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Brassinosteroids (BRs) are a unique class of plant steroid hormones that orchestrate myriad growth and developmental processes.
Although BRs have long been known to protect plants from a suite of biotic and abiotic stresses, our understanding of the un-
derlying molecular mechanisms is still rudimentary. Aiming to further decipher the molecular logic of BR-modulated immunity,
we have examined the dynamics and impact of BRs during infection of rice (Oryza sativa) with the root oomycete Pythium
graminicola. Challenging the prevailing view that BRs positively regulate plant innate immunity, we show that P. graminicola
exploits BRs as virulence factors and hijacks the rice BR machinery to inflict disease. Moreover, we demonstrate that this immune-
suppressive effect of BRs is due, at least in part, to negative cross talk with salicylic acid (SA) and gibberellic acid (GA) pathways.
BR-mediated suppression of SA defenses occurred downstream of SA biosynthesis, but upstream of the master defense regulators
NONEXPRESSOR OF PATHOGENESIS-RELATED GENES1 and OsWRKY45. In contrast, BR alleviated GA-directed immune
responses by interfering at multiple levels with GAmetabolism, resulting in indirect stabilization of the DELLA protein and central
GA repressor SLENDER RICE1 (SLR1). Collectively, these data favor a model whereby P. graminicola coopts the plant BR pathway
as a decoy to antagonize effectual SA- and GA-mediated defenses. Our results highlight the importance of BRs in modulating plant
immunity and uncover pathogen-mediated manipulation of plant steroid homeostasis as a core virulence strategy.

To effectively combat invasion by microbial patho-
gens, plants have evolved a plethora of sophisticated
mechanisms providing several strategic layers of con-
stitutive and inducible defense responses. Many of
these responses are regulated by an array of cross-
communicating signal transduction pathways within
which plant hormones fulfill central roles. Salicylic
acid (SA), jasmonic acid (JA), and ethylene (ET) are the
archetypal defense hormones and their importance in
the hard wiring of the plant innate immune system
is well established (Grant and Jones, 2009; Robert-

Seilaniantz et al., 2011). Although there are exceptions,
SA is predominantly associated with resistance to
biotrophic pathogens, whereas necrotrophic pathogens
are usually deterred by JA/ET-driven defenses. More-
over, interaction between these two types of defenses is
mostly antagonistic, giving precedence to the notion
that plant innate immunity follows in essence a binary
model with SA and JA/ET having opposing influences
(Pieterse et al., 2009).

Recently, abscisic acid (ABA), gibberellic acid (GA),
cytokinins, and auxins emerged as critical regulators of
plant-microbe interactions as well. Although their sig-
nificance is less well understood, mounting evidence
suggests these hormones influence disease outcomes by
positively or negatively interfering with the SA-JA-ET
backbone of the immune signaling circuitry (Pieterse
et al., 2009). Such interplay or cross talk between indi-
vidual hormone conduits is thought to enable plants to
flexibly tailor their inducible defense arsenal to the type
of invader encountered and to utilize their resources in
a cost-efficient manner (Verhage et al., 2010). However,
exciting new developments suggest that hormone cross
talk may also be exploited by pathogens to shut down
effective defenses through negative network connec-
tions (Robert-Seilaniantz et al., 2011). A classic example
reflecting this situation is the production by some Pseu-
domonas syringae strains of a phytotoxin called corona-
tine that structurally resembles JA derivatives. Actively
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secreted in the host, coronatine is assumed to hyper-
activate JA signaling, thereby counteracting SA-
dependent defenses and facilitating bacterial invasion
(Brooks et al., 2005; Cui et al., 2005; Melotto et al., 2006).

Brassinosteroids (BRs) are one of the latest growth
regulators to be implicated in plant immunity. Discov-
ered nearly 40 years ago, BRs are polyhydroxylated
steroid hormones with important roles in regulating
myriad physiological and developmental processes, in-
cluding seed germination, skotomorphogenesis, flower-
ing, and senescence (Clouse and Sasse, 1998). Over the
past decade, molecular genetic studies using Arabidop-
sis (Arabidopsis thaliana) and rice (Oryza sativa) as model
plants have identified numerous genes involved in BR
biosynthesis and gene regulation. Coupled with more
recent biochemical approaches, these studies have pro-
vided fascinating insights into the various aspects of
plant steroid signaling, ranging from BR perception at
the cell surface to activation of transcription factors in the
nucleus (Kim and Wang, 2010). According to current
concepts, BRs directly bind to the extracellular domain of
the receptor-like kinase BRASSINOSTEROID INSENSI-
TIVE1 (BRI1; She et al., 2011), thereby inducing a series of
biochemical responses, including heterodimerization of
BRI1 with, and activation of, another receptor kinase,
BRI1-ASSOCIATEDKINASE1 (BAK1; Li et al., 2002; Yun
et al., 2009), phosphorylation of BRI1-interacting signal-
ing kinases (Tang et al., 2008), and activation of the pro-
tein phosphatase BRI1 SUPPRESSOR PROTEIN1 (Kim
et al., 2009). These events eventually culminate in inhi-
bition of the shaggy-like kinase BRI1-INSENSITIVE2
(Vert and Chory, 2006) and resultant activation of the
transcription factors BRASSINAZOLE-RESISTANT1
(BZR1) and BRI1-EMS-SUPPRESSOR1 (BES1)/BZR2
that orchestrate downstream gene expression (Sun
et al., 2010; Yu et al., 2011).

Besides their critical role in growth regulation, BRs
are well known to protect plants from a broad palette of
environmental stresses, including low and high tem-
peratures, drought, salinity, and insect herbivory
(Bajguz and Hayat, 2009). Throughout the past de-
cade, various BR-induced molecular changes that are
related to stress tolerance have been identified. These
include enhanced expression of stress-responsive
genes (Kagale et al., 2007), protection of the translational
machinery (Dhaubhadel et al., 2002), potentiated accu-
mulation of osmoprotectants (Divi and Krishna, 2009),
NADPH-oxidase-mediated accumulation of hydrogen
peroxide (Xia et al., 2009b), and enhanced photosynthe-
sis efficiency (Xia et al., 2009a). Recently, however, Divi
et al. (2010) uncovered yet another mode of BR action
during abiotic stress. Using mutant and transgenic
Arabidopsis, they demonstrated that 24-epibrassinolide
(BL)-induced tolerance to salt and temperature stress is
reliant on the SA master regulatory protein NONEX-
PRESSOR OF PATHOGENESIS-RELATED GENES1
(NPR1), implicating a crucial role of the SA signaling
pathway in BR-mediated stress responses.

Interestingly, BRs may also regulate plant responses
to pathogen attack. For instance, exogenous applica-

tion of BR lowers susceptibility of rice to fungal blast
and bacterial blight diseases, and activates resistance
of tobacco (Nicotiana tabacum) to Tobacco mosaic virus
(TMV), P. syringae, and the powdery mildew fungus
Oidium sp. (Nakashita et al., 2003). In keeping with
these data, there is ample evidence from both field
experiments and greenhouse trials demonstrating the
protective effects of exogenous BRs against a fairly
broad range of fungal, viral, and bacterial pathogens
exhibiting diverse parasitic habits (Bajguz and Hayat,
2009). Together with the significantly increased BR
levels in TMV-infected tobacco and the immune-
suppressive effect of the BR biosynthesis inhibitor
brassinazole (BRZ; Nakashita et al., 2003), these find-
ings draw important inferences tagging BRs as pow-
erful activators of broad-spectrum disease resistance
in plants. However, in contrast to the relative wealth of
information on BR’s function in the plant’s develop-
mental program, relatively little is known about the
molecular mechanisms underpinning BR-modulated
plant immunity. Also, it remains to be resolved if, and
how, BRs adjust and coordinate immune responses to
soilborne pathogens.

Aiming to further decipher the molecular logic of
BR-modulated immunity, we have analyzed the role of
BRs during progression of rice infection by the root
oomycete Pythium graminicola. Unlike most other ex-
perimentally tractable model plants, rice is a staple
food for more than half the world and a model for
monocots, which include cereal crops and biofuel
grasses (Jung et al., 2008). P. graminicola, on the other
hand, has recently been earmarked as one of the
driving factors behind the progressive yield decline
frequently observed in aerobic rice fields (Van Buyten
et al., 2012). In contrast to the prevailing view that BRs
boost plant innate immunity, our results provide com-
pelling evidence that P. graminicola exploits endoge-
nous BRs as virulence factors and hijacks the host BR
machinery to inflict disease. Through genetic, physio-
logical, and pathological analyses, we further show
that BRs steer their detrimental effects on Pythium
resistance, at least in part, through antagonistic cross
talk with SA and GA. While challenging the common
assumption that BRs positively influence plant de-
fense responses, these data add substantial breadth to
our understanding of the immune-regulatory role of
BRs and reveal several heretofore-unknown aspects of
BR pathway cross talk and signal integration.

RESULTS

BRs Suppress Basal Immunity of Rice to the Root
Pathogen P. graminicola

In a first attempt to elucidate the role of BRs in
governing root immunity to P. graminicola, we tested
the effect of exogenously administered BL, a biologi-
cally active BR (Nakashita et al., 2003). To this end, rice
seeds (cv Nipponbare) were germinated and grown on
agar plates containing various concentrations of BL.

Vleesschauwer et al.

1834 Plant Physiol. Vol. 158, 2012

D
ow

nloaded from
 https://academ

ic.oup.com
/plphys/article/158/4/1833/6109207 by guest on 17 April 2024



Because rice plants are susceptible to Pythium infection
for only a few days after planting (Chun and Schneider,
1998), 3-d-old seedlings were tested for their suscepti-
bility to the virulent strain PB912 132. Within 2 to 3 d
post inoculation (dpi), roots of solvent-treated control
plants developed typical brown necrotic patches, a
symptom accompanied by strong reduction of seminal
root length compared to noninoculated controls (Fig.
1A). Surprisingly, feeding plants with increasing con-
centrations of BL favored subsequent infection with P.
graminicola, resulting in more extensive necrosis and
stunting of inoculated roots as compared to the respec-
tive mock-inoculated controls (Fig. 1B). In contrast,
treatment with 1 mM BRZ, a triazole that reversibly and
specifically inhibits BR biosynthesis (Asami et al., 2000),
led to a substantial reduction in disease severity (Fig.
1B). Importantly, neither BL nor BRZ had a significant
impact on the in vitro growth of P. graminicola, impli-
cating the involvement of plant-mediated responses
(data not shown).
To gauge the physiological significance of these

findings, we also tested several mutants that are either
deficient in or insensitive to BR. As shown in Figure
1C, disease tests with the BR-deficient mutants brd1-1,

brd1-2, d2-1, and d2-2 (Mori et al., 2002; Hong et al.,
2003) revealed enhanced resistance as compared to the
respective wild types, while complementing d2-2 with
exogenous BL restored susceptibility to wild-type
levels (Supplemental Fig. S1). In contrast, no strong
differences in overall disease severity could be ob-
served between wild-type T65 plants and the BR-
insensitive mutants d61-1 and d61-2 (Fig. 1C), both of
which carry a loss-of-function mutation in the rice BR
receptor gene OsBRI1 (Yamamuro et al., 2000). One
possible interpretation of this finding is that BR sig-
naling plays a subordinate role in the P. graminicola
resistance machinery. However, given the strong neg-
ative feedback regulation of BR biosynthesis, it is
equally possible that an increase in resistance resulting
from BR insensitivity is masked by the elevated levels
of endogenous BRs in d61 (Yamamuro et al., 2000). To
discriminate between these possibilities, we sought to
supply wild-type and signal-defective d61-1 seedlings
with 1 mM BRZ to lower the endogenous BR content
and observe any effect on pathogen resistance. Inter-
estingly, despite the higher basal levels of BR in the
mutant line, BRZ treatment was equally effective in
d61-1 and the wild type, suggesting that both BR

Figure 1. BRs suppress root immunity in rice against the ooymycete P. graminicola. A, Illustration of the I-to-V disease severity
scale used for disease evaluation. For more details on the different disease classes, see “Materials and Methods.” B, Disease
promoting and reducing effect of exogenously administered BL and BRZ, respectively. Seeds (cv Nipponbare) were germinated
on Gamborg B5 medium containing different concentrations of BL or BRZ, and, 3 d post imbibition, inoculated with 0.6-cm
mycelial plugs of virulent P. graminicola PB912 132. Representative pictures were taken 7 dpi. Minus sign (2) = mock control,
plus sign (+) = infected. Data represent one of three experiments with very similar results. Different letters indicate statistically
significant differences (Mann Whitney; n $ 15; a = 0.05). C, Resistance of BR-deficient d2-1, d2-2, brd1-1, and brd1-2 and BR-
insensitive d61-1 and d61-2. D, Effectiveness of exogenously administered BL and BRZ in wild-type T65 and BR-insensitive d61-1.
For graphs C throughD, statistical analysis was performed on pooled data from three independent experiments (MannWhitney; n$

32; a = 0.05). E, Microscopic analysis of early infection events in control, BL (1 mM), and BRZ (1 mM) pretreated Nipponbare roots
inoculatedwith P. graminicola PB912 132. Left section: colonization of 5 mm root sections as visualized by trypan blue staining and
bright-field microscopy. Right section: autofluorescence of representative root sections stained with Calcofluor white M2R (UV light
excitation). Bars = 100 mM.
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biosynthesis and BR signaling serve higher suscepti-
bility to Pythium attack (Fig. 1D).

To further discriminate the immune-regulatory role
of BRs, samples of BL- and BRZ-treated Nipponbare
roots were collected at various times after inoculation
and analyzed for pathogen colonization and cellular re-
actions using a combination of bright-field and epi-
fluorescence microscopy (Fig. 1E). Regardless of BL or
BRZ treatment, numerous hyphae were found to be
present along the longitudinal axis of the root within 12
h post inoculation. Following penetration (Supplemen-
tal Fig. S2A), primary hyphae differentiated rapidly
into bulbous invading hyphae, giving rise to a dense
network that, by 2 dpi, penetrated all inner cell layers of
the root, including the cortex, the endodermis, and the
vascular tissue (Fig. 1E; Supplemental Fig. S2B). Similar
to what has been reported for the rice blast pathogen
Magnaporthe oryzae (Kankanala et al., 2007), invading
hyphae became more bulbous prior to crossing the cell
wall and constricted dramatically, resulting in a thin
invasive peg at the point of passage (Supplemental Fig.
S2C). In control plants, early fungal progression, i.e.
prior to 2 dpi, was characterized by successive inva-
sions of root cells with no apparent loss of cell viability.
In BL-supplemented plants, however, this apparent
biotrophic phase was considerably shortened, with
necrosis-related autofluorescence being detectable
from as early as 24 h post inoculation. BL-treated
seedlings were further characterized by dramatically
enhanced pathogen growth relative to that seen in
nontreated controls (Fig. 1E). Comparing control and
BRZ-treated seedlings, no marked differences could be
observed in pathogen proliferation, despite there being
a substantial difference in overall disease severity be-
tween these treatments. However, BRZ treatment
caused a significant delay in the onset of tissue necro-
tization, with the large majority of colonized cells
remaining void of autofluorescence until as late as 3 dpi.

Temporal Dynamics of BR Biosynthesis and Signaling in
Response to P. graminicola Attack

Recent advances in plant immunity research have
provided fascinating insights into the ingenious ways by
which microbial pathogens modify plant hormone ho-
meostasis to subdue host immune responses and enforce
a successful infection (Robert-Seilaniantz et al., 2011). To
assess whether P. graminicola similarly coopts the BR
pathway to tap into the rice signaling infrastructure, we
used quantitative reverse transcription (qRT)-PCR to
monitor the steady-state mRNA levels of various BR-
responsive, biosynthetic, and regulatory genes in roots
of inoculated Nipponbare plants grown in the presence
or absence of BL. As shown in Figure 2, expression of the
BL-inducible gene BRASSINOLIDE ENHANCED2 (Os-
BLE2; Yang et al., 2003) responded strongly to Pythium
infection, and peaked at 3 dpi at approximately 55 times
the levels found in noninoculated controls. At this time
point, pathogen-induced transcription of OsBLE2 was
even more pronounced in BL-pretreated plants, as was

the expression of the BR-responsive endoglucan trans-
glucosylase OsXTH1(Duan et al., 2006). Reaching a
maximum at 1 dpi in control-inoculated roots, BL pre-
treatment caused OsXTH1 transcript levels to remain
high throughout the course of the infection, suggesting
a positive correlation between BR-inducible gene ex-
pression and overall susceptibility to P. graminicola. In a
similar vein, Pythium inoculation entailed a strong up-
regulation of the BR biosynthesis genes OsDWARF2
and CONSTITUTIVE PHOTOMORPHOGENESIS AND
DWARFISM1 (OsCPD1), with mRNA levels peaking at
7 to 10 times the levels found in noninoculated controls.
These results were rather unexpected given the apparent
activation of BR signaling in Pythium-infected roots and
the well-established negative feedback regulation of BR
biosynthesis (Wang et al., 2002; He et al., 2005). Although
not evident in the case of OsDWARF2, feedback inhibi-
tion was clearly seen for OsCPD1, with BL treatment
strongly down-regulating expression of the gene relative
to that seen in the respective mock controls. These out-
comes suggest that P. graminicola coordinately affects the
expression of genes involved in both BR signaling and
biosynthesis, thereby bypassing feedback regulatory
mechanisms. In line with this notion, pathogen-induced
expression of OsBLE2 and OsXTH1 was greatly attenu-
ated in signal-defective d61-1, whereas expression of the
BR biosynthesis genes OsCPD1 and OsDWARF2 was

Figure 2. Effect of BL pretreatment on BR-response, -biosynthesis, and
-regulatory genes in P. graminicola-inoculated rice roots. For details on
BL treatments (1 mM) and Pythium bioassays see legend to Figure 1.
Transcript levels were normalized using actin as an internal reference
and expressed relative to the normalized expression levels in mock-
inoculated control plants at 1 dpi. Data are means6 SD of two technical
and two biological replicates from a representative experiment, each
biological replicate representing a pooled sample from at least six
individual plants.
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comparable to or even higher than in the corresponding
wild-type T65 (Supplemental Fig. S3).
In addition to the increased transcription of BR-

biosynthetic and -response genes in P. graminicola-
infected roots, we also found transcriptional alterations
of key regulatory genes, including RAV-LIKE1
(OsRAVL1). Consistent with its pivotal role in main-
taining basal activity of both BR signaling and biosyn-
thesis (Il Je et al., 2010), OsRAVL1 mRNA levels
responded strongly to pathogen inoculation, showing
an approximately 15-fold induction over noninoculated
controls. In the inoculated BL treatment, however,
OsRAVL1 expression was less pronounced, presumably
due to the already strong activation of BR signaling in
this system. In contrast, both control and BL-pretreated
roots exhibited a strong pathogen-specific down-
regulation of the BR-negative regulator MADS-box PRO-
TEIN55 (OsMADS55; Lee et al., 2008), suggesting a
putative mechanism by which P. graminicola elevates
BR signal processing. While demonstrating that suc-
cessful infection of rice by P. graminicola is associated
with major transcriptional reprogramming of various
BR-associated genes, these data raise the possibility that
P. graminicola usurps the host BR machinery to induce
a state of susceptibility. In compliance with this concept,
genome-wide transcriptome analysis of PB912 132 in-
oculated Nipponbare roots revealed more than one-third
of all BR-associated genes (68 out of 192) represented on
the array to be significantly altered after Pythium
attack (Supplemental Table S1), with examples including
the major BR biosynthetic genes OsDWARF (Mori et al.,
2002) and OsDWARF2, the putative BR receptor gene
BRI1-LIKE 3 (Nakamura et al., 2006), and the negative
signaling regulator MADS-box PROTEIN1 (Duan et al.,
2006). Moreover, analysis of the proximal 1-kb promoter
region of all 4,381 genes significantly up-regulated by
P. graminicola identified a significant overrepresentation
of various cis-elements known to be responsive to BRs
(Table I). These included twoE-box elements (CANNTG),
various motifs containing the BR-response element
(BRRE), and the G-box CACGTG, which contains two
inverted repeats of the core BRRE sequence CGTG.

BRs Antagonize Salicylate-Mediated Immunity against
P. graminicola

Mounting evidence indicates that pathogen defense
signaling is not a linear single-response event, but a

complex network involving multiple effectors and
defense signals (Pieterse et al., 2009). Therefore, to
further elucidate the molecular machinery underpin-
ning BR-mediated susceptibility to P. graminicola, we
focused on exploring the interaction of BR with other
plant defense regulators. Given the paramount im-
portance of SA in mediating foliar plant immunity
(Robert-Seilaniantz et al., 2011), and the recent identi-
fication of BR-SA cross talk in the context of abiotic
stress signaling (Divi et al., 2010), we first assessed the
involvement of SA-modulated immune responses.
Interestingly, we found that application of BL negates
resistance conferred by the synthetic SA analog ben-
zothiadiazole (BTH) (Fig. 3A), which is suggestive of
negative cross talk in the direction of BR damping SA
action. To test this hypothesis, wild-type Nipponbare
and SA-deficient NahG transgenics (Yang et al., 2004)
were routinely treated with 1 mM BRZ and tested for
expression of induced resistance. As shown in Figure
3B, NahG plants were significantly more sensitive to
pathogen attack than corresponding wild-type seed-
lings, demonstrating the importance of SA biosynthesis
in basal resistance to P. graminicola. SA accumulation,
however, did not appear to be a prerequisite for BRZ-
induced resistance, as BRZ application was equally
effective in wild-type Nipponbare and NahG plants,
causing an approximate 30% reduction in basal disease
susceptibility in both genotypes.

To further probe the nature of the SA-BR signal in-
teraction, we next monitored the expression of the SA
regulatory genes OsNPR1 and OsWRKY45 at various
times after inoculation. Both genes encode master reg-
ulatory proteins that control distinct branches of the SA
signaling cascade in rice (Shimono et al., 2007; Yuan
et al., 2007). Following a rapid strong up-regulation
upon pathogen infection, transcription of OsNPR1 and
OsWRKY45 gradually decreased throughout the course
of infection, an effect that was greatly accelerated by
exogenous BL (Fig. 3C). Intriguingly, temporal expres-
sion of both genes seemed to be inversely correlated
with that of the BR markers OsBLE2, OsCPD1, and
OsRAVL1 (Fig. 2), especially within the first 3 dpi. In a
similar vein, BL application also prevented the full age-
dependent expression of OsNPR1 in noninoculated
samples (red arrows on Supplemental Fig. S4). Along
with the negative impact of exogenous BL on the BTH-
inducible resistance (Fig. 3A), these results further sup-
port negative interactions between SA and BR during P.

Table I. BR-responsive cis-elements significantly enriched in P. graminicola-up-regulated rice genes

Cis-Element Sequence P Value Reference

BRREa CGTGCA 2.40E-03 He et al. (2005)
CGTGGC 2.29E-02 He et al. (2005)
ACGTGG 1.19E-02 He et al. (2005)
CCGTGC 8.65E-03 He et al. (2005)

G-box CACGTG 5.56E-03 Sun et al. (2010)
E-boxb CAGCTG 2.25E-02 Yin et al. (2005); Il Je et al. (2010)

CACATG 1.42E-02 Yin et al. (2005); Il Je et al. (2010)

aCGTG = BRRE core sequence. bE-box consensus sequence = CANNTG.
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graminicola infection. To assess the functional relevance
of such putative BR-SA antagonism, we then quantified
the level of BRZ-induced resistance in OsWRKY45 and
OsNPR1 RNAi lines (Fig. 3D). Interestingly, we found
that plants silenced for OsWRKY45 are more suscepti-
ble to P. graminicola than the wild-type background and
also fail to develop resistance when treated with BRZ.
In contrast, no significant differences in disease suscep-
tibility could be observed between nontreated wild
type (cv Taipei) and OsNPR1 RNAi plants. However,
similar to theOsWRKY45 transgenics,OsNPR1-silenced
plants were unable to mount resistance when induced
by BRZ, suggesting that BR antagonizes SA-mediated
defenses downstream of SA accumulation, but up-
stream of OsNPR1 and OsWRKY45.

Repression of GA-Mediated Defenses Is a Crucial Facet
of BR-Provoked Susceptibility to P. graminicola

GAs are a large family of tetracyclic diterpenoid
hormones that control nearly every aspect of plant
growth and development. Recent work on wild-type
tissues of various plants has provided multiple phys-
iological and molecular links to support extensive
interplay between the BR and GA signaling pathways
(Zhang et al., 2009). Considering these findings and
given the emerging role of GA as a bona fide immunity
hormone (Robert-Seilaniantz et al., 2011), we sought to
extend our analysis of the disease-promoting effect of
BRs by scrutinizing potential BR-GA cross talk. As
shown in Supplemental Figure S5A, treatment of wild-
typeNipponbare with increasing concentrations of GA3
enhanced resistance to P. graminicola in a concentration-
dependent manner. Conversely, depletion of endoge-
nous GA levels using the GA biosynthesis inhibitor
uniconazole (Izumi et al., 1984) promoted disease
susceptibility. Although care should be taken when
interpreting these results since the specificity of uni-
conazole is not entirely clear (Bidadi et al., 2010), these
data strongly suggest that GA acts as a positive player
in rice immunity to P. graminicola (Supplemental Fig.
S5B). Interestingly, supplying plants with both GA3
and BL recapitulated the BL-conferred disease suscep-
tibility phenotype (Supplemental Fig. S5A), whereas
cotreatment of uniconazole with BL did not confer an
additive effect on the level of susceptibility (Supple-
mental Fig. S6A). Essentially identical results were
obtained at the physiological level, with BL and
uniconazole inhibiting primary root length to a similar
extent (Supplemental Fig. S7A). Moreover, roots of the
GA-deficient mutant d35 were less sensitive to exog-
enous BL than were wild-type roots (Supplemental
Fig. S7C). Together, these data infer (1) that endoge-
nous GA levels represent an important reservoir
needed to mount a full innate immune response to

Figure 3. BRs antagonize SA-mediated root immunity against P.
graminicola. A, Exogenous BL (1 mM) attenuates BTH-induced resis-
tance. For chemical induction of resistance, seeds were briefly dipped
into a BTH solution (0.5 mM) and subsequently sown on GB5 medium
containing 50 mg L21 BTH. BL treatment, pathogen inoculation, and
disease evaluation was performed exactly as described in legend to
Figure 1. Different letters indicate statistically significant differences
(Mann-Whitney; n = 12; a = 0.05). Representative pictures were taken
7 dpi. Minus sign (2) = mock control, plus sign (+) = infected. B, Effect
of BRZ pretreatment (1 mM) on Pythium susceptibility in wild-type
Nipponbare and SA-deficient NahG plants. Statistically significant
differences between treatments are labeledwith different letters (Mann-
Whitney; n = 24; a = 0.05). Numbers below graph represent disease
index values. C, qRT-PCR analysis of the SA regulatory genes OsWR-
KY45 and OsNPR1 in control and BL-treated Nipponbare roots inoc-
ulated with P. graminicola. Transcript levels were normalized using
actin as an internal reference and for each time point expressed
relative to mock-inoculated controls. Data are means 6 SD of two
technical and two biological replicates from a representative experi-
ment, each biological replicate representing a pooled sample from at
least six individual plants. D, BRZ-induced resistance is compromised
inOsWRKY45 andOsNPR1 RNAi lines. All genotypes were pretreated
with 1 mM BRZ and subsequently inoculatedwith P. graminicola PB912
132. Bars labeled with different letters are significantly different (Mann-

Whitney; n = 24; a = 0.05). All experiments were repeated at least
twice with similar results. [See online article for color version of this
figure.]
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P. graminicola, (2) that BR inhibits GA responses in
roots at least in part by interfering with GA metabo-
lism, and (3) that BR-induced susceptibility may de-
velop coincidently with decreases in endogenous GA
content. Supporting these conclusions, BRZ failed to
stimulate root elongation (Supplemental Fig. S7A) and
increase disease resistance (Supplemental Fig. S6B)
when combined with 10 mM uniconazole.

The DELLA Protein and GA Repressor SLR1 Is a Key
Player in Resistance to P. graminicola

The observation that BR-induced susceptibility to
P. graminicola is steered at least in part through nega-
tive cross talk with GA-controlled responses prompted
us to further interrogate the role of GA in the rice-
P. graminicola interaction. In contrast to its well-
documented role as a plant growth regulator, GA has
only recently been implicated in plant immunity. Cur-
rent concepts suggest that at least in Arabidopsis, GA
modulates plant disease resistance by inducing the
degradation of DELLAs, a class of nuclear growth-
repressing proteins that act as central suppressors of
GA signaling (Navarro et al., 2008). Contrary to the five
DELLA proteins present in Arabidopsis, rice has only a
single DELLA gene, designated SLENDER RICE1
(SLR1; Ikeda et al., 2001). To discern the role of SLR1
and its position within the signal transduction path
controlling disease and resistance against P. graminicola,
several GA-deficient and/or insensitive rice mutants,
all of which are known to overaccumulate SLR1
(Ueguchi-Tanaka et al., 2008), were tested for their
susceptibility to P. graminicola. As shown in Figure 4A,
all mutants tested, either impaired in GA biosynthesis
(Waito-C, d35), insensitive to GA (gid1-8, gid2-2), or both
(cps1-1/gid2-2), showed increased susceptibility com-
pared with wild-type T65 plants. Enhanced suscepti-
bility to P. graminicola was also observed in two
independent SLR1 gain-of-function mutants (Asano
et al., 2009; Fig. 4B), whereas slr1-1, a loss-of-function
allele displaying a constitutive GA response phenotype
(Ikeda et al., 2001), exhibited reduced necrosis and
increased resistance to pathogen infection compared to
inoculated T65 (Fig. 4C). In keepingwith these findings,
qRT-PCR analyses revealed SLR1 to be transiently up-
regulated in response to both pathogen inoculation and
BL treatment (Supplemental Fig. S8), further implicat-
ing SLR1 as a core participant in rice responses to
P. graminicola.

Multilevel Interactions Mediate BR-GA Antagonism in
P. graminicola-Inoculated Roots

Theoretically, cross talk between hormone pathways
may occur at the level of biosynthesis regulation,
signal transduction, and/or gene expression. To gain
further insight into the molecular mechanisms of
above-mentioned BR-GA interplay, we measured the
transcript levels of multiple GA biosynthetic and
regulatory genes in roots of inoculated Nipponbare

grown in the presence or absence of 1 mM BL. As
shown in Figure 4D, Pythium inoculation strongly
induced the GA-degrading enzyme GIBBERELLIN
2-b-DIOXYGENASE3 (OsGA2ox3) in both control and
BL-treated samples, whereas the GA-biosynthesis en-
zyme GIBBERELLIN 20-OXIDASE3 (OsGA20ox3) was
severely down-regulated following inoculation. Similar
results were obtained in our microarray analysis where
perception of P. graminicola, despite being associated
with activation of multiple genes involved in biosyn-
thesis of inactive GA precursors (i.e. diterpenoids and
GA12), led to a general repression of GA 20-oxidases but
activation of GA 2-oxidases (Supplemental Table S2). In
wild-type rice, expression of GA-biosynthetic genes is
feedback inhibited by GA (Itoh et al., 2002); however, on
the basis of the strong inhibitory effect of BL on GA-
induced Pythium resistance as well as the likely role of
GA biosynthesis in promoting immunity, we interpret
these data to suggest that P. graminicola recruits the BR
pathway, at least in part, to actively suppress GA bio-
synthesis in inoculated tissues. In support of this as-
sumption, we found exogenously administered BL to
inhibit GA20ox3 and induce GA2ox3 within 8 h of
incubation (Fig. 4E). Intriguingly, treating roots with
50 mM GA3 likewise resulted in a fast and strong down-
regulation of the BR response and BR biosynthesis
genes OsBLE2 and OsDWARF2, respectively, indicating
that BR and GA cause cross-inhibitory effects on the
reciprocal hormone biosynthesis pathways to interact
in a mutually antagonistic manner.

Besides interfering with GA metabolism, BR also
may inhibit GA action through transcriptional activa-
tion of GA repressor genes. Over the last few years,
several rice proteins with an inhibitory function in GA
signaling have been characterized. These include the
O-linked GlcNAc transferase SPINDLY (Shimada
et al., 2006), and the casein kinase EARLY FLOWER-
ING1 (EL1; Dai and Xue, 2010). Although expression
of SPINDLYwas transiently up-regulated by BL alone,
the most dramatic changes in SPINDLY kinetics were
seen following pathogen inoculation, with mRNA
levels peaking at 2 dpi at approximately 6 times the
levels found in noninoculated controls (Fig. 4D).
A similar, albeit slightly more pronounced trend
was noticed in BL-pretreated roots where pathogen-
induced expression of SPINDLY was evident as late
as 6 dpi. Interestingly, transcript accumulation of EL1
resembled the profile observed for SPINDLY, suggest-
ing that P. graminicola triggers the expression of GA
repressor proteins, possibly in a BL-dependent man-
ner, as yet another mechanism to antagonize GA.

Given the central role of DELLA proteins in mod-
ulating hormonal cross talk in stress and developmen-
tal processes (Robert-Seilaniantz et al., 2011), and the
reported ability of SPINDLY and EL1 to fine tune the
suppressive function of rice SLR1 (Shimada et al.,
2006; Dai and Xue, 2010), we finally asked whether BR-
GA antagonism also is manifested at the level of SLR1
protein stability. To this end, we examined the level of
SLR1 (using a monoclonal anti-SLR1 antibody) in
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wild-type Nipponbare roots grown for 7 d in the
presence or absence of 1 mM BL. Consistent with
previous reports (Sasaki et al., 2003), SLR1 migrated
as two bands in SDS-PAGE gels, representing the
phosphorylated (top band) and nonphosphorylated
(bottom band) form of the protein, respectively. Levels
of immunologically detectable SLR1 were obviously
higher in BL-treated plants than in nontreated controls
before the onset of GA3 treatment (Fig. 4F). Following
GA3 treatment, however, no clear-cut differences in
SLR1 levels were apparent between treatments, except
for a slight increase in BL-treated roots at 4 h post GA
application. Therefore, our findings argue that BL does
not intervene with GA-mediated SLR1 protein turn-
over per se, but rather indirectly promotes SLR1
stabilization by inactivating GA through the combined

repression of GA synthesis and transcriptional activa-
tion of GA repressor genes.

DISCUSSION

Originally discovered in the pollen of Brassica napus
(Grove et al., 1979), BRs encompass a family of over 40
structurally and functionally related steroid com-
pounds. Apart from their well-established function in
orchestrating growth and developmental processes,
there is extensive literature demonstrating the remark-
able ability of BRs to boost plant responses to a suite of
biotic and abiotic stresses. However, despite this broad
functional repertoire, very little is known about the
mechanisms underlying BR-mediated stress responses.
In an effort to further our fundamental understanding

Figure 4. BR-induced susceptibility to P. graminicola involves repression of effectual GA-mediated defenses. A, Bioassays with
several GA-deficient and -insensitive mutants reveal a positive role of GA in rice immunity to P. graminicola. All genotypes were
inoculated as described in legend to Figure 1. Different letters indicate statistically significant differences (Mann-Whitney; n $

12; a = 0.05). B, Hypersusceptibility of two independent SLR1 gain-of-function mutants. Bars with different letters are
significantly different (Mann-Whitney; n = 12; a = 0.05). Photographs of noninoculated controls are shown in the top section,
representative disease symptoms are depicted in the bottom section. C, Growth of P. graminicola PB912 132 on wild-type T65
and the constitutive GAmutant slr1-1. Data represent means6 SE from three independent biological replicates (n = 15). D, Effect
of BL pretreatment on the transcription of GA-associated genes in roots of cv Nipponbare inoculated with P. graminicola. BL
treatment, pathogen inoculation, and qRT-PCR analysis were performed exactly as described in Figures 1 and 2. E, Cross-talk
experiments demonstrating reciprocal negative interactions between BRs and GA in root tissue of cv Nipponbare. Six-day-old
seedlings grown on GB5 medium were treated with either 1 mM BL or 50 mM GA3 for the indicated times and subjected to qRT-
PCR analysis exactly as described in the legend to Figure 2. F, Immunoblot analysis of SLR1 protein accumulation in roots of 7-d-
old Nipponbare plants grown in the presence or absence of 1 mM BL. SLR1 degradation was induced by submerging roots in 500
mM GA3 for the indicated times and protein levels were analyzed by western blotting using a SLR1-specific antibody. A duplicate
protein gel was stained with Coomassie Blue (CBB) as loading control. [See online article for color version of this figure.]
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of the immune-regulatory role of BR, we have studied
its impact, dynamics, and interrelationship with other
hormones during the interaction between rice and
the soilborne oomycete P. graminicola. Challenging the
prevailing view that BRs positively regulate plant
pathogen responses, we show that BRs suppress root
immunity to P. graminicola, resulting in increased
pathogen proliferation and substantially enhanced
disease susceptibility. Moreover, our results support
a scenario whereby P. graminicola coopts the plant BR
machinery as a decoy strategy to tap into the immune
signaling circuitry and interfere with effectual SA-
and GA-controlled defenses.
To date, genetic studies aimed at elucidating the role

and action mechanisms of BR in plant stress adapta-
tion have been confounded by the often strong and
pleiotropic phenotypes of BR biosynthesis and signal-
ing mutants, including extreme dwarfism, sterility,
dark-green and epinastic leaves, and delayed devel-
opment (Bishop, 2003). Moreover, current techniques
for BR measurements require copious amounts of
plant tissue and, despite allowing for quantification
of specific intermediates in the BR pathway, often fail
to capture stress-induced changes in the levels of the
biologically active BRs, castasterone and BL (Shimada
et al., 2001; Wu et al., 2008). As a result, most reports
currently available are based on exogenous hormone
applications. Under our experimental conditions, ex-
ogenous BL markedly promoted susceptibility to P.
graminicola, whereas treatment with BRZ, a highly
specific inhibitor of BR biosynthesis, induced substan-
tial levels of resistance (Fig. 1B). Coupled with the
extensive transcriptional reprogramming of various
BR biosynthetic, signaling, and response genes in
pathogen-inoculated roots and the overrepresentation
of BR-responsive cis-elements in the promoters of P.
graminicola-dependent rice genes (Fig. 2; Table I; Sup-
plemental Table S1), these findings strongly argue that
P. graminicola hijacks the rice BR biosynthesis and
signaling machinery to cause disease, thus exploiting
BRs as virulence factors. In compliance with this
concept, many other microbial pathogens have lately
been shown to disarm the plant’s weaponry by ma-
nipulating host hormone signaling (De Vleesschauwer
et al., 2010; Robert-Seilaniantz et al., 2011), highlight-
ing the central importance of hormone homeostasis in
molding pathological outcomes.
As for many other hormones, BR cellular homeo-

stasis is achieved mainly by end product feedback
regulation with activation of BR signaling suppressing
BR synthesis (He et al., 2005). The finding that in
pathogen-inoculated roots, in spite of the strong acti-
vation of several BR-responsive genes, feedback con-
trol did not set in, but on the contrary OsDWARF2 and
OsCPD1 were induced (Fig. 2), infers that P. gramini-
cola concomitantly affects BR biosynthesis and ensuing
signaling. One possible mechanism involves the B3
DNA-binding domain protein RAVL1. Recently iden-
tified as a transcriptional activator of both BR biosyn-
thesis and BR signaling genes (Il Je et al., 2010),

expression of RAVL1 was nonresponsive to exogenous
BR, but strongly induced following P. graminicola inoc-
ulation (Fig. 2). However, other than attenuating nega-
tive feedback inhibition, P. graminicola also seems to
impinge on downstream signal processing as revealed
by the pathogen-specific suppression of the key BR
repressor geneOsMADS55 (Fig. 2). Taken together, these
findings strongly argue that P. graminicola targets mul-
tiple regulatory modules of the BR pathway to disturb
BR cellular homeostasis and ensure prolonged activa-
tion of the pathway throughout the course of infection.

At least two different, not mutually exclusive, sce-
narios can be hypothesized to explain the negative
impact of BRs on P. graminicola resistance. First, endog-
enous BRs may directly benefit the growth and/or
virulence of the pathogen. Similar to oomycetes of the
genus Phytophthora, Pythium species lack sterol biosyn-
thetic pathways and thus need to assimilate sterols
from their environment or host to support growth and
initiate sexual reproduction (Hendrix, 1964). In view of
this, it is tempting to speculate that P. graminicola usurps
the plant’s BR machinery to secure access to sterols
during the infection process and initiate production of
oospores. However attractive, such a concept is hard to
reconcile with the inability of exogenous BL to promote
hyphal growth (data not shown) and the fairly similar
rates of pathogen colonization in control and BRZ-
treated roots (Fig. 1E). Moreover, despite their strong
potential to enhance pathogen growth in culture and
in sharp contrast with previous observations in the
Arabidopsis-P. syringae pathosystem (Griebel and Zeier,
2010), we failed to observe any disease-promoting effect
of exogenously administered plant sterols, including
sitosterol and stigmasterol (data not shown). Therefore,
rather than directly promoting pathogen fitness, host-
produced BRsmay enhance susceptibility to P. graminicola
by interfering with specific plant defense signaling path-
ways. In compliance with this concept, there is ample
evidence demonstrating extensive interplay between BR
and other small-molecule hormones (Zhang et al., 2009).
For example, BR modulates the biosynthesis of ET
(Hansen et al., 2009) and intimately interacts with cyto-
kinins and auxin in regulating various developmental
processes (Goda et al., 2004; Vert et al., 2008; Peleg et al.,
2011; Vercruyssen et al., 2011). Moreover, several micro-
array experiments and more recent biochemical ap-
proaches point to cross talk between BR and ABA and
JA signaling pathways, respectively (Goda et al., 2002;
Nemhauser et al., 2006; Zhang et al., 2009).

Recently, however, BRs were also found to interact
with GA (Zhang et al., 2009; Sun et al., 2010). Although
most examples of BR-GA signal connections relate
to physiological processes, several lines of evidence
indicate that BR/GA antagonism also fulfills a
pivotal role during the BR-mediated susceptibility to
P. graminicola. First, disease development was more
severe on several GA-deficient and/or -insensitive
mutants (Fig. 4, A and B), implying a positive role of
GA in resistance to P. graminicola. Second, disruption
of endogenous GA content using the GA biosynthesis
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inhibitor, uniconazole, yielded levels of susceptibility
similar to those observed in BL-fed plants, whereas
coapplication of BL and uniconazole did not cause an
additive effect. Third, uniconazole treatment negated
the resistance-inducing effect of BRZ, indicating a
crucial requirement of de novo GA biosynthesis in
the BRZ-triggered resistance. Fourth, BL treatment
positively regulated the abundance of the DELLA
protein and central GA repressor SLR1, a phenomenon
accompanied by BL suppression of the GA biosyn-
thetic gene GA20ox3 and induction of GA2ox3 oxidase
involved in GA deactivation (Fig. 4, E and F). In
conjunction with the central importance of SLR1 in P.
graminicola resistance (Fig. 4, B and C; Supplemental
Fig. S8), these findings support a scenario whereby BR
triggers susceptibility to P. graminicola at least in part
by counteracting pathogen-induced GA synthesis,
leading to indirect stabilization of the DELLA protein
SLR1. Supporting this hypothesis, various other phy-
tohormones, including ABA, cytokinin, auxin, and ET
have previously been shown to affect the GA-induced
destabilization of DELLA proteins. Thus, auxin pro-
motes GA-induced proteolysis of DELLAs, whereas
stress-induced ABA, cytokinin, and ET enhance DEL-
LA stabilization and delay its degradation by GA (Fu
and Harberd, 2003; Vriezen et al., 2004; Brenner et al.,
2005; Achard et al., 2007). Moreover, recent data have
brought DELLA proteins to the fore as pivotal regu-
lators of plant-microbe interactions. In Arabidopsis,
DELLAs positively regulate resistance to necrotrophs
but impede immunity to biotrophs (Navarro et al.,
2008). Accordingly, we found pathogen-induced SLR1
expression to occur predominantly within the first 2
dpi (Supplemental Fig. S8), a time frame correspond-
ing to the assumed biotrophic phase of the P. gramini-
cola infection cycle (Fig. 1E).

Intriguingly, the positive effect of BRs on DELLA
protein stability could also provide a mechanistic ex-
planation for the observation that BL induces resistance
to rice blast and bacterial blight (Nakashita et al., 2003),
both of which diseases are known to be favored by high
endogenous GA levels (Yang et al., 2008). In a similar
vein, BR-modulated DELLA abundance may offer a
mechanistic framework for how BRs trigger resistance
to abiotic stresses. In some elegant work using Arabi-
dopsis mutants lacking four of the five DELLA pro-
teins, Achard et al. (2006) showed a positive correlation
between DELLA protein levels and tolerance to various
abiotic stresses. These authors also demonstrated that
DELLA proteins elevate the expression of antioxidant
enzymes and thereby limit oxidative stress-induced cell
death (Achard et al., 2008), two effects which, at least in
cucumber (Cucumis sativus), also have been attributed
to elevated BR activity (Xia et al., 2009b). In line with
our results and given the central role of reactive oxygen
species (ROS) as initiating agents in myriad plant stress
responses (Miller et al., 2008), BR-conferred abiotic stress
tolerance could therefore be explained by an indirect
effect based on BR induction of DELLA-mediated ROS
detoxification.

Besides the negative effect of BR on GA-controlled
and SLR1-dependent defenses, our data implicate a
crucial role of BR-SA signal interactions in determin-
ing rice-P. graminicola outcomes. Using a combination
of exogenous hormone treatments, qPCR-based ex-
pression experiments, and bioassays with SA-deficient
and -insensitive transgenics, we found that BR inter-
feres with SA-dependent defenses downstream of SA
biosynthesis, but upstream of the master SA regulators
OsWRKY45 and OsNPR1 (Fig. 3). Interestingly, ap-
parently contradictory results demonstrate that BL
application enhances tolerance to salt and thermo
stress, two traits that are associated with increased
SA signaling and that require functional NPR1 (Divi
et al., 2010). Furthermore, in both Arabidopsis and
cucumber, BL treatment induces the expression of the
classical SA marker gene PR1 (Xia et al., 2009b; Divi
et al., 2010), while the BR response regulator BES1 was
recently found to physically bind and activate the key
defense regulator AtMYB30 (Li et al., 2009). Neverthe-
less, recent findings suggest that BR may also antag-
onize plant defense signaling via its transcriptional
regulator BZR1. Upon activation by BR, BZR1 binds
and represses the promoters of various defense-
associated genes, including the flagellin receptor
FLS2 and the major R gene SNC1 (Sun et al., 2010). This
apparently ambivalent BR response is also evident in
rice. Indeed, whereas our data clearly uncover BR as a
negative regulator of SA-mediated immunity against
P. graminicola, Nakashita et al. (2003) previously dem-

Figure 5. Model illustrating how BR, SA, and GA and defense-related
cross talk among this triad of stress hormones molds rice immunity to P.
graminicola. Perception of P. graminicola leads to pronounced in-
creases in endogenous BR levels and resultant activation of BR signal
transduction. This pathogen-triggered BR action, which likely results
from combined induction of de novo BR biosynthesis, attenuation of
negative feedback regulation, and potentiated derepression of BR
signaling, plays a dual role in promoting susceptibility. On the one
hand, BR antagonizes effective SA-mediated defenses by interfering
downstream of SA accumulation, but upstream of OsNPR1 and
OsWRKY45. On the other hand, BR dampens effectual immune
responses directed by GA. Operating at both the level of biosynthesis
regulation and signal transduction, this BR-GA antagonism leads to
indirect stabilization of the DELLA protein SLR1. Sharp, black lines
represent positive effects; blunted, dotted lines depict antagonistic
interactions. [See online article for color version of this figure.]
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onstrated BL application to enhance resistance against
M. oryzae and the bacterium Xanthomonas oryae pv
oryzae, presumably in an SA-independent manner.
Hence, a complex picture is emerging in which steroid
hormones, like the other defense hormones SA, JA/ET,
and ABA, function as global multifaceted regulators of
plant innate immunity, with apparently divergent out-
comes. Given the widespread role of BRs in various
aspects of growth and development, this notion also
implies that BRs are positioned at the interface of
hormone, developmental, and stress signaling, and
thus may serve as important regulators of the often-
reported trade-off between enhanced disease resistance
and plant growth (Purrington, 2000; Bolton, 2009).
A key question arising from our findings, therefore, is

whether the immune-suppressive effect of pathogen-
induced BR is unique for the rice-P. graminicola pathos-
ystem, or, alternatively, reflects a conserved virulence
mechanism based on the manipulation of in planta BR
signaling and/or biosynthesis. In this respect, it is note-
worthy that transgenic Arabidopsis expressingAvrPto, a
bacterial effector that targets the BR coreceptor BAK1,
not only displays compromised immunity but also
exhibits phenotypes similar to these of BR-insensitive
mutants (Shan et al., 2008). Significantly, AvrPto expres-
sion does not affect the plant response to other growth-
promoting hormones, raising the possibility that AvrPto
specifically binds BAK1 to modify BR signaling and
attenuate host defenses (Shan et al., 2008). Similarly,
it was recently reported that enhanced BR signaling
resulting from either a gain-of-function mutation in
BAK1 (Jaillais et al., 2011), ectopic expression of BRI1
(Belkhadir et al., 2012), or application of BL (Albrecht
et al., 2012) impedes innate immunity to P. syringae
conditioned by the conserved microbial signature
flg22. These findings are particularly interesting in
light of recent reports demonstrating that the obligate
biotrophic oomycete Albugo laibachii is equipped with
a near-complete BR biosynthesis pathway and thus
may produce BR itself (Kemen et al., 2011). Also,
several fungal pathogens synthesize toxins that
closely resemble steroid hormones such as zearale-
none (Robert-Seilaniantz et al., 2007). By analogy with
coronatine-mediated disease susceptibility (Cui et al.,
2005; Melotto et al., 2006), one may envision that
pathogenic microbes employ such BR mimicry as a
virulence strategy to break into the plant’s signaling
infrastructure and suppress host defense responses.
Considering the vital role of steroid hormones in co-
ordinating and integrating myriad cellular, develop-
mental, and physiological processes (Sun et al., 2010; Yu
et al., 2011), manipulating host BR signaling and
hijacking BR hormone cross-talk mechanisms likely
represents a powerful virulence strategy controlling
the outcome of many plant-pathogen interactions.

CONCLUSION

In summary, we have shown that both exogenously
administered and endogenous BRs negatively influence

root immunity to the rice pathogen P. graminicola.
Moreover, our results favor a scenario whereby P.
graminicola hijacks the rice BR machinery as a decoy
to shut down effective SA- and GA-mediated immune
responses (Fig. 5). While challenging the common as-
sumption that BRs act as positive players in the plant’s
defense signaling circuitry, the findings presented in
this study highlight the importance of BRs inmodulating
immunity during plant growth and uncover pathogen-
mediatedmanipulation of plant steroid homeostasis as a
core virulence strategy.

MATERIALS AND METHODS

Plant Materials and Growth Conditions

Rice (Oryza sativa) lines used in this work included the japonica cultivar

Nipponbare, the corresponding NahG (Yang et al., 2004) and OsWRKY45

RNAi transgenics (Shimono et al., 2007), the BR-deficient mutant alleles brd1-1

and brd1-2 (Mori et al., 2002), as well as an OsNPR1-silenced line (Yuan et al.,

2007) and its wild-type Taipei (cv japonica). The GA-deficient and/or insen-

sitive mutants d35 (ent-kaurene oxidase mutant; Itoh et al., 2004), Waito-C

(GA3ox2mutant; Itoh et al., 2001), gid1-8 (GA receptor GID1 mutant; Ueguchi-

Tanaka et al., 2007), gid2-2 (F-box protein GID2 mutant; Sasaki et al., 2003),

cps1-1/gid2-2 (ent-copalyl diphosphate synthase mutant crossed with gid2-2;

Ueguchi-Tanaka et al., 2008), and the SLR1 loss- or gain-of-function alleles slr1-

1 (Ikeda et al., 2001), SLR1-d1, and SLR1-d3 (Asano et al., 2009), respectively, all

are in the background of japonica cultivar T65, as are the BR-insensitive and

BR-deficient mutant lines d61-1, d61-2, d2-1, and d2-2 (Yamamuro et al., 2000;

Hong et al., 2003). For seed multiplication, plants were propagated in the

greenhouse (30�C 6 4�C, 16-h photoperiod) and fertilized with 0.5% ammo-

nium sulfate every 2 weeks until flowering.

Pythium graminicola Bioassays

Pythium graminicola strain PB912 132, isolated from a diseased aerobic rice

field in Los Baños, The Philippines (Van Buyten et al., 2012), was cultivated at

28�C on potato dextrose agar (PDA; Difco Laboratories). Rice seeds were

surface sterilized by agitation in 2% sodium hypochlorite for 20 min, rinsed

three times with sterile demineralized water, plated in square petri dishes

(12 3 12 cm) on standard strength Gamborg B5/1% plant agar medium, and

subsequently grown in a growth chamber at 28�C (day)/26�C (night) under

12-h photoperiod. Three days after imbibition, i.e. when primary roots were

approximately 1 cm in length, germinated seedlings were inoculated by care-

fully placing a 0.6-cm-diameter agar plug taken from the margin of 7-d-old

PDA cultures in between each two plants. Control samples were mock

inoculated with 0.6-cm-diameter PDA plugs. Disease symptoms were scored

7 dpi and disease rates were expressed on the basis of diseased root area and

reduction in root length using a 1-to-5 disease severity scale. To account for

differences in root growth caused by genetic mutations, exogenous hormones

or chemical inhibitor compounds per se, all ratings were expressed relative to

the respective noninfected controls: class I, root length more than 60% of the

respective mock treatment, very little necrosis covering less than 10% of total

root area; II, root length more than 60% of the respective mock treatment, more

than 10% of total root area necrotic; III, root length between 20% and 60% of

the respective mock treatment; IV, root length ,20% of the respective mock

treatment, less than 75% of root area necrotic; V, root length ,20% of the

respective mock treatment, more than 75% of root area affected. Disease index

values were calculated according to the following formula: [((13 a) + (23 b) +

(33 c) + (43 d) + (53 e))/(a + b + c + d + e)]3 100/5, where a, b, c, d, and e are

the number of roots with scores I, II, III, IV, and V, respectively.

Chemical Treatments

BTH (BION 50 WG, Syngenta) and GA3 (Sigma-Aldrich) were dissolved in

water at the indicated concentrations. Stock solutions of BL (Sigma-Aldrich)

and uniconazole (Wako) were in ethanol, whereas BRZ (Wako) was dissolved

in dimethyl sulfoxide. Equivalent volumes of both solvents were added to

separate control treatments. All chemicals were added to autoclaved media

after cooling to approximately 60�C.
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Microscopy of Root Infection

Root infection was monitored at various times after inoculation with

P. graminicola PB912 132 using a combination of bright-field and epifluor-

escence microscopy. Root samples were fixed in a 50 mM sodium phosphate

buffer (pH 7.2) containing 4% paraformaldehyde and 1% glutaraldehyde,

dehydrated in a graded series of ethanol, and infiltrated with Technovit 7100

solution. The infiltrated root samples were embedded in plastic cubes filled

with Technovit 7100 histo-embedding medium (Heraeus Kulzer). A Leica

RM2265 motorized rotarymicrotome (Leica Microsystems) was used to obtain

5-mm cross sections of the embedded tissue. Pythium structures were visual-

ized by staining tissue sections in 0.1% (w/v) trypan blue in 10% (v/v) acetic

acid for 5 min. The oxidation of phenolic compounds, which is related with

induced necrosis, was visualized by staining sections in 0.1% fluorescent

brightener 28 (Calcofluor White M2R) for 1 min. After rinsing and drying, the

sections were mounted with neutral mounting medium (DPX; Klinipath).

Images were digitally acquired with an Olympus BX51 microscope equipped

with an Olympus ColorView III camera and further processed with the

Olympus analysis cell^F software (Olympus Soft Imaging Solutions) and

ImageJ 1.44p.

Western-Blot Analysis

Extraction of total proteins and western blotting were performed as

described by Shimada et al. (2006) with minor modifications. Total protein

samples were extracted from 7-d-old rice seedlings grown on Gamborg 5 agar

plates with 23 extraction buffer (20 mM Tris-HCl, pH 7.5, 150 mM NaCL, 0.5%

Tween 20, 1 mM EDTA, 1 mM phenylmethylsulfonyl fluoride). Following

quantification using a Bradford assay (Bio-Rad), protein extracts were mixed

with an equal volume of 23 sample buffer (150 mM Tris-HCl, pH 6.8, 2% w/v

SDS, 10% w/v glycerol, 0.01% w/v bromophenol blue, and 0.1 M w/v

dithiothreitol), boiled for 5 min, separated on 7.5% SDS-PAGE gels, and

transferred to a Hybond ECL membrane (Amersham Pharmacia Biotech).

Polyclonal anti-SLR1 antibody and goat anti-rabbit HRP-conjugated second-

ary antibody (Dako) were used to quantify SLR1. Peroxidase activity was

detected using ECL plus western-blotting substrate (Pierce biotechnology)

according to the manufacturer’s instructions.

RNA Extraction and Quantitative RT-PCR

Total RNAwas extracted from frozen root tissue using the spectrum plant

total RNA kit (Sigma-Aldrich) and subsequently Turbo DNase treated

according to the provided protocol (Ambion). First-strand cDNA was syn-

thesized from 2 mg of total RNA using Multiscribe reverse transcriptase

(Applied Biosystems) and random primers following the manufacturer’s

instructions. Quantitative PCR amplifications were conducted in optical

96-well plates with the Mx3005P real-time PCR detection system (Stratagene),

using Sybr Green master mix (Fermentas) to monitor dsDNA synthesis. The

expression of each gene was assayed in duplicate in a total volume of 25 mL

including a passive reference dye (ROX) according to the manufacturer’s

instructions (Fermentas). The thermal profile used consisted of an initial

denaturation step at 95�C for 10 min, followed by 40 cycles of 95�C for 15s,

59�C for 30s, and 72�C for 30s. To verify amplification of one specific target

cDNA, a melting-curve analysis was included according to the thermal profile

suggested by the manufacturer (Stratagene). The amount of plant RNA in each

sample was normalized using OsACTIN1 (LOC_Os03g50885) as internal

control and samples collected from control plants at 1 dpi were selected as

calibrator. The data were analyzed using Stratagene’s Mx3005P software.

Nucleotide sequences of all primers used are listed in Supplemental Table S3.

Microarray Analysis and Data Processing

Rice plants (cultivar Nipponbare) were grown and infected with

P. graminicola strain PB912 132 as described before. Samples from control

mock-infected and Pythium-inoculated plants were taken 1, 2, and 4 dpi, each

sample representing a pool from at least 20 individual plants. Three biological

replicates were performed, giving a total of 18 RNA samples (two treatments

3 three time points 3 three replicates). For microarray analysis, we used a

previously described two-dye method allowing direct comparison between

two samples on the same microarray (Satoh et al., 2010). In brief, cyanine 3- or

cyanine 5-labeled cRNA samples were synthesized from 850 ng of total RNA

using a low-input RNA labeling kit (Agilent Technologies) and hybridized to

custom-made 60-mer Agilent arrays according to the manufacturer’s proto-

cols (Agilent Technologies). Following washing, slide image files were gen-

erated using a DNA microarray scanner (G2505B; Agilent Technologies) and

signal intensities were extracted and normalized within each array using

Feature Extraction version 9.5 (Agilent Technologies). Signal intensities

among all arrays were normalized according to the quantile method for

standardization (global scaling) using EXPANDER ver 4.1. Significance

analysis was performed using a fixed linear model (ANOVA) implemented

in R/MAANOVA. Differentially expressed genes were defined as genes with

a log2-based signal ratio.0.585 or,20.585 (i.e. 1.5-fold) and a false discovery

rate of less than 0.05. All microarray data generated in this study are available

in the Gene Expression Omnibus (NCBI-GEO; http://www.ncbi.nlm.nih.

gov/geo) database under the reference GSE32582. For motif search and cis-

element identification, 1-kb promoter regions of all differentially expressed genes

were extracted from the Rice Genome Annotation (http://rice.plantbiology.

msu.edu) and Orygenes (http://orygenesdb.cirad.fr) databases and analyzed

using the RSAT (http://rsat.ulb.ac.be/rsat/), Osiris (http://www.bioinformatics2.

wsu.edu/Osiris/), and PLACE programs (http://www.dna.affrc.go.jp/PLACE/).

Supplemental Data

The following materials are available in the online version of this article.

Supplemental Figure S1. Effect of BL pretreatment on resistance to

P. graminicola in the BR-deficient mutant d2-2.

Supplemental Figure S2. Morphology and dynamics of P. graminicola

colonization of rice roots.

Supplemental Figure S3. Expression of BR-responsive (OsBLE2, OsXTH1)

and BR-biosynthetic (OsCPD1, OsDWARF2) genes in wild-type T65 and

signal-defective d61-1 seedlings inoculated with P. graminicola.

Supplemental Figure S4. Effect of BL pretreatment on transcript accumu-

lation of the SA marker genes OsNPR1 and OsWRKY45 in roots of cv

Nipponbare inoculated with P. graminicola.

Supplemental Figure S5. Repression of GA biosynthesis is an integral part

of BR-mediated susceptibility to P. graminicola.

Supplemental Figure S6. Uniconazole treatment mimics BL-induced

susceptibility but attenuates BRZ-triggered resistance.

Supplemental Figure S7. Physiological readouts of GA-BL interactions in

rice leaf and root tissue.

Supplemental Figure S8. Effect of BL pretreatment on transcript accumu-

lation of the DELLA gene SLR1 in roots of cv Nipponbare inoculated

with P. graminicola.

Supplemental Table S1. BR-associated genes differentially expressed after

P. graminicola infection.

Supplemental Table S2. GA metabolism genes significantly induced or

repressed following inoculation of rice roots with P. graminicola.

Supplemental Table S3. Primer sequences used in quantitative RT-PCR.

ACKNOWLEDGMENTS

We thank Ilse Delaere for technical assistance; Miyako Ueguchi-Tanaka,

Makoto Matsuoko, Motoyuki Ashikari, Hiroshi Takatsuji, Zuhua He, and

Yinong Yang for providing BR, GA, and SA mutant and transgenic rice lines;

and Hanne Van Gorp for excellent discussions during the preparation of the

manuscript.

Received January 10, 2012; accepted February 15, 2012; published February 21,

2012.

LITERATURE CITED

Achard P, Baghour M, Chapple A, Hedden P, Van Der Straeten D,

Genschik P, Moritz T, Harberd NP (2007) The plant stress hormone

ethylene controls floral transition via DELLA-dependent regulation of

floral meristem-identity genes. Proc Natl Acad Sci USA 104: 6484–6489

Vleesschauwer et al.

1844 Plant Physiol. Vol. 158, 2012

D
ow

nloaded from
 https://academ

ic.oup.com
/plphys/article/158/4/1833/6109207 by guest on 17 April 2024



Achard P, Cheng H, De Grauwe L, Decat J, Schoutteten H, Moritz T, Van

Der Straeten D, Peng JR, Harberd NP (2006) Integration of plant

responses to environmentally activated phytohormonal signals. Science

311: 91–94
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