The Plant Cell, Vol. 22: 1777-1791, June 2010, www.plantcell.org © 2010 American Society of Plant Biologists

RAV-Like1 Maintains Brassinosteroid Homeostasis via
the Coordinated Activation of BRI1 and Biosynthetic
Genes in Rice
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Temporal and spatial variation in the levels of and sensitivity to hormones are essential for the development of higher
organisms. Traditionally, end-product feedback regulation has been considered as the key mechanism for the achievement
of cellular homeostasis. Brassinosteroids (BRs) are plant steroid hormones that are perceived by the cell surface receptor
kinase Brassinosteroid Insensitive1. Binding of these hormones to the receptor activates BR signaling and eventually
suppresses BR synthesis. This report shows that RAVL1 regulates the expression of the BR receptor. Furthermore, RAVL1 is
also required for the expression of the BR biosynthetic genes D2, D11, and BRD1 that are subject to BR negative feedback.
Activation by RAVL1 was coordinated via E-box cis-elements in the promoters of the receptor and biosynthetic genes. Also,
RAVL1 is necessary for the response of these genes to changes in cellular BR homeostasis. Genetic evidence is presented
to strengthen the observation that the primary action of RAVL1 mediates the expression of genes involved in BR signaling
and biosynthesis. This study thus describes a regulatory circuit modulating the homeostasis of BR in which RAVL1 ensures

the basal activity of both the signaling and the biosynthetic pathways.

INTRODUCTION

Brassinosteroids (BRs) are plant hormones that are structurally
similar to animal steroid hormones (Grove et al., 1979). BRs are
perceived on the cell surface via their binding to the transmem-
brane receptor kinase, Brassinosteroid Insensitive1 (BRI1) (Li
and Chory, 1997; Kinoshita et al., 2005). BRs are essential for the
elongation of stems and roots and the differentiation of vascular
bundles, as well as for senescence, stress response, photomor-
phogenesis, and tropisms (Mitchell et al., 1970; Clouse, 1996; Li
and Chory, 1999; Li et al., 2005). Recently, it has been shown that
biomass production and grain yield can be enhanced by con-
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trolling the level of endogenous BR in rice (Oryza sativa) plants
(Sakamoto et al., 2006; Wu et al., 2008).

BR-mediated developmental processes are largely deter-
mined by endogenous levels of and sensitivity to these hor-
mones. BR distribution is widespread in most plant tissues
(Bajguz and Tretyn, 2003); however, the distribution of BRs
exhibits temporal and spatial variations. Bioactive BRs are much
more abundant in young actively growing tissues than in mature
vegetative tissues (Shimada et al., 2003), and the levels of
bioactive BRs are higher in shoots than in roots (Bancos et al.,
2002). The expression levels of endogenous BRs are determined
by biosynthesis, degradation, and conjugation. Its levels corre-
late with the expression patterns of the BR biosynthetic genes
BR-6-oxidase and DWARF4 and with the BR synthesis-related
P450 genes (Bancos et al., 2002; Shimada et al., 2003). The
inactivation of BRs by degradation and conjugation mechanisms
contributes to the homeostasis of BRs (Neff et al., 1999; Rouleau
et al., 1999; Nakamura et al., 2005; Poppenberger et al., 2005).

Hormonal sensitivity of plant tissues may be largely influenced
by the activity of receptors and signal transduction chain com-
pounds (Davies, 2004). Optimal homeostasis of BRs is achieved
by the balance of its signaling and biosynthesis. Signaling is
initiated by binding of BR to the receptor kinase, BRI1, which
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eventually leads to the repression of BR biosynthetic genes. BRs
activate the BRI1 receptor by stimulating its autophosphorylation
(Wang et al., 2005a). The active BRI1 transmits the BR signal
to the downstream genes Bri1 Suppressor1 (BSUT1) and BR
INSENSITIVE2 (BIN2). BSU1 encodes a phosphatase that acts
as a positive regulator (Mora-Garcia et al., 2004). By contrast,
BIN2 encodes a GSK3/Shaggy-like kinase and acts as a negative
regulator of transcription factors (Li and Nam, 2002). Moreover,
Bri1 Ems Suppressor 1 (BES1) and Brassinazole-Resistant
1 (BZR1) are substrates of BIN2. Recently, it was shown that
BSU1 inactivates BIN2 (Kim et al., 2009). BES1 interacts with a
basic helix-loop-helix transcription factor BES1-interacting Myc-
like 1 (BIM1). The BES1/BIM1 complex synergistically binds to
the E-box element CANNTG and activates BR-induced gene
promoters (Yin et al., 2005). BZR1 plays a dual role in feedback
regulation of BR synthesis and downstream growth response
(Wang et al., 2002; He et al., 2005); it enhances the expression of
genes involved in cellular growth and suppresses the expression
of genes involved in BR synthesis, thus producing the negative
feedback suppression of BR biosynthesis.

In contrast with what is observed for other plant hormones,
BRs appear to be synthesized in all tissues and organs and to
function where they are synthesized (Symons et al., 2008);
therefore, different levels of BR homeostasis need to be estab-
lished, depending on developmental stage and environmental
inputs. It is thus crucial to understand how plants control the
endogenous levels of BR during development. Here, we show
that the rice RAVL1 gene participates in the maintenance of BR
homeostasis by enhancing the expression of BRI71 and several
BR biosynthetic genes. The RAVL7-mediated mechanism plays
a significant role in ensuring the basal activities of the signaling
and synthesis processes that are part of the antagonistic relation.

RESULTS

Identification and Expression of Rice RAVL1

RAVL1 was identified by examination of two mutant alleles
identified in a Ds transposant rice population (Kim et al., 2004)
as dark-green and semidwarf plants. The mutants were named
ravl1-1 and ravl1-2 (see below), and the trap Ds elements were
located in the N-terminal region of ravi7-1 and the C-terminal
region of ravi1-2. RAVL1 contains one exon and encodes a
protein containing a B3 DNA binding domain (Figure 1A). AB3 or
B3-like DNA binding domain is present in Viviparous 1/Abscisic
Acid-Insensitive 3 (VP1/ABI3), auxin response factors (ARFs),
and Related to ABI3/VP1 (RAV). Unlike RAV, RAVL1 does not
carry an AP2 domain (Riechmann et al., 2000). A revertant
RAVL1-R allele was obtained from regenerated plants of rav/7-1
calli carrying Ac. The revertant allele carries a 6-bp insertion at
the Ds excision site and exhibits wild-type phenotypes.

The expression pattern of RAVL1 was determined using the
B-glucuronidase (GUS) reporter gene inserted in the trap Ds.
GUS staining was detected in all the young and immature
tissues. Strong expression was detected in lateral roots, cole-
optiles, and stigmas and lodicules of flowers (see Supplemental
Figure 1 online). Quantitative real-time PCR (QRT-PCR) analysis

confirmed the observation that the RAVL7 mRNA was present
in all the tissues analyzed (Figure 1B). Expression of RAVLT in
lateral root primordia and immature leaves was confirmed by in
situ RNA hybridization (see Supplemental Figure 1 online).

In mature leaves, low GUS activity was observed with the
exception of lamina joints (see Supplemental Figure 1 online).
The levels of RAVL 1T mRNA were examined in leaf blades, lamina
joints (collar), and sheaths of 1-month-old plants (Figure 1C): its
expression was highest in joints and lowest in blades. It should
be noted that the expression patterns of RAVL1 were almost
identical to those of BRI1 (Figure 1C).

BR-Related Phenotypes of RAVL1 Mutants
and Overexpressors

Under normal growth conditions, raviT mutants show delay in
germination, retardation in seedling growth, a semidwarf ap-
pearance (Figure 2A), and dark-green leaves. The semidwarf
phenotype results from reduced elongation of upper internodes
(see Supplemental Figure 1 online). Microscopy inspection of
dark-green leaves revealed that the number of bulliform cells was
increased in the mutants when compared with wild-type plants
(Figure 2B). An increase in the number and size of bulliform cells
is also observed in BR-deficient dwarf1 (brd1) rice mutants (Hong
et al., 2002). In addition, the other ravi1 phenotypes (i.e., late
germination, retarded shoot growth, and dark-green leaves) are
also often found in BR-related mutants (Yamamuro et al., 2000;
Hong et al., 2003).

To test whether RAVL1 is involved in BR-mediated develop-
mental processes, we measured the mutants’ growth and mor-
phological responses by observing (1) internode elongationin the
dark, (2) growth response of seminal roots to epibrassinolide
(epiBL), and (3) inclination of lamina joints after exposure to
exogenous epiBL. A weak allele of rice bri1, d61-1, and the
RAVL1-R revertant of ravi7-1 were used as control plants. The
bri1 d61-1 mutation arose from a single amino acid change (from
Thrto lle at residue 989) in the kinase domain of BRI1 (Yamamuro
et al., 2000). In dark growth conditions, BR-defective rice mu-
tants fail to elongate low internodes (Yamamuro et al., 2000;
Tanabe et al., 2005). Skotomorphogenesis was examined in
ravl1-1 seedlings. As shown in Figure 2C, etiolated seedlings of
ravi1-1 mutant plants exhibited short internodes; similar results
were obtained for bri1 d61-1 seedlings. Growth conditions with
ample light lead to an increase in the number of bulliform cells
and mesophyll cell layers in leaf blades of rice plants (Chonan,
1967); therefore, it is tempting to speculate that the changes in
internal structure of rav/7-1 leaves described in Figure 2B may be
a consequence of an aberrant response to light. However, further
work is required to examine this question.

Seminal root growth was measured in the presence of several
phytohormones (i.e., 1-amino-cyclopropane-1-carboxylic acid
[ACC], abscisic acid [ABA], gibberellin [GA3], naphthalene-
1-acetic acid [NAA], and epiBL) (see Supplemental Figure 2
online). Among these hormones, epiBL had the most severe
effect on root growth. Differences in root growth patterns were
also detected between mutant and wild-type plants treated with
ACC and NAA. However, under the same conditions, the BR
signal mutant bri1 d67-1 also showed responses to ACC and
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Figure 1. DNA and Protein Sequences and Expression of RAVLT.
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(A) The B3-DNA binding domain spans from amino acids 86 to 195. The C-terminal region is rich in Pro and Ser residues. The two italicized 8-bp
stretches indicated by arrows in the N- and the C-terminal regions represent duplicated sequences of Ds insertions of rav/1-1 and rav/1-2, respectively.
(B) gRT-PCR measured the relative amounts of RAVLT mRNA. RAVL1 is expressed in all tissues examined. SA, shoot apices. Tissues were extracted

from 1- to 2-week-old seedlings.

(C) Mature leaves of normal plants were separated into blades, collars, and sheaths. The relative amounts of RAVL1 (left graph) and BRI1 (right graph)
mRNA were measured by gRT-PCR. 25S rRNA was used as control to normalize the expression data. Error bars are Se of the means of three gPCR

replicates.

NAA very similar to those of the ravi7-1 mutant. Therefore, it is
plausible that these altered responses to ACC and NAA might
also occur in BR mutants. Furthermore, unlike their response to
epiBL treatment, mutants were sensitive to ACC and NAA. The
growth of ravi7-1 roots was insensitive to 10 nM epiBL, a dosage
at which bri1 d61-1 roots were slightly inhibited (Figure 2D). In
wild-type plants, root growth was not affected up to a concen-
tration of 1 pM epiBL, but it was gradually inhibited with increas-
ing concentration of epiBL, starting at 10 pM (see Supplemental
Figure 3 online). Higher concentrations (100 nM and 1 pnM) of
epiBL inhibited root growth of ravi7-1 and bri1 d61-1 plants,
although much more severe effects were observed for wild-type
plants. Root curling was detected at 10 nM epiBL in wild-type
plants. By contrast, root curling of ravi7-1 plants was less
sensitive to epiBL treatment. Even at 100 nM epiBL, which
induced root curling in bri1 d61-1 plants, ravi7-1 mutant roots
grew straight without any morphological distortion (Figure 2D;
see Supplemental Figure 3 online). This result suggests that

the ravi1 mutant is less sensitive to epiBL than are wild-type
plants.

The lamina inclination assay has been used in rice as the typical
bioassay of BR sensitivity (Fujioka et al., 1998). Lamina inclination
assays were performed by spotting 1 pL of ethanol containing
epiBL on the tip of laminae of 6-d-old seedlings. Wild-type plants
exhibited epiBL dosage-dependent lamina inclination. By con-
trast, ravi1-1 plants did not show obvious inclination of lamina
joints after epiBL treatment, even though a very weak response to
epiBL was detected at high concentrations (i.e., 1000 ng/pL)
(Figures 2E and 2F). Taken together, these results suggest that
ravl1 mutant plants have reduced responses to epiBL.

For further assessment of the BR-specific functions of RAVL1,
we generated two different types of RAVL1 overexpressor lines
driven by the 35S promoter. One was overexpression of a full-
length RAVL1 and the other was one of RAVL1 fused with green
fluorescent protein (GFP) at the C terminus. In normal growth
conditions, RAVL1 and RAVL1-GFP overexpressors exhibited
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(A) Mature 4-month-old plants are shown. Plants grown in the field were transferred to pots for photographing. WT, wild type.
(B) Cross sections of leaves of 3-month-old plants grown in the field. MC, mesophyll cells; BC, bulliform cells. Samples were stained with Safranin O and

Fast Green.

(C) Skotomorphogenesis of ravi1-1. Plants were grown in soil for 2 weeks in the dark. The arrows indicate nodes.
(D) Root growth was compared among rav/1-1, bri1 d61-1, and revertant plants, in the presence of 10 nM epiBL.
(E) Lamina inclination to epiBL. The indicated amounts of epiBL in 1 pL of ethanol were spotted on the tip of the second lamina of 6-d-old seedlings. OX

indicates the RAVL1 overexpressor.

(F) Measurements of lamina inclination in response to epiBL. Mean values are derived from measurements of 10 plants. Error bars are SE of the mean

values.

strong lamina inclination (Figure 3C; see Supplemental Figure 4
online). Analysis of the RAVLT mRNA levels of these overex-
pressors showed that the intensity of the lamina inclination in
transgenic plants correlated with the abundance of RAVLT
mRNA (Figure 3D; see Supplemental Figure 4 online). RAVL1
overexpressors also showed a hypersensitive inclination of lam-
ina joints after epiBL treatment (Figures 2E and 2F). Because BRs
induce dose-dependent swelling of the adaxial cells of the lamina
joint (Marumo et al., 1968), we examined the adaxial cell layers of
lamina joints using perpendicular sections. There were no dis-
tinct differences in the width of the adaxial cells; however, their
length was at least twofold longer in RAVL1 overexpressors
compared with wild-type plants (see Supplemental Figure 4
online).

Correlation of the Expression of RAVL1, BRI1, and BR
Synthetic Genes

To test whether the expression of BRI1 is dependent on the
expression of the RAVL1 gene, we examined BRI1 levels of
expression in seedlings of ravi1-1, bri1 d61-1, and RAVL1

overexpressors. Like mature plants, rav/1-1 and bri1 d61-1 seed-
lings showed weaker growth when compared with the wild type
(Figure 3A). gRT-PCR analysis revealed that BR/IT mRNA was
decreased in the rav/7-1 mutant (Figure 3B), while the bri1 d67-1
mutation increased the level of BRIT mRNA compared with that
of wild-type seedlings. RAVL1 and the GFP fusion overexpres-
sors were examined for the expression of BRI1. Both accumu-
lated higher levels of BRIT mRNA than wild types (Figure 3D).
Furthermore, in the overexpressor lines, the upregulation of BRI/1
was correlated with the levels of RAVLT mRNA (Figure 3D).

To examine whether RAVLT influences the BR biosynthetic
pathway, we measured the mRNA levels of D2 (rice Ebisu dwarf/
Dwarf2), D11 (rice DWARF11), and BRD1 in ravi1-1 and bri1
d67-1 mutants. The D2, D11, and BRD1 genes encode the BR
biosynthetic enzymes CYP90D2, CYP724B1, and CYP85A1/2
(BR-C6-oxidase), respectively (Hong et al., 2002, 2003; Tanabe
et al., 2005). The data showed that expression of BR synthetic
genes was decreased in the rav/7-1 mutant (Figure 3B). By
contrast, the signal-defective mutant bri7 d67-1 maintained nor-
mal or slightly higher levels of D2, D11, and BRD1 mRNA. This
result was unexpected, as a decrease in BRI1 expression is
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Figure 3. Seedling Phenotypes of ravl1-1, bri1 d61-1, and RAVL1 Overexpressors and Correlated Transcript Levels of RAVL1, BRI1, D2, D11, and

BRD1.

(A) Ten-day-old ravi1-1 and bri1 d61-1 seedlings are shown. WT, wild type.

(B) The expression levels of BRI1, D2, D11, and BRD1 were examined in ravi1-1 and bri1 d61-1 plants by gRT-PCR. 25S rRNA was used control to
normalize the expression data. Error bars are SE of the means of three gPCR replicates.

(C) Two-week-old seedling overexpressors of RAVL1 (OX) and the RAVL1-GFP fusion (OX-G) are shown. Based on phenotypic intensity, two
independent lines (OX4 and OX5; OX-G2 and OX-G3) were chosen as representatives for the RAVLT and RAVL1-GFP transformants, respectively.
(D) Expression levels of RAVL1 and BRI1 were determined in OX4, OX5, OX-G2, OX-G3, and wild-type seedlings by gRT-PCR. 25S rRNA was used
control to normalize the expression data. Error bars are Se of the means of three gPCR replicates.

hypothesized to weaken BR signaling pathways and conse-
quently to enhance the expression of BR synthetic genes. These
data suggest that RAVL1 simultaneously affects the expression
of genes involved in BR signaling and BR biosynthesis.

Nuclear Localization and E-Box Binding Affinity of RAVL1

The nuclear localization of RAVL1 was confirmed by generating
transgenic rice plants harboring the following GFP fusion vec-
tors: (1) the full-length RAVL71 cDNA (RAVL1-GFP), (2) the B3-
domain deletion [RAVL71(AB3)-GFP], and (3) the C-terminal
deletion [RAVL1(A3')-GFP]. All constructs were driven by the
358 promoter (see Supplemental Figure 5 online). RAVL1-GFP
plants showed the strong lamina inclination, similar to what was
observed for the RAVL1 overexpressor (Figure 3C). By contrast,
both RAVL1(AB3)-GFP and RAVL1(A3')-GFP plants did not
exhibit any phenotypic characteristics related to BR. RAVL1-
GFP and RAVL1(AB3)-GFP proteins were detected in nuclei (see
Supplemental Figure 5 online). However, the RAVL1(A3')-GFP
protein was not detected in nuclei (see Supplemental Figure 5
online). This indicates that the C-terminal region seems to
contain a nuclear localization signal.

Because the B3 domains of rice RAVL1(Os RAVL1) and
Arabidopsis thaliana RAV1 (At RAV1) share 87% identity at the

amino acid sequence level, we next examined the binding affinity
of Os RAVL1 to the target element of At RAV1 (CACCTG) (Kagaya
et al., 1999). An electrophoretic mobility shift assay (EMSA)
revealed that Os RAVL1 strongly bound to the At RAV1 target
sequence (see Supplemental Figure 6 online). Based on the facts
that the target element CACCTG is an E-box element (CANNTG)
and that the promoters of many BR-induced genes contain
E-box motifs (Toledo-Ortiz et al., 2003; Yin et al., 2005), we
tested the possibility that RAVL1 may bind to the E-box motif. All
the possible variations of this motif were tested using EMSA (see
Supplemental Figure 6 online). The results of the in vitro assay
showed that RAVL1 bound to all the E-box elements tested.

RAVL1 Directly Activates the Expression of BRI1

As BRI1 showed correlations in mRNA levels with RAVL1 and
several E-box candidates are present within 1 kb upstream of the
ATG codon of the BRI1 gene (Figure 4A), we next tested the
possibility that the expression of the BRI7T gene may be directly
regulated by RAVL1. First, EMSA was performed to test the
direct in vitro binding of RAVL1 to the BRI1 promoter region,
which contains E-box elements. Two DNA fragments (P1 and P2)
located from positions —719 to —569 and from positions —380 to
—220 from the ATG, respectively, were used as EMSA probes.
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Figure 4. In Vitro and in Vivo Assays of RAVL1 Affinity to E-Boxes of the BRI7 Promoter.

(A) The schematic indicates the locations of the E-box candidate elements and of the probes used in the EMSA, DNase | footprinting, and ChIP assays.
E-box elements used for the assays are numbered as P1-1, -2, -3, P2-1, and P2-2.

(B) EMSAs for the BRI1 promoter were performed with P1, P2, and their mutated forms (P1m and P2m).

(C) DNase | footprinting assays were performed with radiolabeled P1’ and P2’ DNA fragments slightly shorter than P1 and P2, respectively. Lanes 0, 2,
4, and 8 indicate the amount (.g) of RAVL1 proteins added to reactions. Lanes A, C, G, and T are Maxam-Gilbert chemical sequencing lanes. E-box
elements and protected regions are indicated to the left and right of the autoradiographs, respectively.

(D) An antiserum against GFP (I) and a control preimmune serum (Pl) were used for ChIP assay in rice calli expressing RAVL1-GFP. The same BRI1
regions used in the EMSA were amplified from immunoprecipitated DNA. The relative ratios of immunoprecipitated DNA were determined by gRT-PCR.
Input DNA was used to normalize the data. Error bars are SE of the means of three gPCR replicates.

(E) A transient expression assay was performed by cotransfection of pUbi:RAVL1 and each of the vectors expressing GUS from native and E-box-
mutated BRI1 promoters. The bm1 construct is a BRIT promoter in which two adjacent E-box motifs, P1-1 and -2, are mutated, while the bm2 and bm3
promoters carry mutations in the P1-3 and P2-1 E-boxes, respectively. The bmt promoter contains mutations in all six E-box motifs within 1 kb of the
BRI1 promoter. Error bars are SE of the means of three replicates.

[See online article for color version of this figure.]

The P1 and P2 sequences contained three and two E-box RAVL1 when compared with P2 (see Supplemental Figure 7
candidate elements, respectively. The same DNA fragments online).

were mutated for all the E-box candidate elements and were To further verify the physical binding of RAVL1 to E-box
used as control probes (Pm1 and Pm2). The gel shift assay sequences in the BRI1 promoter, we performed a DNase |
revealed that RAVL1 bound to P1 and P2, but not to the two footprinting protection assay. Two DNA fragments, P1’ and P2’,
mutated probes (Pm1 and Pm2) (Figure 4B). The binding com- were used as DNA fragments for the footprinting assay. P1’, from
petition assay showed that P1 exhibited a stronger affinity for positions —685 to —599, contained three E-box motifs, while P2’,



from positions —362 to —206, carried two E-box motifs. The
assay showed that regions protected from DNase | are coinci-
dent with the E-box sequences (Figure 4C). E-box elements
present in the P1° DNA fragment were prominently protected
from DNase |, and two E-box motifs in P2’ were less protected
than those in P1°. This observation is consistent with the EMSA
assay, indicating different binding strengths of E-boxes. The
footprinting assay further supports the observation that RAVL1
binds to E-box elements in the BRIT promoter.

To test the in vivo binding ability of RAVL1 to the E-box
elements, a chromatin immunoprecipitation (ChIP) assay was
performed in calli derived from 35S:RAVL1-GFP and 35S:GFP
transgenic plants. After immunoprecipitation with an antiserum
against GFP, the same regions used in the EMSA were amplified
using three sets of primers. Two of them spanned the E-box
regions, while the other one set excluded these regions. The
relative amounts of immunoprecipitants were measured by qRT-
PCR (Figure 4D). Two primer sets generated PCR products from
the RAVL1-GFP line. No DNA was detected with preimmune
serum or with samples from transgenic lines expressing GFP
alone (35S:GFP). Also, PCR products were not detected in any
samples amplified with primer sets that did not span the E-box
elements.

To verify the RAVL7-mediated activation of BRI1, we em-
ployed a transient expression assay using rice protoplasts. The
assay was performed by coinfection of the pUbi:RAVL1 activator
with each of the native and four E-box mutated (bm1, bm2, bm3,
and bmt) BRI1 promoters, which were fused to the GUS reporter.
bm1 is a BRI1 promoter in which the adjacent E-box motifs P1-1
and -2 were mutated, while bm2 and bm3 carry single mutations
in P1-3 and P2-1, respectively (Figure 4A). GUS expression was
increased for the native promoter when compared with the
mutated promoters (Figure 4E). The bmt promoter, which was
mutated at all six E-box elements within —1 kb of the BRI1
promoter, led to the weakest expression of the reporter. The bm3
promoter showed the least effects on transcription, which can be
explained by the observation that the E-box element of the bm3
promoter showed the weakest binding affinity to RAVL1. This
assay confirmed that RAVL 1 activates the expression of BRI via
E-box cis-elements in its promoter.

RAVL1 Directly Binds to the Promoters of BR
Synthetic Genes

E-box elements are found in the promoters of BR biosynthetic
genes D2, D11, and BRD1 (Figure 5A) whose expressions are
repressed in ravl1 plants. Using EMSA and ChIP assays, we
examined the possibility that RAVL1 regulates BR synthetic
genes via binding to their E-boxes. For this, we selected from the
promoters of D2, D11, and BRD1, two genomic DNA regions
(D2-A and D2-B), one genomic DNA region (D11-A), and one
genomic DNA region (BRD1-A), respectively. D2-A carried three
E-box candidate elements; D2-B and D11-A contained one
E-box candidate, while BRD1-A had two candidates. The EMSA
assay showed that RAVL1 binds all E-boxes tested, with the
exception of D2-B (Figure 5B). The binding competition assay
revealed that the affinity to RAVL1 was variable among these
DNA probes: BRD1-A and D11-A showed stronger affinity than
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D2-A (see Supplemental Figure 7 online). Seedlings and calli
expressing RAVL1-GFP were used to perform the ChIP assay.
Immunoprecipitants obtained using a GFP antiserum were am-
plified to detect the genomic DNA sequences of D2-A, D11-A,
and BRD1-A. A set of primers was designed to detect an actin
promoter without an E-box, which was used as a control. PCR
products were obtained exclusively from reactions using primers
that spanned E-box elements. The relative amounts of immuno-
precipitants were measured by qRT-PCR (Figure 5C). These
results strongly suggest that RAVL17 also activates BR synthetic
genes by binding to their E-boxes.

In Arabidopsis and rice, BR synthetic genes are known to be
suppressed by BZR1 (Wang et al., 2002; He et al., 2005; Bai et al.,
2007). Indeed, candidate BZR1 binding motifs (BRRE elements)
are found in the promoters of the BR biosynthetic genes D2 and
BRD1, but not D11 (Figure 5A). To determine whether RAVL1
interacts with BZR1 in regulating the transcriptional activity of BR
synthetic genes, we examined the BRD1 promoter, in which a
BRRE element is located next to E-box elements that showed
strong binding affinity to RAVL1 (Figure 5B). Transient expression
assays with rice protoplasts were performed by coinfection of
the plasmids pUbi:RAVL1 and pUbi:BZR1 with a construct
bearing a native or a BRRE-mutated BRD1 promoter fused to
the GUS reporter (Figure 5D). The data showed that BZR1
inhibits the transcriptional activity of BRD1 via the BRRE element
and that BZR1 appears to predominate over RAVL1 in controlling
BRD1 transcription. Briefly, BRD1 transcriptional activity in cells
expressing both RAVL1 and BZR1 was similar to that in cells
expressing only BZR1. However, when the BREE-mutated BRD1
promoter was expressed in the presence of both RAVL1 and
BZR1, it was activated to a level similar to that expressed by the
native BRD1 promoter in the presence of RAVL1 alone. These
data demonstrate that the BR biosynthetic pathway is controlled
by both negative and positive transcription factors.

BR-Specific Action of RAVL1

The fact that a null mutation of RAVL1 causes plants to exhibit
BR-insensitive phenotypes is not sufficient to demonstrate that
RAVL1 primarily acts on BR pathways. To further investigate the
relationship between RAVL1 and BR signaling or BR synthesis,
we examined the phenotypes developed by overexpression of
RAVL1 in BR mutants. Transgenic plants expressing the RAVL1
cDNA driven by the 35S promoter showed normal plant height
with strong inclination of lamina joints (Figures 6A and 6C). BR-
signaling (bri1 d61-1) and synthetic mutants (d2-2 and d717-7)
were semidwarf with slightly narrow (bri7 d67-1 and d717-17) or
normal (d2-2) lamina angles (Figure 6B). The d2-2 mutation arose
from a single amino acid substitution in the CYP90D2 gene (Hong
et al., 2003). d717-1 is a nonsense mutant of CYP724B1 (Tanabe
et al., 2005). Genetic crosses between these BR mutants and the
RAVL1 overexpressor generated mutant plants that contained
the transgene. These genotypes were selected from the F2
generation and were compared with other genotypes obtained
from the same F2 population. At the seedling and mature plant
stages, the phenotypes of the RAVL1 overexpressors were
suppressed in these BR signaling and biosynthetic mutants
(Figures 6A to 6C; see Supplemental Figure 8 online). Double
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Figure 5. In Vitro and in Vivo Assay of RAVL1 Affinity to E-Boxes of the Promoters of BR Synthetic Genes (D2, D11, and BRD1).

(A) The schematic indicates the locations of the E-box and BRRE candidate elements and of the probes used in the EMSA and ChlIP assays.

(B) EMSA for BR synthetic gene (D2, D11, and BRD1) promoters was performed using the D2-A, D2-B, D11-A, and BRD1-A probes, as shown in the
schematic. For comparison with the data for BRI (Figure 4A), the con1 probe is the same as that used in EMSA with the BRI1 promoter.

(C) For ChIP assay, DNA immunoprecipitated using a GFP antiserum was amplified to detect E-box regions in the promoters of BR synthetic genes. The
relative ratios of immunoprecipitated DNA to input DNA were determined by gRT-PCR. Input DNA was used to normalize the data. Error bars are SE of

the means of three qPCR replicates.

(D) The activity of native and BRRE-mutated promoters with different combinations of RAVL1 and BZR1. A luciferase gene driven by a 35S promoter is
an internal control that was used to normalize GUS expression data. Error bars are SE of the means of five replicates. BRD1 is the native promoter, and
BRD1m contains a mutation of the BRRE element (-8°CGTGTG—%%4) to CCCGGG.

[See online article for color version of this figure.]

genetic combinations exhibited near normal lamina angles and
semidwarf phenotypes, similarly to bri1 d67-1, d2, and d11
plants (Figure 6A; see Supplemental Figure 8 online). However, it
is noteworthy that the lamina angles of plants with all the double
combinations (OX;bri1 d61-1, OX;d2-2, and OX;d11-1) were
slightly increased (Figure 6B). As these BR mutants were weak
alleles with residual activities, the partial recovery of the pheno-
type might be due to an increase in their mRNA levels caused by
RAVL1 overexpression. The skotomorphogenesis phenotype of
double combination plants was similar to that of the BR mutants
(see Supplemental Figure 8 online). Etiolated seedlings of double
combination genotypes exhibited short internodes as ones of BR
mutants did. To confirm whether changes in lamina angles were
due to differences in BR sensitivities, the lamina inclination assay
was performed with OX;bri1 d61-1, OX;d2-2, and OX;d11-1
plants (Figure 6D; see Supplemental Figure 9 online). Even
though OX;bri1 d61-1 plants became much less sensitive to
exogenous epiBL than OX, the double combination was more
sensitive to exogenous epiBL than were bri1 d67-1 plants. The
sensitivities of d2-2 and d77-17 to epiBL were similar to those of
wild-type siblings. However, OX;d2-2 and OX;d711-1 were as
sensitive to epiBL as OX plants. In summary, RAVL1 over-
expression led to partial recovery of lamina angles and epiBL

sensitivities of lamina inclination. However, all plants with double
combinations had the same height and skotomorphogenesis
as BR mutants. Therefore, upregulation of d2-2 and d77-1 by
overexpression of RAVL1 does not compensate effectively for
dwarfism or aberrant skotomorphogenesis. These observations
imply that different amounts of BRs may be required for the
development of different phenotypes.

To further verify that the BR-insensitive phenotype of rav/1
mutants is caused by the reduced expression of BRI1, a dom-
inant bri1-D overexpression line was crossed with rav/1-1. bri1-D
arose from an insertion of an activation tagging T-DNA into the
0.3-kb region downstream of the BRI1 gene (Jeong et al., 2002).
To examine whether BRIT overexpression suppresses the BR-
insensitive phenotype of rav/7 mutants, the lamina inclination
assay was performed with wild type, ravl1-1, bri1-D, and bri1-D;
ravi1-1 of the F2 generation (Figure 6E). qRT-PCR analysis
confirmed that the levels of BRIT mRNA were greatly enhanced
in both bri1-D;ravli1-1 and bri1-D plants (see Supplemental
Figure 9 online). The assay showed that bri1-D;ravi1-1 plants
were as hypersensitive to exogenous epiBL as bri1-D plants
(Figure 6E). Taken together, this study confirmed that RAVL1
exerts its biological action mainly by mediating the expression of
BRI1 and of several BR synthetic genes.
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Figure 6. RAVL1 Overexpression in the BR Mutants bri1 d671-1, d2-2, and d717-1 and Lamina Inclination of bri1-D, ravl1-1, and bri1-D;ravi1-1 Plants.

(A) Three-week-old plants are shown from the wild type (WT), bri1 d61-1, OX;bri1 d61-1, and OX. OX indicates RAVL1 overexpressor. Double
combinations of the d2-2 and d77-1 mutations with the RAVL1 OX construct are presented in Supplemental Figure 8 online. Bar = 20 cm.

(B) The graph shows the angle of fourth-leaf lamina inclination. Plants were grown for 3 weeks in the greenhouse. Among the 100 to 200 F2 plants
examined for each genetic cross, specimens carrying each of the four different genotypes were selected. Mean values are measurements of 5 to 10
plants. Error bars are SE of the means.

(C) In the top panel, 2-month-old plants grown in the field are shown: the wild type, bri1 d61-1, OX;bri1 d61-1, and OX. In the bottom panel, the graph
shows the lamina angles of the leaf just below the flag (topmost) leaf. Bar = 20 cm.

(D) The lamina inclination assay was performed with wild-type, bri1 d61-1, OX;bri1 d61-1, and OX plants.

(E) The lamina inclination assay was performed with the wild type, ravi1-1, bri1-D, and bri1-D;ravi1-1.

For the lamina inclination assay, the indicated amounts of epiBL in 1 pL of ethanol were spotted on the tip of the second lamina of 6-d-old seedlings (top
panels). The graph shows measurements of lamina inclinations in response to epiBL. Mean values are derived from measurements of 10 plants (bottom
panels). Error bars are SE of the means.

RAVL1 Is Necessary for Maintenance of BR Homeostasis plants. Second, the expression of BR-dependent genes was
examined in double mutants for the bri1 d67-1 and rav/1-1.

Because RAVL1 activates both BRI and biosynthetic genes, we Exposure of wild-type plants and BR-synthetic mutants to ex-

tested the possibility that RAVL1 is also necessary for the BR
feedback response of these genes. The following two experi-
ments were performed: first, exogenous BRs were applied to

ogenous epiBL led to the repression of the expression of both
BRI1 and the BR-synthetic genes (Figure 7B). By contrast, in bri1
d617-1 mutants, these genes were no longer subject to feedback



1786 The Plant Cell

E
Campestanol (CN)
( OX, WT, ravi1-1)
6-deoxoCT
(1.67, 1.07, 0.53)
(1.40, 0.90, 0.69)
6-deoxoTE
(0.08, 0.05, 0.03)
(0.07, 0.05, 0.02)
6-deoxo3DT
(0.43, 0.25, 0.27)
(0.34, 0.28, 0.19)
6-deoxoTY
(8.03, 6.35, 4.01)
(9.47, 7.55, 3.98)
6-deoxoCS
(3.35, 1.90, 1.46)
(276, 1.65, 1.49)

N OpM
BRI1 B 1uM

L D2

Relative ratio
N O =2 N W © == NO == N O = N

b i i RAVL1

WT ravi1-1 double bri1d61-1 d2-2 d11-1

o

2 B BRD1
m D2
oD11

Relative ratio =

Brz- Brz+ Brz- Brz+ Brz- Brz+
wT ravl1-1 ox
6-0x0oCN

Cathasterone (CT)

DWF4 ‘ ( nd, nd, nd)
'dgj'ﬁ“)* ( nd, nd, nd)
" e . Teasterone (TE)

3 N (0.01, 0.01, 0.01)

- (0.01, 0.01, 0.01)
* :‘ o ! 3-Dehydroteasterone (3-DT)

L3 2 ( nd, nd, nd)

= “" (nd, nd, nd)
= =1 Typhasterol (TY)

g Y (043, 027, 0.22)

# (0.43, 0.25, 0.14)
" o C?,T,g;fﬁ:’; * Y Castasterone (CS)

Q! &T (037, 0.29, 0.22)

el | (0.41, 0.28, 0.20)
i & Brassinolide (BL)

o N ( nd, nd, nd)

ok ( nd, nd, nd)

Figure 7. Expression Relationship among RAVL1, BRI1, and Synthetic Genes and Measurement of BR Intermediates.



inhibition by exogenous epiBL treatment (Figure 7B). It should be
noted that RAVL1 expression is not altered by exogenous epiBL
treatment. Therefore, suppression of BRI71 and the BR-synthetic
genes by epiBL treatment appears to be independent of RAVL1
action. To clarify whether RAVL1 influences the feedback rela-
tionship between BRI1 and the BR biosynthetic pathway, we
examined double mutants of bri7 d67-1 and ravi1-1 for the
expression of signaling and biosynthetic genes (Figure 7B). RNA
gel blot analysis showed that the expression level of BRIT was
decreased in the double mutants and was as low as one
detected in rav/7-1 mutant plants (Figure 7A). In addition, BR
treatment did not alter BRI1, D2, D11, or BRD1 expression in
either the double mutant or rav/7-1 mutant plants (Figure 7B).
Therefore, the expression of RAVL1 seems to be necessary for
the establishment of the feedback relationship. Phenotypically,
double mutant (ravi1-1; bri1 d61-1) specimens showed more
severe dwarfism than either of their ravi1-1 or bri1 d61-1 F2
siblings (Figure 7C). Since bri1 d61-1 is a leaky allele (Yamamuro
et al., 2000), the decrease in the mRNA level represents an
additive phenotypic effect.

To further support a role of RAVL1 in regulating BR homeo-
stasis, BR synthetic genes (BRD1, D2, and D11) were examined
in the seedlings of rav/1-1 and RAVL1 overexpressor lines treated
with brassinazole (Figure 7D). In both the wild type and rav/1-1,
brassinazole application led to a slight enhancement of BRD1,
D2, and D11. However, mutants accumulated BRD1, D2, and
D117 mRNAs at much lower levels than the wild type under the
same treatment conditions. In the RAVLT overexpressor, the
overall expression patterns of these genes were not significantly
altered under the same treatment conditions.

Endogenous accumulation of BRs was measured in the rav/1-
1 mutant and in the RAVL1 overexpressor (Figure 7E). With the
exception of teasterone, which accumulated the least, all BRs
tested were uniformly decreased in the ravi7-1 mutants and were
uniformly increased in the RAVL1 overexpressor. 6-deoxoca-
thasterone (6-deoxoCT), 6-deoxotyphasterol (6-deoxoTY), and
6-deoxocastasterone (6-deoxoCS) are the most abundant BRs
of rice. The 6-deoxoCT, 6-deoxoTY, and 6-deoxoCS com-
pounds were reduced to 62, 57, and 83%, respectively, in
ravl1-1 mutants and were increased to 156, 126, and 172%,
respectively, in RAVL1 overexpressors when compared with
wild-type plants. This is in contrast with what is observed in BR
biosynthetic mutants, in which the blockage of a specific reac-
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tion leads to the significant accumulation of intermediate species
prior to the reaction step (Hong et al., 2002, 2003; Tanabe et al.,
2005). Previous studies showed that BR signaling mutants,
which included bri1 d61, accumulate high levels of all the
BR intermediates (Noguchi et al., 1999; Nomura et al., 1999;
Yamamuro et al., 2000); however, endogenous BR levels were
lower in ravl1-1 mutants when compared with wild-type plants,
even if the expression of BRI1 was severely repressed. This may
be a consequence of the inactivation of BR biosynthetic genes in
ravl1-1 plants. These data strongly suggest that RAVL1 directly
controls the level of endogenous BRs. Together, our results
demonstrate that RAVL1 is not only an activator of BRI7 and of
BR synthetic genes, but is also necessary for the maintenance of
BR homeostasis in plant cells.

DISCUSSION

The perception of BRs by plant cells is initiated by the activation
of the receptor kinase gene BRI1. Recent work has focused on
the elucidation of the mechanisms of activation of BRI7 and of
triggering of downstream actions. In spite of the demonstrated
significant role of BRI, the mechanism underlying the regulation
of the expression of the BRI1 gene remains unknown. This study
shows that the RAVL1 gene coordinately regulates the expres-
sion of the BR receptor and of the biosynthetic genes (D2, D11,
and BRDT1) that are subjected to the BR negative feedback
relationship. Phenotypically, rav/T mutants exhibit alterations in
BR response pertaining to root growth and lamina inclination and
show defective skotomorphogenesis. In overexpressors, higher
levels of RAVLT mRNA correlated with greater growth stunting.
This observation indicates that excessive activation of BR sig-
naling might exert inhibitory effects on plant growth, which is
consistent with the observation that roots became shorter with
increases in exogenously applied epiBL levels (see Supplemen-
tal Figure 3 online).

To further solidify the genetic evidence that the action of
RAVL1 is exerted via BRI1, two strategies have been employed:
one is to analyze ravi1 phenotypes during the constitutive ex-
pression of BRI1, and the other is to examine bri1 d61-1 plants
that constitutively express RAVL7. Our findings showed not
only that the phenotypes of RAVL17-overexpressing plants are
suppressed in the bri1 d67-1 and BR synthetic mutants but that
the dominant overexpression of bri1-D suppresses the BR

Figure 7. (continued).

(A) RNA gel blot analysis of the expression levels of BRI in double mutants and single mutants of ravi7-1 and bri1 d67-1. WT, wild type.

(B) The effects of epiBL treatment on the expression of BRIT and BR synthetic genes (D2, D11, and BRD1) were examined in ravi1-1, bri1 d61-1, and
BR-deficient mutants. The relative ratios of mutants to the wild type without BL treatment were measured by gRT-PCR. 25S rRNA was used control to
normalize the expression data. Error bars are St of the means of three gPCR replicates.

(C) Double mutants (rav/7-1 and bri1 d61-1) showed more severe dwarfism than ravi7-1 or bri1 d67-1 single mutant plants.

(D) The effects of brassinazole treatment on the expression of BR synthetic genes (BRD1, D2, and D11) were examined in the wild type, ravi7-1, and
RAVL1 OX. Brz+ or Brz— indicate with or without treatment of brassinazole, respectively. The relative ratios of mutants and OX to the wild type without
Brz treatment were measured by gRT-PCR. 25S rRNA was used control to normalize the expression data. Error bars are SE of the means of three gPCR

replicates.

(E) The concentration of various BRs was measured in shoots. The amounts of BL and its precursors are shown in the following order: OX, wild type, and
ravl1-1. OX indicates RAVL1 overexpressor. BR levels were measured in two independent experiments. Units are ng/g of fresh weight of samples. **,

Not detected.
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insensitivity of rav/1. Evidently, the primary action of RAVL 1 takes
place by mediating the expression of genes involved in BR
signaling and biosynthesis. Also, RAVL1 is necessary for the
response of BRI1 and biosynthetic genes to changes in cellular
BR homeostasis. In addition, this study showed that RAVLT
interacts with BZR1 that is the best known factor of the BR
negative feedback relationship. RAVL1 thus belongs to a regu-
latory circuit controlling the homeostasis of BRs.

E-box motifs are among the most common elements found in
many plant genes. The mechanism underlying the specificity of
the recognition of E-box elements by transcriptional factors is
largely unknown. The BES/BIM and Myc/basic helix-loop-helix
transcription factors present in the BR signaling pathway also
bind to E-box elements. However, in Arabidopsis, BIM/BES
regulates BR-related growth or development, but not BR syn-
thesis. To date, there is no evidence implying that they control BR
biosynthetic pathway. The specificity of the selective RAVL1
binding could be controlled at many different levels. E-boxes,
which are present in the promoters of BRI1,D2, D11, and BRD1,
showed variation in their binding affinity to RAVL1 in our in vitro
assay; therefore, the specificity of the binding could arise from
the microenvironment surrounding the target sites, which include
adjacent sequences and other transcriptional apparatus, which
might differentiate between BIM/BES and RAVL1.

However, it should be noted that the phenotype of the rav/1
mutant was less dramatic than those associated with most null
alleles of BR genes both in signal transduction and in biosyn-
thetic pathways. Many BR signaling and synthetic mutants have
compact stature and show strong dwarfism; by contrast, both
ravl1 alleles yielded mild phenotypic effects. Rather, weak alleles
of BRI1, D2, and D11 (bri1 d61-1, d2-2, and d11-1, respectively)
develop plant statures similar to those of rav/7. One possible
explanation for this discrepancy is the nature of the biological
function of RAVL1, which supports the expression of genes that
are subjected to the negative feedback relationship. Considering
this, it may be difficult to develop severe phenotypic effects.
Another possibility is that other transcriptional mechanisms
support the expression of these genes, even in the absence of
RAVL1 expression. This could explain the observation that loss
of RAVL1 function in plants does not lead to complete blockage
of the signaling or biosynthetic pathways.

Many biosynthetic pathways of plant hormones are regulated
by end-product feedback. In the case of ABA, a positive feed-
back mechanism is proposed where stress-induced ABA further
stimulates the accumulation of the hormone (Xiong and Zhu,
2003). The activity and expression levels of the 1-amino-cyclo-
propane-1-carboxylic acid synthase gene, which participates in
ethylene biosynthesis, are controlled by negative feedback reg-
ulation (Thain et al., 2004; Wang et al., 2005b). Recent works
demonstrate that key regulatory genes in signaling pathways,
which interact directly or indirectly with hormones, eventually
regulate the transcriptional or enzymatic activities of biosynthetic
genes. In the auxin stimulation pathway, early genes induced
by the ubiquitinylation activity of the SCF™R! complex even-
tually lead to the decrease of active IAA levels (Staswick et al.,
2005). Moreover, gibberellin homeostasis is maintained by
the processes of feedback and feedforward regulation of GA
metabolism via the DELLA protein-dependent signaling pathway

(Hedden and Phillips, 2000). This study elucidated a mechanism
whereby participants of the BR signaling pathway are coordi-
nately regulated with BR biosynthetic genes in an antagonistic
relationship. This transcriptional relationship ensures a basal
activity in both the signaling and biosynthetic pathways (see
Supplemental Figure 10 online).

METHODS

Plant Materials and Growth Conditions

Wild-type, mutant, and transgenic plants were of Oryza sativa ssp
japonica cv Dong Jin background. The d2-2 and d77-1 mutants were
obtained from Seoul University (Korea), and the bri1 d67-1 mutant was
obtained from Makoto Matsuoka'’s laboratory in Japan. The d2-2, d11-1,
osbri1-D, and bri1 d61-1 plants were of O. sativa japonica background.
The daily high and low temperatures at the growing sites (during the
summer) and in the greenhouse were typically 35 and 20°C, respectively.

Constructs and Plant Transformation

The pSB11 plasmid, in which the hygromycin® gene (hygromycin phos-
photransferase, HPT) was inserted in a T-DNA vector, was used to
construct the pDE35S:cDNA (Os RAVL1). A cDNA encoding a full-length
RAVL1 was cloned by PCR with primers 5'-ATGGAGCAGGAGCAGGAT-
GAAG-3’ and 5'-TCACAGATCGAGATCCAACGAGG-3'. The cDNA was
ligated to a double enhanced 35S promoter. The binary vector pPCAMBIA-
1302 (Hajdukiewicz et al., 1994) was used to construct the 35S:RAVL1-
GFP, RAVL1(AB3)-GFP, and RAVL1(A3')-GFP vectors. For RAVL1(AB3),
the region encoding a B3 domain was deleted by PCR. For RAVL1(A3’),
498 nucleotides of the 3’ end were deleted from the full-length cDNA.
GFP was fused to the 3’ ends of these cDNAs. T-DNA vectors were
transformed into LBA4404 cells. A published method of tissue culture
(Hiei et al., 1994) was followed, with slight modifications. Instead of NB
medium, Murashige and Skoog-based media were used for the selection
of HPT-resistant calli.

Lamina Inclination Assay

Rice plants were grown for 5 or 6 d in a chamber kept at 25 to 26°C with a
light/dark cycle of 16/8 h. One microliter of ethanol containing 0, 1, 10,
100, or 1000 ng of epiBL (Sigma-Aldrich) was spotted on the tip of the
lamina of 6-d-old seedlings. Treated seedlings were grown for three
additional days, and the inclination of the lamina joint of the second leaf
was measured.

RNA Manipulation and qRT-PCR Analysis

For the preparation of RNA, whole seedlings were harvested and im-
mediately ground in liquid nitrogen. For the treatment of epiBL and
brassinazole, 2-week-old seedlings were submerged for 6 h in distilled
water containing 1 wM epiBL or 10 uM brassinazole or none. Total cellular
RNA was prepared using the easy-BLUE reagents (iNtRON Biotechnol-
ogy) or the RNeasy Kit (Qiagen). RNA electrophoresis, blotting, and
hybridization were performed based on standard methods.

For qRT-PCR, RNA samples were treated with DNase at 37°C for 30
min. The first-strand cDNA was synthesized using M-MuLV reverse
transcriptase (New England Biolabs) in 20 pL of reaction mixture
containing 1 pg total RNA, according to the manufacturer’s instructions.
Both an oligo dT4,.1g primer and random primers for reverse transcription
produced the same results in the subsequent gRT-PCR (data not shown).
RT-PCRs were performed in triplicate with a Bio-Rad Opticon 2. Since



25S rRNA shows more stable expression than Ubiquitin (UBQ) under
hormone treatment (Jain et al., 2006), 25S rRNA was used control to nor-
malize the expression data. Data were analyzed with Bio-Rad Chromo4
Real-time PCR Detection System (2~44Ct method). The primers for gRT-
PCR are listed in Supplemental Table 1 online.

ChIP Assay

Ten grams of calli from 35S:RAVL1-GFP and 35S:GFP transgenic plants
were prepared for the ChIP assay, performed following a published
method (Ito et al., 1997) with slight modifications. Preabsorption with
preimmune serum was performed before immunoprecipitation with a
GFP monoclonal antibody (Clontech). Immunoprecipitants were analyzed
by gRT-PCR as described above. Each input DNA level was used control
to normalize immunoprecipitant ratio. The primers used are listed in
Supplemental Table 2 online.

EMSA and DNase | Footprinting Assays

For EMSA, a standard binding reaction was performed in a total volume
of 20 pL by incubation of an appropriate amount of purified protein with
40k cpm of 32P-labeled probe DNA and 1 p.g of poly(dl-dC) in B buffer
[25 mM HEPES-KOH, pH 7.5, 100 mM KCI, 0.1 mM EDTA, 10% (v/v)
glycerol, 1 mM DTT] at room temperature for 30 min. The binding
reaction products were resolved on an 8% polyacrylamide gel run in
0.5X TBE buffer. The primers described above for the ChIP assay were
used to generate the probes for this assay. For mutated forms of E-box
elements P1m and P2m, P1 (agcacatgccatgtgac and tacagctgtt) and
P2 (tacaaatgat and ttcatttgag) of the BRI1 promoter were changed to
agagccgtctcggctac, tattataatt, tataaactat, and ttacggctag, respec-
tively.

For the DNase | footprinting assay, appropriate amounts of purified
protein and a 32P-end-labeled probe DNA of 105 cpm were incubated
along with 1 unit DNase | in a total volume of 50 pL at room temperature
for 1 min. The binding buffer was the same as that used for EMSA.
Reaction products and DNA sequencing products were resolved on a 6%
polyacrylamide, 8 M urea gel run in 0.5X TBE buffer. Maxam-Gilbert
chemical sequencing was performed based on the protocol for the
Sequenase Version 2.0 DNA sequencing kit (USB Corporation).

Transient Expression Assay

Effectors (pUbi:RAVL1 and pUbi:BZR1), reporters (pBRI1:GUS, pBRD1:
GUS, and mutated promoter-GUS fusions), and the internal control
(p35S:LUC) were constructed in pUC19. The promoter lengths of BRI1
and BRD1 were ~2 kb. RAVLT and BZR1 cDNA were cloned into a
plasmid vector harboring a maize (Zea mays) Ubi promoter (pUbi:PAT2).
BRI1 and BRD1 promoters were cloned from genomic DNA by PCR.
The promoter DNA was cloned into pBI221 carrying a GUS coding region.
The primers used are listed in Supplemental Table 3 online. For internal
control vector (p35S:LUC), 1.7-kb DNA encoding a luciferase gene was
fused to a 35S promoter. The effector, reporter, and internal control
vectors were cotransformed into rice Oc protoplasts (Wong et al., 2004).
A luciferase gene (LUC) was used to normalize GUS expression data.
Electroporation and activity assays were followed as published previ-
ously (Wong et al., 2004). For the bm1 promoter, both the P1-1 and -2
E-box sequences (agcacatgccatgtgac) were changed to agagccgtctcgg-
cact. The bm2 promoter carrying P1-3 was mutated from tacagctgtt to
tattataatt. The bm3 promoter has a mutation (tataaactat) in the P2-1 E-box
(tacaaatgat). The bmt promoter has all the P1-1 to P2-2 mutations and an
additional E-box mutation between —841 and —836 that was changed
from ggcacgtgac to ggtacgtaac. The relative expression ratio of the
control reporter 35S:GUS was 189 + 3.8.
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Quantification of Endogenous BRs

Wild-type, rav/1-1 mutant, and RAVL1 overexpressor plants were grown
in a greenhouse. Shoots of 3-week-old plants were harvested and
lyophilized immediately. Lyophilized shoots (equivalent to 10 g of fresh
weight) were extracted twice with 250 mL of methanol:CHCI3 (4:1, v:v)
and deuterium-labeled internal standards (1 ng/g of fresh weight) were
added. Purification and gas chromatography-mass spectrometry anal-
yses were performed as described by Fujioka et al. (2002).

Accession Numbers

Accession numbers for the major genes discussed in this article can
be found in the GenBank/EMBL databases as follows: Os BRI/1,
0Os01g0718300; D2, 0Os01g0197100; D717, Os04g0469800; BRDT,
0s03g0602300; Os BZR1, Os07g0580500; and Os RAVL1, HM450152.

Supplemental Data

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

Supplemental Figure 1. Expression Patterns and Phenotypes of
RAVL1 Plants.

Supplemental Figure 2. Growth Responses of Seminal Roots to
ACC, ABA, GA, and NAA Treatment.

Supplemental Figure 3. Growth and Root Curling Responses of
Seminal Roots to epiBL.

Supplemental Figure 4. Phenotypes of RAVL1 Overexpressor.

Supplemental Figure 5. Nuclear Localization of RAVL7-GFP in
Transgenic Plant Roots.

Supplemental Figure 6. EMSA to Test Binding of RAVL1 to Target
Sequences.

Supplemental Figure 7. Binding Competition Assays of RAVL1
Target Sequences.

Supplemental Figure 8. Phenotypes of RAVL1 Overexpression in BR
Mutants.

Supplemental Figure 9. Lamina Inclination in OX;d2-2 and OX;d11-1
Plants Exposed to epiBL, and Expression of BRI7 in bri1-D and
bri1-D;ravl1-1 Plants.

Supplemental Figure 10. Functional Model of RAVL1 in BR Homeo-
stasis.

Supplemental Table 1. List of Primers Used for Real-Time PCR.
Supplemental Table 2. List of Primers Used for ChiP and EMSA.

Supplemental Table 3. List of Primers Used for the Vector Con-
structs in Transient Assays.
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