expression values of each gene were normalized using the expression level of B-fubulin4 as an internal standard. Mean values and standard errors were
calculated from two independent experiments. A.U., arbitrary units.
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All together, these results demonstrate that NO might have an
important role in disease resistance to S. sclerotiorum.

To further analyze the role of ROS and NO in the activation
of defenses to S. sclerotiorum, defense gene expression was
evaluated in the nial nia2 and rboh-D rboh-F double mutants
(Fig. 6D). In the double mutant nial nia2, expression of PRI,
PDFI1-2, and ABII was found to be abolished or strongly re-
duced compared with the wild type, whereas VSPI expression
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was delayed by 24 h. In the rboh-D rboh-F double mutant,
PRI expression was abolished, PDF-2 and VSPI expression
was delayed, and ABII expression was upregulated. These re-
sults suggest a differential regulatory effect of NO and ROS on
the different defense pathways. The loss of resistance observed
in the NO mutants correlates with the downregulation of all
defense markers tested, at least during the early stages of the
interaction.
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Fig. 5. Nitric oxide (NO) production and expression of biosynthesis genes in susceptible and resistant ecotypes after inoculation with Sclerotinia
sclerotiorum. A, Leaves were infiltrated with 4,5-diaminofluorescein diacetate solution (10 pM) 16 h postinoculation (hpi) and observed with a confocal
laser-scanning microscope. Samples were observed in fluorescence microscopy for detection of both diaminotriazolofluorescein (DAF-2T) fluorescence
(green images) and autofluorescence (red images), and in bright-field microscopy. An overlay with fluorescence and bright field is presented in the right
panels (gray images). For the susceptible ecotype, a long exposure was also applied to detect autofluorescence under the conditions used for detection of
DAF-2T fluorescence. B, NO production was measured 16 and 20 hpi. Leaf discs were taken from the inoculated area (10 discs) or from noninoculated
plants (5 discs) and increase of fluorescence was measured after 2',7'-dichlorofluorescein diacetate (H,DCF-DA) treatment. Data are means * standard
deviation of 15 independent plants per experiment (four independent experiments). Fluorescence intensity in inoculated samples is expressed after deduction
of fluorescence intensity of the corresponding noninoculated samples (varying from 35 to 46). C, Expression of NIAI and NIA2 genes in leaves of
susceptible (Sha, pink) and resistant (Rbz-1, blue) ecotypes during the first 2 days after inoculation and 72 hpi (box). Each measurement is an average of two
replicates and experiments were repeated two times with similar results. Expression values of each gene were normalized using the expression level of B-
tubulin4 as an internal standard. Mean values and standard errors were calculated from two independent experiments. A.U., arbitrary units.
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Defense gene expression A. thaliana model allowed the molecular characterization of

in the oilseed rape-S. sclerotiorum interaction. the plant response to the fungal pathogen in this work and oth-
S. sclerotiorum causes a highly destructive disease in oilseed ers. Thus, analysis of gene expression in the context of the crop-
rape that results in important economic losses. Studies on the fungus interaction would give some interesting clues about

nial nia2 rboh-D/rboh-F
B .
x 6 *
3
c _|
o 5 *
w
@
o 4
a
3
2
1
0+ R IE—— ) . [ .
b ) ¥ pY) 4 Q v N A Pa 2
N 2 2 ) 9 O (o) 1) o
© & o AN A & ¢ @ Qp"" 9
& &
o {
c 7000 D =10 5 150
= =1
8 s000 H,0, 2 | PRY < | PDF1-2
gsooo 5§ ° s
(]
2 4000 g 6 e
P 4 a
S 3000 3 _fT‘T\ 3
= o 4 @
£ 1000 22 / \ 2
0 Q g Q g & K]
B’ Q n: 0! -——— c—— z
S @5\ 5‘?\ \Q $§ 0 20 40 60 80 0 80
2500
g No ; 25 ; 3
8 2000 < < VSP1
o H
% 1500 g 2 [
[=]
2= 1000 E 1
§ e s
£ 500 2 &
2 .
0 =] 3
-~ N, ~ = =
& é;" é*’é?," x 0
0 20 40 60 80 0 20 40 60 80
Hours postinoculation Hours postinoculation

Fig. 6. Effect of mutations affecting reactive oxygen species (ROS) and nitric oxide (NO) production and signaling pathways on resistance to Sclerotinia
sclerotiorum. Leaves of 4-week-old plants were inoculated with S. sclerotiorum (strain S55) and disease index was evaluated 7 days postinoculation. A,
Symptoms of mutant and wild-type plants: 4-week-old plants inoculated with S. sclerotiorum (plant on the right) or healthy (plant on the left). B, Disease
scores of noal and nial nia2 mutants for the NO pathway and rboh-D, rboh-F, rboh-D rboh-F, csd2, fsdl, and csdl for the ROS pathway were evaluated 7
days after inoculation compared with the wild-type ecotypes Col-0 (genetic background of the mutants), Rbz-1 (resistant ecotype), and Sha (susceptible eco-
type). Means and standard deviation were calculated from scoring at least six plants. A significant difference in susceptibility for a mutant compared with the
wild-type Col-0 is indicated with an asterisk (P < 0.05). C, ROS and NO production in mutant plants rboh-D, rboh-F, rboh-D rboh-F, noal, and nial nia2.
H,0, production was measured 30 h postinoculation (hpi). Inhibition of H,O, production compared with the wild-type Col-0 in rboh-D, rboh-F, and rboh-D
rboh-F mutants was 60, 11, and 76%, respectively. NO production was measured at 16 hpi. Inhibition of NO production compared with the wild-type Col-0
in noal and nial nia2 mutants was 83 and 62%, respectively. Inoculated and noninoculated leaves of the different mutants were taken from four independent
plants and the experiment was repeated twice, with similar results. D, Defense gene expression in the wild-type ecotype (Col-0) (orange), nial nia2 double
mutant (blue), and rboh-D rboh-F double mutant (purple) after inoculation with S. sclerotiorum. Leaves of 4-week-old plants were inoculated with S. sclero-
tiorum (strain S55) and harvested at different time points after inoculation. Transcript levels of defense genes were evaluated by quantitative reverse-tran-
scription polymerase chain reaction. Each measurement is an average of two replicates and experiments were repeated two times with similar results. Expres-
sion values of each gene were normalized using the expression level of B-tubulin4 as an internal standard. Mean values and standard errors were calculated
from two independent experiments. A.U., arbitrary units.
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whether the regulation of defense is conserved. Thus, marker
genes for SA, JA, ET, and ABA pathways were tested in two
resistant lines (Norin 9 and Z821) and a susceptible one
(Cheyenne) (Fig. 7). As in Arabidopsis, PRI, NIAI, and
RBOH-D were expressed at higher levels in the resistant lines
compared with the susceptible ones. RD-20, a marker of the
ABA pathway, was not differentially expressed during the

PR1

Relative gene expression (A.U.)

early stages of infection in the different lines and was associ-
ated with disease in the later stages. WRKY33 and 40 exhibited
similar profiles in oilseed rape and Arabidopsis (i.e., induced
at higher levels in the resistant lines). Surprisingly, WRKY70
and MPK4, both involved in the repression of SA signaling
(Andreasson et al. 2005; Li et al. 2004), showed opposite regu-
lation profiles, WRKY70 being upregulated at higher levels in
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Fig. 7. Gene expression analysis in oilseed rape leaves after inoculation with Sclerotinia sclerotiorum. Four-week-old plants were inoculated with S.
sclerotiorum (strain S55) and harvested at different times after inoculation. Three lines were used: two resistant lines, Norin-9 (triangles) and Z821 (circles),
and one susceptible line (squares), Cheyenne. Transcript levels of defense genes were evaluated by quantitative reverse-transcription polymerase chain

reaction. Each biological condition was represented by three biological replicates.
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the resistant lines and MPK4 being induced whatever the line.
However, it should be noted that MPK4 was downregulated at
the very early stages of the interaction in the susceptible line
whereas it was induced in the resistant lines (Fig. 7). This is in
good agreement with the recently proposed role of MPK4 as a
positive regulator of JA-mediated defense in response to S.
sclerotiorum (Wang et al. 2009).

DISCUSSION

Previous studies of the interaction Arabidopsis—S. sclero-
tiorum suggested that the extreme susceptibility of the host
prevents the phenotypical and molecular characterization of
this interaction. Here, by analyzing the natural variation of
resistance to S. sclerotiorum, we showed that some ecotypes
such as Ws-4, Rbz-1, or Col-0 display a fairly high level of
resistance to the fungus while ecotypes such as Sha, Ita-0, or
Cvi-0 are highly susceptible. A large number of ecotypes ex-
hibited intermediary phenotypes, revealing the existence of
quantitative resistance in Arabidopsis, as already found in
crops. At this point, it should be noted that the Col-0 ecotype
previously estimated as extremely susceptible to S. sclerotiorum
clearly displays a high level of resistance compared with other
ecotypes, in our tests and in response to a natural strain of S.
sclerotiorum.

Consequently, this study allowed us to investigate the molecu-
lar determinants of resistance and defense in the genetic back-
grounds Col-0 and Ws-4, the ecotypes mostly used in muta-
tional approaches. The most important finding of this study
was the discovery of the role of NO and ROS in the interac-
tion. In addition, the role of other signaling pathways such as
ET, SA, JA, and ABA was thoroughly evaluated, together with
other pathways, showing that the responses already character-
ized for necrotrophic fungi are operating for S. sclerotiorum.

Role of ABA in resistance to S. sclerotiorum.

The plant hormone ABA plays important roles in disease
resistance but its precise function remains unclear. Although
several reports have indicated a negative effect of ABA on
resistance to different pathogens, others have suggested a posi-
tive role of this hormone (Mauch-Mani and Mauch 2005). The
role of ABA seems to depend not only on the pathogen’s life-
style but also on the specific interaction (Adie et al. 2007). For
example, an increase in ABA levels was observed in response
to some pathogens (Adie et al. 2007; Kaliff et al. 2007;
Whenham et al. 1986), whereas ABA accumulation has been
reported to be downregulated by Alternaria brassicicola (Flors
et al. 2005). ABA biosynthesis and signaling pathways may
also be targeted by pathogens to suppress the plant defense
response. This has been demonstrated for example for Pseudo-
monas syringae type III secretion system effectors (de Torres-
Zabala et al. 2007). In the case of S. sclerotiorum, ABA-defi-
cient mutants have been reported to be more susceptible to
pathogen infection (Guimaraes and Stotz 2004), and the regu-
lation of guard cells was found to be a major mechanism of
resistance in this interaction. These and other reports suggest
that ABA would affect pathogen resistance via a complex
interplay of mechanisms, possibly including callose deposition
or interference with SA, JA, and ET signaling (Adie et al.
2007; Flors et al. 2005; Kaliff et al. 2007; Mauch-Mani and
Mauch 2005). An interesting finding indicates that ABA is re-
quired for JA biosynthesis and JA-dependent defense gene
expression in response to infection with Pythium spp. another
necrotrophic pathogen (Adie et al. 2007). In our hands, ABA-
deficient and insensitive mutants in the Ler-O background
(aba3-2, abil-1, and abi2-1) displayed a complete loss of re-
sistance to S. sclerotiorum. In contrast, ABA mutants in the

Col-0 background (aba3-1, abi4-101, abi4-103, and abi5) be-
haved like the wild type, with the exception of aba2-3, which
was slightly more susceptible than the wild type. These results
are in good agreement with previous observations made in the
context of the interaction Arabidopsis—Leptosphaeria maculans,
which showed that the higher levels of camalexin produced by
Col-0 compared with Ler-0 could interfere with susceptibility
or resistance assessments (Kaliff et al. 2007). Another nonex-
clusive interpretation of our data is based on the strength of the
mutations, with mutants strongly affected in ABA biosynthesis
(aba2-3 and aba3-2) or mutants with complete ABA insensi-
tivity (abil and abi2) being susceptible and the others (abi4
and abi5) being not significantly affected in their response to
Sclerotinia spp. However, we observed differential phenotypes
for two strong alleles of aba3 in the two genetic backgrounds
(not significantly different from the wild type in Col back-
ground and highly susceptible in the Ler background), sug-
gesting that both parameters (mutation strength and genetic
background) may influence the resistance response to S. scle-
rotiorum. We were also unable to measure detectable amounts
of ABA in infected leaves (data not shown), suggesting that
ABA induction is rather limited in the context of this interac-
tion. We did not observe a higher susceptibility of abi4 (Col-0)
(although we tested two independent mutant lines) or a wild-
type phenotype for abi2-1 (Ler-0) as previously observed by
Stotz and collaborators (Guimaraes and Stotz 2004). This
could be due to the inoculation conditions or the fungal strain
used. In conclusion, ABA production appears to be essential
for resistance to S. sclerotiorum, whereas the importance of
ABA signaling components seems to depend on the genetic
background and might be compensated by other defense mecha-
nisms, such as phytoalexins.

Role of JA in resistance to S. sclerotiorum.

The three phytohormones SA, JA, and ET have been shown
to play major roles in the regulation of the signaling pathways
leading to defense, through a complex regulatory network in-
volving positive and negative crosstalk between each pathway,
in order to fine tune the defense response to each pathogen. It
is generally accepted that JA and ET are more often associated
with resistance to necrotrophic pathogens (Rojo et al. 2003;
Lorenzo and Solano 2005) while SA has a central role in re-
sponse to biotrophic pathogens. In the context of the Arabi-
dopsis—S. sclerotiorum interaction, we quantified SA, JA, and
ET production and showed that the three hormones are induced
differentially in the resistant and susceptible ecotypes (data not
shown), in good agreement with the reported expression of
marker genes (Fig. 3).

Here, by using three different mutants or transgenic lines
impaired in SA production (sidl/edsS, sid2/eds16, and nahG)
and one impaired in SA signaling (nprl-1), we clearly demon-
strate that resistance to S. sclerotiorum is not dependent on
SA. In contrast, as previously shown, the JA-insensitive mutant
coil-1 was found to be highly susceptible to S. sclerotiorum
(Guo and Stotz 2007), suggesting a major role for JA. How-
ever, if the jasmonate-signaling cascade seems to be essential
for resistance to S. sclerotiorum, including at least COIl and
probably other downstream components, jarl-I showed a
completely wild-type phenotype in response to S. sclerotiorum.
This suggests that the availability of bioactive jasmonates is
not essential for resistance to S. sclerotiorum or that possible
crosstalk between jasmonate signaling and other regulatory
pathways is likely to play a role in resistance to S. sclerotiorum.
The ET pathway does not seem to play a predominant role in
resistance to S. sclerotiorum, because only two mutants (ein2-1
and eto3) out of seven displayed some alterations, which are
quantitatively less important than in the case of coil-1. The
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fact that efo2 and eto3 mutations, which both alter the C-termi-
nal domain of ACS (ACSS5 and ACS9, respectively), and the
mechanisms that target ACS for proteolysis (Chae et al. 2003)
confer different phenotypes in response to infection suggests a
differential implication of these enzymes in response to S.
sclerotiorum. In favor of a major role of JA in this interaction,
is the recent discovery that overexpression of Brassica napus
MPK4 enhances resistance to S. sclerotiorum in oilseed rape
(Wang et al. 2009). MPK4 was the first gene to be identified as
a regulator of the negative crosstalk between JA and SA in the
activation of defenses (Petersen et al. 2000).

Role of ROS and cell death pathways.

Modulation of ROS signaling by the reactive oxygen gene
network is performed in plants by production and scavenging,
through at least 150 genes (Mittler et al. 2004). Key compo-
nents of this network have been identified by genetic ap-
proaches. For example, the absence of NADPH oxidase genes
AtRBOH-D and AtRBOH-F suppresses ROS production and
some defense responses (Torres et al. 2002). In the case of the
interaction Arabidopsis—S. sclerotiorum, the absence of these
two genes also leads to suppression of ROS generation and
decreased resistance. However, depletion in the levels of three
SOD (CSD1, CSD2, and FSD1, involved in ROS scavenging)
in the mutants csdl, csd2, and fsdl, respectively, does not
affect resistance to the fungus. The high number of enzymes
involved in ROS detoxification suggests redundancy and can
explain this result. Another (nonexclusive) possibility might be
that the ROS signal pathway only accompanies and regulates
the major pathways involved in S. sclerotiorum resistance but
does not exert a crucial function. In favor of this hypothesis, 1)
defense marker genes are only quantitatively affected (with the
exception of PRI, whose expression is abolished) in the rboh-
D rboh-F double mutant and ii) absence of NPR1, a redox-
sensitive regulator of the SA pathway, does not affect resis-
tance to S. sclerotiorum. In contrast, regulation of cell death
appeared to be critical for the interaction: the cell death mu-
tants redl-1, himl-1, and vadl-I were clearly impaired in re-
sistance to S. sclerotiorum. Oxalic acid, a major pathogenicity
factor of the fungus, is an elicitor of programmed cell death
and ROS production (Guo and Stotz 2007; Kim et al. 2008).
These observations are in good agreement with the observation
that the hypersensitive cell death program facilitates plant infec-
tion by necrotrophic pathogens such as Botrytis cinerea (Govrin
and Levine 2000).

NO is a key component
of resistance or defense to S. sclerotiorum.

NO, like ROS, is an important signaling molecule that is rap-
idly generated after recognition of pathogens (Wendehenne et al.
2004). However, its exact function remains poorly documented.
In the context of plant-pathogen interactions, NO is involved in
the modulation of SA, JA, and ET synthesis and possibly other
mechanisms in plants (Delledone 2005; Huang et al. 2002;
Parani et al. 2004). It has also been reported that H,O, acts to-
gether with NO during programmed cell death (Zago et al.
2006). Thus, NO appears as an early signaling component, pos-
sibly orchestrating a number of downstream signaling pathways.
In the context of the Arabidopsis—S. sclerotiorum interaction, we
show here that NO is rapidly generated during the early stages
of the interaction in the resistant ecotype and at later times in the
susceptible ecotype. Specificity of DAF-2DA used here for de-
tection of NO has been previously demonstrated (Besson-Bard
et al. 2008). Direct measurement of free extracellular NO would
offer important new insights into its role in plants infected with
pathogens (Besson-Bard et al. 2008) but requires electron para-
magnetic resonance spectroscopy (not available for our experi-
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ments). This production coincides with induced expression of
NO biosynthesis genes (NIAI and 2). In fact, two pathways
might exist in plants for NO synthesis: the first pathway involves
cytosolic nitrate reductases (NR) (Yamasaki and Sakihama
2000) and the second would implicate a putative plant NOS-like
enzyme, although no homolog of animal NOS has been found in
the genome of Arabidopsis (Besson-Bard et al. 2008). The role
of NR as a NO source in plants is supported by the abolition of
NO production and stomatal closure in the Arabidopsis nial
nia2 NR-deficient mutant, in response to ABA (Bright et al.
2006; Desikan et al. 2001). On the other hand, the Arabidopsis
noal mutant that we used in this study shows reduced levels of
NO (Zeidler et al. 2004). This mutant was previously thought to
be impaired in AtNOSI1. However, it has recently been sug-
gested that A#NOA I might encode a mitochondrial GTPase, with
NO production being affected in the mutant as a secondary ef-
fect of the mutation (Besson-Bard et al. 2008; Flores-Pérez et al.
2008). Other reports suggest that AtNOA1 indirectly participates
in Arg-dependent NOS activity in plants (Asai et al. 2008; Zhao
et al. 2007). We cannot rule out the hypothesis that the reduced
NO levels measured in this mutant are related to a reduced L-
Arg level (Modolo et al. 2006) and, therefore, to a lack of sub-
strate to produce NO from the L-Arg pathways. This mutant
constitutes an interesting tool for the study of the role of NO be-
cause of its reduced levels of NO. In this work, we clearly show
that the double mutant nial nia2 and the mutant noal are both
affected in their ability to produce NO after fungal inoculation
and are extremely susceptible to S. sclerotiorum. Furthermore,
expression of all the defense marker genes tested is abolished
(or delayed) in the double mutant. To our knowledge, this is the
first genetic demonstration of the role of NO in disease resis-
tance to necrotrophic pathogens. A very recent report supports
this conclusion by demonstrating that NO participates, in col-
laboration with ROS, in resistance to B. cinerea in Nicotiana
benthamiana (Asai and Yoshioka 2009). Moreover, it was also
shown that silencing of NOAI in N. benthamiana compromised
INF1 elicitin-induced NO production and altered tobacco resis-
tance to B. cinerea. In our study, the mammalian NOS inhibitor
L-NAME partially suppressed NO production (37% inhibition;
data not shown), in agreement with the reduction of NO genera-
tion in the inoculated noal mutant, which is also not complete.
These results, together with the fact that NO synthesis was also
affected in the double mutant nial nia2, indicate that the two
pathways (NR and NOS) possibly constitute a source of NO in
S. sclerotiorum-infected plants. The major role of NO in resis-
tance to S. sclerotiorum can be interpreted in different ways: 1)
as a regulatory function (in this work and by others) of defense
gene expression, ii) via interference with the ROS signaling
pathway, or iii) via modulation of cell death. Although our work
provides some clues for these different roles, further experi-
ments must be carried out to fully investigate the role of NO as a
signal inducer and gene expression modulator in the context of
plant-pathogen interactions.

Gene expression profiles in response to S. sclerotiorum
are similar in Arabidopsis thaliana and Brassica napus.

S. sclerotiorum causes considerable damage in oilseed rape,
which is one of the most important oil crops in the world. Oil-
seed rape is also phylogenetically very close to Arabidopsis.
Analysis of gene expression profiles in Brassica napus in
response to S. sclerotiorum indicated induction of JA-, ET-,
and ROS-associated genes in good agreement with our find-
ings in Arabidopsis but did not reveal the major role of NO
(Yang et al. 2007; Zhao et al. 2006b). These genome-wide
analyses have not yet been performed in Arabidopsis and, there-
fore, comparisons with expression profiles in this model plant
cannot be made. Here, a compared expression analysis focused



on several defense-signaling marker genes and some transcrip-
tional regulators involved in the integration of these pathways
and revealed a good conservation of gene regulation in response
to S. sclerotiorum in both hosts. For these studies, we used two
lines of oilseed rape, Norin-9 and Z821, which show partial
resistance to S. sclerotiorum. Indeed, several quantitative trait
loci were detected in different populations (Bert et al. 2002;
Liu et al. 2005; Zhao and Meng 2003; Zhao et al. 2006a)
involved in leaf resistance at the seedling stage (such as Z821)
or in stem resistance in mature plants (such as Norin-9) (unpub-
lished data). In accordance with these phenotypes, expression
of NIA-2 was higher in leaves of the line Z821 (Fig. 7). High
expression levels for the other genes (WRKY70, 33, 40, PRI,
and RBOH-D) were also found in Norin-9. Surprisingly, RD20
expression was not differentially regulated in the different
lines. These results show a fairly good conservation of gene
regulation in response to S. sclerotiorum in oilseed rape and
Arabidopsis. They also suggest an essential role for NO, which
seems to represent a precise marker of resistance in oilseed
rape. These findings open the way to a comprehensive study of
the molecular mechanisms operating during establishment of
resistance in oilseed rape in response to S. sclerotiorum.

In summary, our study shows that resistance to S. sclero-
tiorum in Arabidopsis is quantitative and dependent on a com-
plex defense signaling network. We propose that it is primarily
controlled by the signaling molecule NO, and by the JA/ET
pathways, as in the case of the response to other necrotrophic
fungi. These findings constitute the basis for analysis of the
molecular mechanisms underlying the function of NO in resis-
tance to S. sclerotiorum and also to different necrotrophic
pathogens, as suggested by recent reports.

MATERIALS AND METHODS

Plant materials and growth conditions.

Experiments were performed using Arabidopsis thaliana
(Columbia, Ler-0, and Ws-4 ecotypes, and the ecotypes men-
tioned in Figure 1) wild type. For analysis of natural variation,
the core collection from the Institut National de la Recherche
Agronomique (INRA) VNAT webservice was used. The differ-
ent mutants which were used in this study are described in Ta-
ble 1. Other ecotypes and some of the mutants used came from
the SALK collection (csdl, csd2, and fsdl). Plants were grown
as previously described (Bouchez et al. 2007).

For B. napus, experiments were performed using the geno-
types Norin-9, Z821, and Cheyenne. Plants were grown in a
growth chamber at 22°C during the day (£2°C) and 18°C dur-
ing the night (£2°C), with a 16-h light period and a light inten-
sity of 280 pmol/m?/s.

Fungal strain and plant inoculation procedures.

The mycelium of S. sclerotiorum (S55 strain) was grown at
25°C on paper discs previously saturated with potato-dextrose
broth medium. To control the inoculum and ensure equal infec-
tion, i) the fungal strain was grown from a sclerotium for each
inoculation assay (this avoids any loss of aggressiveness) and
ii) the discs, with standardized size and volume, were placed
on the petri dish, at the border of a growing colony, in order to
get hypha of the same age. The disc covered with mycelium
represents a standardized inoculum in terms of quantity and
aggressiveness. Four-week-old plants were inoculated with
such a disc covered by mycelium and applied on one leaf of
each plant. Plant inoculations were performed under greenhouse
conditions. The trays containing the inoculated plants were
saturated with humidity for the first 48 hpi. Each mutant and
ecotype was evaluated in a complete randomized block design.
Three plants of each mutant or ecotype per block, with at least

two blocks per experiment, were evaluated for resistance to S.
sclerotiorum. These plants were distributed randomly in sev-
eral trays. Two to four independent experiments were per-
formed for each ecotype or mutant. Each inoculated plant was
scored every 2 days, from 2 to 14 dpi, as no symptom = 0, ne-
crosis just around the disk = 0.2, half of the leaf necrotized =
0.5, inoculated leaf necrotized = 1, inoculated leaf and petiole
necrotized = 1.5, symptoms observed on leaves just beside the
inoculated leaf = 2, symptoms observed on one-third of the
rosette leaves = 3, symptoms observed for more than half of
the leaves = 4, symptoms observed for all the leaves of the
rosette (beyond the petioles) = 5, and plant dead = 6.

For B. napus, the same strain of S. sclerotiorum (S55) and
the same conditions were used, with the exception that a disk
of mycelium was applied on the middle of the leaf.

Statistical analyses of Sclerotinia sclerotiorum scores.

Data were analyzed for each experiment, and adjusted
means of disease scores (Ismeans) of mutants and ecotypes
were estimated from variance analysis. Data analyses were
performed with the Statistical Analysis System (SAS) software
(SAS Institute Inc., Cary, NC, U.S.A.). Variance analysis of
disease scores was performed using PROC GLM of SAS.

RNA extraction and quantitative reverse-transcription
polymerase chain reaction analysis.

For Arabidopsis material, RNA extraction, reverse transcrip-
tion (RT), and quantitative polymerase chain reaction (Q-PCR)
were performed according to manufacturer’s recommendations
(Macherey-Nagel, Hoerdt, France and Roche Diagnostics,
Meylan, France), as previously described by Bouchez and asso-
ciates (2007) (Supplementary Table 1). B-Tubulin4 and a gene
(At2g28290) were used as controls.

Table 1. Arabidopsis mutants used in this study

Signaling Mutants Genetic
pathway or lines background References
Early resistance
components  pdr]-] Col-0 Century et al. 1995
edsl Ws-0 Parker et al. 1996
pad4 Col-0 Glazebrook et al. 1996
Salicylic acid ~ sidl/eds5 Col-0 Rogers and Ausubel
1997
sid2/eds16 Col-0 Wildermuth et al. 2001
npri-1 Col-0 Cao et al. 1994
nahG Col-0 Friedrich et al. 1995
Ethylene ein2-1 Col-0 Guzman and Ecker
1990
ein3-1 Col-0 Chao et al. 1997
eind-1, ein7 Col-0 Roman et al. 1995
eto2-1 Col-0 Vogel et al. 1998
eto3 Col-0 Woeste et al. 1999
oxerf1 Col-0 Lorenzo et al. 2003
Jasmonic acid  jarl-1 Col-0 Staswick et al. 1992
coil-1 Col-0 Feys et al. 1994
Abcisic acid aba2-3, aba3-1 Col-0 Merlot et al. 2002
aba3-2 Ler Leung et al. 1997
abil-1, abi2-1 Ler Leung et al. 1997
abi4-101, abi4-
103 Col-0 Finkelstein 1994
abi5 Col-0 Finkelstein 1994

Oxidative burst rboh-D, rboh-F,
rbohD rboh-F Col-0
Nitric oxide noal Col-0
nial nia2 Col-0
csdl, csd2, fsdl Col-0

Torres et al. 2002
Zhao et al. 2007
Bright et al. 2006
This work, SALK
collection

Cell death vadl-1 Col-0 Lorrain et al. 2004
himl1-1 Col-0 Balagué et al. 2003
redl-1 Col-0 Overmyer et al. 2000
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For B. napus, total RNA was extracted from all the samples
with the SV96 Total RNA Isolation System (Promega Corp.,
Charbonniéres-les-bains, France) according to the manufac-
turer’s recommendations. RNA integrity was verified on the
Agilent Bioanalyzer and the presence of potential genomic
DNA was checked by Q-PCR on RNA. For each sample, 2 ug
of total RNA was submitted to RT using the high-capacity re-
verse transcription kit (Applied Biosystems, Courtabeouf,
France) and random primers in 100 ul (Supplementary Table
2). The RT reaction was then diluted to one tenth, and 2 pl of
c¢DNA was used for the amplification. Q-PCR was performed
as above. Expression levels of mRNA for each gene were nor-
malized using elongation factor 1-a, elongation factor 1-f,
glyceraldehyde-3-phosphate dehydrogenase, and polyubiquitin
genes as internal standards. Relative expression was then con-
sidered as the ACp (according to Roche Diagnostics software
LC480) between each gene and the average of controls. Ex-
periments were done in triplicate. Average ACp was calculated
from the three replicates and compared between infected and
noninfected conditions. For this, the AACp and the P value
relative to the standard ¢ test were calculated.

ROS and NO detection by microscopy.

The method for NO detection in leaf tissue after S. sclero-
tiorum inoculation was adapted from Foissner and associates
(2000). Discs from noninoculated plants and from the inoculated
zone were incubated in the dark (45 min) in 10 uM DAF-2DA
(Sigma Chemical, Lille, France) dissolved in 50 mM Tris-HCl,
pH 7.5. Fluorescence from diaminotriazolofluorescein, the reac-
tion product of DAF-2DA with NO, was captured with a confo-
cal laser scanning microscope (TCS SP2-SE; Leica, Wetzlar,
Germany) using a x63 water-immersion objective lens. Leaves
were excited with an argon laser (488 nm), fluorescence emis-
sion was recorded using the confocal channel 505 to 530 nm,
and autofluorescence of chloroplasts was captured with a 585-
nm log-pass filter. The same samples were also observed in
bright-field microscopy. For fluorescence intensity measure-
ment, the same protocol as for microscopy was applied on 10
inoculated discs and 5 noninoculated discs per ecotype or per
mutant in wells of enzyme-linked immunosorbent assay plates
using an FL600 microplate fluorescence reader (Fisher Scien-
tific, Illkirch, France). Leaf areas infiltrated with L-NAME (1
mM) (Sigma Chemical) were also tested.

In vivo determination of ROS release was performed using
DAB and H,DCF-DA (Sigma Chemical). Observations in
bright field (DAB) or fluorescence (H,DCFA) were performed
using a Leica MZ FLIII stereomicroscope as previously de-
scribed (Lorrain et al. 2004). Determination of ROS levels
(H,O, production) using HDCF-DA was done in the same
conditions as NO measurement. Discs were cut from the
leaves, were washed in morpholineethanesulfonic acid buffer
(50 mM, pH 6.2), and were transferred to 200 pl of fresh
buffer containing 10 yM H,DCF-DA. Following incubation
(30 min), the fluorescence was measured as described above.
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