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Brassinosteroids (BRs) are hormones that control many aspects of plant growth and development, acting at the cell level to promote
division and expansion. BR regulation of plant and plant cell function occurs through altered expression of many genes. Transcriptional
reprogramming downstream from cell perception of this hormone is currently known to be mediated by a phosphorylation/
dephosphorylation (“phosphorelay”) cascade that alters the stability of two master transcription regulators. Here, we provide
evidence that BR perception by their receptor also causes an elevation in cytosolic Ca2+, initiating a Ca2+ signaling cascade in
Arabidopsis (Arabidopsis thaliana) cell cytosol. BR-dependent increases in the expression of some genes (INDOLE-3-ACETIC ACID-
INDUCIBLE1 and PHYTOCHROME B ACTIVATION-TAGGED SUPPRESSOR1) were impaired in wild-type plants by a Ca2+

channel blocker and also in the defense-no-death (dnd1) mutant, which lacks a functional cyclic GMP-activated cell membrane
Ca2+-conducting channel. Alternatively, mutations that impair the BR phosphorelay cascade did not much affect the
BR-dependent expression of these genes. Similar effects of the Ca2+ channel blocker and dnd1 mutation were observed on a BR
plant growth phenotype, deetiolation of the seedling hypocotyl. Further evidence presented in this report suggests that a BR-
dependent elevation in cyclic GMP may be involved in the Ca2+ signaling cascade initiated by this hormone. The work presented
here leads to a new model of the molecular steps that mediate some of the cell responses to this plant hormone.

Brassinolide and similar compounds, the brassinosteroids
(BRs), are a family of growth-promoting steroidal hor-
mones that are ubiquitous in the plant kingdom. BRs have
a positive effect on cell expansion and division; therefore,
plants with mutations that impair BR signaling have a
dwarf phenotype (Clouse, 2011). BRs regulate a broad
range of physiological processes in plants, including
reproduction and senescence programs, leaf development,
root growth, vascular differentiation, and responses to
light as well as other environmental cues, often in an
integrated fashion with other hormones (Clouse, 2011;
Witthöft and Harter, 2011; Ye et al., 2011). As detailed
in a number of recent reviews (Kang et al., 2010; Clouse,
2011, Witthöft and Harter, 2011; Yang et al., 2011), the
hormone is perceived at the cell surface upon binding
to its receptor, BRASSINOSTEROID INSENSITIVE1
(BRI1). BRI1 is a member of a large family of Leu-rich
repeat receptor-like kinases. The global effects of the
signaling cascade initiated upon BR binding to the
BRI1 receptor on plant growth and development occur

through the regulation by the steroid hormone of the
expression of a wide array of genes.

Numerous studies, as summarized in the afore-
mentioned reviews, have delineated steps in a protein
phosphorylation/dephosphorylation (phosphorelay)
cascade as the basis for BR-mediated transcriptional
reprogramming. Some of the steps involved in this
phosphorelay system include the following. The BR
receptor is maintained in an inactive state by binding
of cytosolic BRI1 KINASE INHIBITOR1 (BKI1). Hormone
binding to BRI1 releases BKI1 and recruits binding of
the BRI1 coreceptor BRI1-ASSOCIATED RECEPTOR
KINASE1 (BAK1), leading to BRI1:BAK1 transphospho-
rylations. Downstream from receptor phosphorylation,
the phosphorelay cascade involves phosphatase-dependent
deactivation of the cytosolic kinase BRASSINOSTEROID-
INSENSITIVE2 (BIN2), a negative regulator of BR signal-
ing. When activated, BIN2 phosphorylates two master
transcription factors (TFs), BRASSINAZOLE RESISTANT1
(BZR1) and BRI1-ETHYL METHANESULFONATE-
SUPPRESSOR1 (BES1), preventing their function in the
nucleus. In their unphosphorylated, active state (i.e. in the
presence of deactivated BIN2), these TFs move to (or are
retained in) the nucleus and activate many genes, includ-
ing other TFs, thus amplifying the BR signaling output.

The signal transduction cascade that links the cell
perception of extracellular BR to the control of gene
expression, as well as the structure-function relation-
ship of BRI1 and how the receptor acts through auto-
phosphorylation and transphosphorylation to facilitate
the BR response cascade, is one of the best-studied
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signaling pathways in plants (Jaillais et al., 2011). Yet,
in the wake of the flood of knowledge developed about
BR/BRI1 signaling, some recent reviews point out a
striking as-yet-unresolved issue regarding the action of
this hormone on plant cells. BR perception at the cell
surface involves immediate effects on cell function that
suggest a signaling cascade distinct from the phos-
phorelay system (Witthöft and Harter, 2011; Harter
et al., 2012). Furthermore, other recent studies suggest
that some BR-dependent plant phenotypes may not be
mediated by phosphorelay signaling (Hacham et al.,
2011).

Some time ago, Kwezi et al. (2007) identified a guanylyl
cyclase (GC) activity associated with the cytosolic domain
of Arabidopsis (Arabidopsis thaliana) BRI1; this portion
of the receptor (expressed as a recombinant protein in
Escherichia coli and affinity purified) generated cyclic
GMP (cGMP) from GTP in vitro. Prior studies from this
laboratory (Qi et al., 2010) with another Leu-rich-repeat
receptor-like kinase (PLANT ELICITOR PEPTIDE
RECEPTOR1 [PEPR1]) that has a similar putative GC
domain to BRI1 have demonstrated a similar level of in
vitro GC activity and, furthermore, provided evidence
that PEPR1 signaling involves the activation (possibly
due to cGMP generation) of a Ca2+-conducting cyclic
nucleotide-gated channel (CNGC) in vivo (Ma et al.,
2012). The focus of the work presented here was to test
the hypothesis that (some components of) BR:BRI1 sig-
naling involve cytosolic Ca2+ elevation, which is well
known to act as a secondary messenger system in all
cells (Dodd et al., 2010).

There are few reports of Ca2+ involvement in steps of
the BR phosphorelay signaling cascade downstream
from BRI1. DWARF1, an enzyme involved in BR
synthesis, is activated by Ca2+/calmodulin (CaM); this
would suggest that on a long-term basis, the Ca2+ status
of cells might impact the generation or steady-state level
of the steroidal hormone (Du and Poovaiah, 2005). A
report on hormone signaling in wheat (Triticum aesti-
vum; Singla et al., 2006) indirectly suggested that ex-
pression of a Ca2+-regulated auxin-responsive gene in
wheat orthologous to Arabidopsis INDOLE-3-ACETIC
ACID-INDUCIBLE1 (IAA1) is also induced by BR. Work-
ing with Arabidopsis, we used genetic and biochemical
approaches to evaluate if BR-dependent Ca2+ signaling
is involved in the regulation of IAA1 (as well as other
BR-responsive gene) expression and plant phenotypes
impacted by BR.

RESULTS

Hormone- and Receptor-Dependent Cytosolic
Ca2+ Elevation

We evaluated BR-induced Ca2+ signaling by moni-
toring the effect of exogenous epibrassinolide (eBL; see
“Materials and Methods”) on the level of cytosolic
Ca2+ in detached leaves of Arabidopsis plants express-
ing the Ca2+ reporter protein apoaequorin. Studies were

undertaken using several wild-type Arabidopsis eco-
types (as appropriate, for controls when mutants were
used in various ecotype backgrounds) as well as genetic
mutants also expressing the gene encoding this Ca2+

reporter protein. As shown in Figure 1, we observed
an elevation in cytosolic Ca2+ initiating seconds after
adding BR to leaves from ecotype Wassilewskija (Ws-2)
wild-type plants. The bri1-5 genotype has reduced
sensitivity to BR (Wang et al., 2005). The bri1-5 mutant
is the most fertile of the bri1 weak allele mutants and
thus is often used (Clouse 2011) for the expression of
various transgenes in a genotype with impaired BRI1
receptor signaling. As shown in Figure 1, the cytosolic
Ca2+ elevation occurring upon addition of BR to wild-
type leaves is impaired in the bri1-5mutant; generation
of the hormone-induced Ca2+ signal requires the func-
tion of the BRI1 receptor.

BR signaling through the BRI1 receptor involves phys-
ical and functional interactions of BRI1 with its coreceptor
BAK1 (Nam and Li, 2002). bak1 mutants that lack the
expression of BAK1 mRNA show impairment of some
aspects of BR signaling (Chinchilla et al., 2007; Kemmerling
et al., 2007). Here, we found no effect of BAK1 mutation
on BR/BRI1-dependent Ca2+ signaling; hormone-induced
cytosolic Ca2+ elevation was similar in ecotype Columbia
(Col) wild-type and bak1 leaves (Fig. 2). Some (but not
all) functions of the BAK1 coreceptor involved with BR
signaling can be replaced by other members of the
BAK1 protein family, such as BAK1-LIKE1 (BKK1; He
et al., 2007). The lack of an effect of BAK1 mutation on

Figure 1. Exogenous BR-dependent elevation of cytosolic Ca2+ in
detached leaves from wild-type Ws-2 (WT) and bri1-5 plants. Ligand
was added at time 0; change in Ca2+ was calculated for each replicate
by subtracting the value recorded at time 0 from all other measure-
ments. Results are presented as mean values of Ca2+ increase (replicate
number in parentheses) 6 SE shown at 1-min intervals. A similar ex-
perimental design and data presentation were used for the experiments
shown in Figures 2, 3, and 5. Note that the wild-type plants used for
the experiments shown in Figures 2, 3, and 5 were Col. Studies of
BR signaling that involve exogenous application of eBL typically use
concentrations of 100 nM to 1 mM (Li et al., 2009; Hacham et al.,
2011). For the studies of Ca2+ elevation in aequorin-expressing plants
shown in this report, we used 100 nM eBL. We found a significantly
greater increase in cytosolic Ca2+ when 1 mM was added to leaves of
wild-type plants (data not shown).
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BR/BRI1 signaling could be due to either (1) the possible
replacement of BAK1 function by BKK1 (or a similar
protein) in the bak1 mutant or (2) the molecular step(s)
leading to BR-dependent Ca2+ signaling involving some
aspect of BRI1 function independent of its interaction
with a coreceptor. Additional studies suggest that pos-
sibility 2 might be the case (i.e. that BR/BRI1-dependent
Ca2+ signaling may not require the coreceptor). The
work presented in this report includes studies in-
dicating that BR-dependent expression of the genes
IAA1 and PHYTOCHROME B ACTIVATION-TAGGED
SUPPRESSOR1 (BAS1) requires the generation of a
BR-dependent Ca2+ signal (see below). Results shown
in Supplemental Figure S1 indicate that BR-dependent
IAA1 and BAS1 expression is not compromised in
either a bak1 mutant or the bak1/bkk1 double mutant;
these results suggest that this component of BR sig-
naling may not involve a coreceptor.
As mentioned above, BRI1 has been shown to have

in vitro GC activity independent of the presence of a
coreceptor (Kwezi et al., 2007). If BRI1 GC activity is
involved in BR-induced cytosolic Ca2+ elevation, the
Ca2+ signal could be generated by the opening of
cGMP-activated Ca2+-conducting ion channels in the
cell membrane upon binding of BR to its receptor. We
examined this hypothesis by monitoring BR-dependent
cytosolic Ca2+ elevation in the defense-no-death (dnd1)
mutant, which lacks a functional CYCLIC NUCLEOTIDE-
GATED CHANNEL2 (CNGC2) gene (Clough et al., 2000).
CNGC2 is a plasma membrane-localized, inwardly
conducting Ca2+-permeable channel (Ali et al., 2007)
activated by cGMP (Qi et al., 2010). Genevestigator
analysis of the expression patterns of the 20 Arabi-
dopsis CNGCs indicates that CNGC2 is by far the
most massively expressed isoform in all tissues (Finka
et al., 2012), and CNGC2 has been associated with a
number of different plant phenotypes (Chan et al.,
2003; Ali et al., 2007; Finka et al., 2012). This prior work
supported the rationale of investigating CNGC2 as
possibly involved in BR signaling. Results shown in
Figure 3 indicate that, in contrast to the lack of an effect
of the BAK1 null mutation (Fig. 2), BR-dependent cytosolic

Ca2+ elevation is impaired in plants that lack a func-
tional CNGC2 gene.

BR Signaling Involves the Generation of the Secondary
Messenger Molecule cGMP

Changes in the level of the cytosolic secondary mes-
senger molecule cGMP during myriad signaling cascades
are monitored in animal cells using a non-fluorescence
resonance energy transfer-based ratiometric protein, Fluo-
rescence indicator of cyclic GMP (FlincG). Nausch et al.
(2008) developed a coding sequence for such a FlincG
reporter by fusing the circularly permutated enhanced
GFP sequence in tandem with a portion (including the
cGMP-binding domain) of the coding sequence for
animal type I cGMP-activated protein kinase. Isner and
Maathuis (2011) subcloned the FlincG coding sequence
into a plant expression plasmid (along with the 35S
cauliflower mosaic virus promoter), generated FlincG-
expressing Arabidopsis plants, and demonstrated that
real-time increases in cytosolic cGMP concentration
could be monitored in roots of these plants upon the
addition of signaling molecules known to elevate the
cyclic nucleotide secondary messenger. Here, we dem-
onstrate that application of BR to seedlings leads to el-
evation of cGMP at the root tip (in the columella root
cap and meristematic zone) that is not evidenced when
water alone is added to roots (Fig. 4). This BR-dependent
elevation in cytosolic cGMP could be responsible for the
CNGC2-mediated, BR-induced Ca2+ signal (Fig. 3).

Results consistent with this model of BR signaling
are shown in Figure 5. In this experiment, BR-dependent
Ca2+ elevation was monitored in plants exposed to the
GC inhibitor 6-anilino-5,8-quinolinedione (LY83583).
LY83583 has been used to block cGMP-mediated sig-
naling in a number of plant systems (Salmi et al., 2007;
Cousson, 2010; de Montaigu et al., 2010; Teng et al.,
2010). BR-induced cytosolic Ca2+ elevation in wild-
type plants was blocked in plants treated with the
GC inhibitor (Fig. 5). The utility of the GC inhibitor for
probing the relationship between BR and Ca2+ signal-
ing is supported by the results of a separate, control

Figure 2. Exogenous BR-dependent elevation of cytosolic Ca2+ in
detached leaves from wild-type Col (WT) and bak1 plants.

Figure 3. Exogenous BR-dependent elevation of cytosolic Ca2+ in
detached leaves from wild-type Col (WT) and dnd1 plants.
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experiment. Glu receptors are a second family, besides
CNGCs, of Ca2+-conducting channels in plants. Glu
receptors conduct Ca2+ in response to this amino acid
ligand (Kudla et al., 2010); they are not activated by
cGMP. Glu application to wild-type leaves causes an
immediate increase in cytosolic Ca2+. Exposure of
leaves to the GC inhibitor had no effect on this Glu-
dependent Ca2+ signal; the Ca2+ elevation was as great
or greater in the presence of the inhibitor as observed
when Glu was added to leaves without the inhibitor
(Ma et al., 2012). One possible explanation for why the
GC inhibitor affected BR-dependent Ca2+ elevation and
not Glu-dependent Ca2+ elevation is that BR-dependent
generation of cGMP (Fig. 4) is impaired by the inhib-
itor. Results shown in Supplemental Figure S2 support
this contention. Recordings of cGMP-dependent fluo-
rescence were made from wild-type (FlincG-expressing)
seedlings exposed to BR after pretreatment with the
GC inhibitor or solvent alone (control). Exposure of
seedlings to the inhibitor impaired BR-dependent cGMP
generation. These results support the conclusion that
the well-documented action of LY83583 as a GC in-
hibitor blocks BR-induced Ca2+ elevation (Figs. 1 and 5)

due to the inhibition of BR-induced cGMP rise (Fig. 4;
Supplemental Fig. S2), thus impairing the activation of
CNGCs (Fig. 3) and not other Ca2+-conducting channels.

Ca2+ Signaling and BR-Dependent Gene Expression

Studies were undertaken to test the hypothesis that
BR-dependent Ca2+ elevation impacts gene expression
induced by the hormone. In a manner similar to that
already demonstrated for orthologous genes in rice
(Oryza sativa; Song et al., 2009) and wheat (Singla et al.,
2006), we found that BR application to Arabidopsis
seedlings increased the expression of IAA1 in Ws-2 wild-
type plants (Fig. 6). In contrast to the effects on wild-type
plants, application of BR to bri1-5 plants had no signifi-
cant effect on IAA1 expression.

The defective BRI1 receptor in the bri1-5 genotype
presumably impairs the signaling cascade linking BR
perception to downstream gene (IAA1) expression
(Fig. 6). Results presented in Figure 7 suggest
that the Ca2+-conducting channel CNGC2 may be in-
volved in this BR signaling cascade. As was the case
with the bri1-5 mutant, the BR-dependent IAA1 ex-
pression observed in wild-type Col plants is blocked in
the dnd1 mutant. This result provides genetic evidence
consistent with the possibility that, at least in the case
of IAA1, BR-dependent cytosolic Ca2+ elevation (which
is impaired in the dnd1 mutant; Fig. 3) can mediate (or
at least is associated with) effects of the hormone on
gene expression.

The work presented in this report underlies the de-
velopment of a novel model of a cellular signaling
cascade initiated by perception of the hormone BR. BR
application to plants leads to immediate (initiating at
less than 1 min) increases in the secondary cytosolic
signaling molecules cGMP and Ca2+. Generation of the
BR- and BRI1-dependent Ca2+ signal is impaired in the
dnd1 mutant. The function of CNGC2 as a component
of a Ca2+-conducting channel is required for optimal
BR signaling that leads to increased expression of IAA1

Figure 4. Effects of exogenous BR on cell cytosolic cGMP in Arabi-
dopsis seedlings expressing the fluorescent reporter protein FlincG.
After application of BR (or water as a control) to one end of the
seedling chamber mounted on the stage of a confocal microscope,
fluorescence images of the root tip were taken over time. A to C,
Images of the root tip at 0, 5, and 10 min after application of BR.
Corresponding images of control-treated roots were dark to the eye at
all time points. D, Quantitative analysis of change in fluorescence over
time is shown for BR- and control (water with 0.001% [v/v] DMSO)-
treated roots. Signals are shown as means (biological replication
numbers, recorded from different seedlings, are in parentheses) 6 SE.
For each replicate recording, a series of fluorescence ratios at specific
times after treatment were generated. The fluorescence ratios were
signals recorded at a specific times relative to the signal at time 0 (F/F0;
for comparison, see Isner and Maathuis [2011]). The difference in
fluorescence change between seedlings treated with BR and water was
not due to differences in the initial fluorescence (F0) of the seedlings,
which was 374 6 35 and 397 6 59 for water- and BR-treated seed-
lings, respectively.

Figure 5. Exogenous BR-dependent elevation of cytosolic Ca2+ in
detached leaves from wild-type Col leaves in the absence (control) and
presence of a GC inhibitor.
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(Fig. 7), a gene known to be responsive to BR (Singla
et al., 2006; Song et al., 2009). Further experiments
examining IAA1 expression are consistent with this
model (Fig. 8). Prior studies have shown that elevation
of cytosolic cGMP (by application of a lipophilic ana-
log of cGMP to leaves) activates plasma membrane
channels composed of CNGC2 subunits, resulting in
the elevation of cytosolic Ca2+ (Ali et al., 2007; Qi et al.,
2010). Here, we find that addition of a lipophilic ana-
log of cGMP (dibromo-cGMP) to wild-type Col seed-
lings increased the expression of IAA1 in the absence of
added BR (Fig. 8). In contrast to the effect of cGMP
addition, application of either a Ca2+ channel blocker
or a GC inhibitor completely blocked BR-dependent
IAA1 expression (Fig. 8). Consistent with the results
shown in Figure 7 using a genetic approach to affect
Ca2+-dependent BR signaling (i.e. by monitoring IAA1
expression in the dnd1 mutant), results presented in
Figure 8 indicate that the signal transduction cascade
linking BR perception by its receptor to downstream
gene expression (at least in the case of IAA1) requires
the BR-dependent changes in the level of the secondary
messenger molecules cGMP and Ca2+. Furthermore,
elevation of the secondary messenger molecule cGMP
alone mimics the effects of the hormone on IAA1 gene
expression.
We undertook further experiments to compare the

relative involvement of Ca2+ signaling and the BR-induced
phosphorelay cascade in the effect of the hormone on
IAA1 transcript levels. The rationale underlying this
work was as follows. Binding of BR to the BRI1 receptor
(i.e. initial perception of the hormone) is required to
activate both the phosphorelay signal cascade (Jaillais
et al., 2011) and the BR-dependent Ca2+ signaling leading

to gene expression (Figs. 6–8). We sought to use geno-
types that are impaired in steps of the phosphorelay
cascade other than mutants that have reduced bind-
ing of the hormone to the receptor (e.g. bri1-5). For
this work, we used the bin2-1 and bri1-301 mutants.
The bin2-1mutant has a dominant, hypermorphic form
of the negative regulator BIN2 (Li et al., 2001; He et al.,
2002; Li and Nam, 2002). It has been experimentally
verified that BIN2-dependent phosphorylation of BES1
and BZR1 is increased in this genotype, resulting in
increased degradation of these master transcription
regulators and concomitant impairment of BR signal-
ing through the phosphorelay cascade (He et al., 2002;
Li and Nam, 2002; Yin et al., 2002). Mutations that
result in a “kinase-dead” BRI1 impair BR signaling, but
binding of the hormone to the receptor is not necessarily
impacted by such mutations (Wang et al., 2005). The
bri1-301 genotype is such a mutant (Xu et al., 2008;
Kang et al., 2010). In contrast to the dnd1 mutant,
which showed no BR-dependent increase in IAA1
expression, the effect of BR addition on IAA1 expres-
sion in these two mutant genotypes is similar to the
wild type (Fig. 7).

Additional studies were undertaken to further ex-
amine the novel finding that impairment of the phos-
phorelay cascade had little to no effect on BR-dependent
gene expression, at least in the case of IAA1. BAS1 en-
codes a protein involved in BR inactivation/catabolism
(Turk et al., 2003, 2005; Thornton et al., 2011), and its
expression is increased upon BR perception (Goda et al.,
2002) as part of a feedback system that logically regu-
lates the action of this hormone on cells (Tanaka et al.,
2005; Turk et al., 2005). We find similar patterns of
BR-dependent increases in BAS1 expression among the
four genotypes tested as was determined for IAA1
expression. As shown in Figure 9, the BR-dependent
increase in BAS1 transcript level found in wild-type
plants was absent in dnd1, while exogenous BR appli-
cation increased BAS1 expression in the bin2-1 and
bri1-301 genotypes.

Figure 6. Effects of BR application to wild-type Ws-2 and bri1-5 plants
on IAA1 expression. Results are presented as means (for a given
treatment and genotype) 6 SE. For each genotype, IAA1 expression in
the absence of added BR was normalized to 1. For each genotype,
ANOVA analysis was undertaken to evaluate means separation be-
tween treatments (presence and absence of exogenous BR applica-
tion). The asterisk above the bar representing the “+BR” treatment
indicates a significant difference (at P , 0.05). A similar data pre-
sentation and ANOVA analysis of means separation was used for the
experiments shown in Figures 7, 9, and 10 and Supplemental Figures
S1 and S4. For this experiment, the expression of IAA1 in the absence
of exogenous BR in leaves of bri1-5 plants was 0.39 relative to the level
in wild-type plants.

Figure 7. Effects of BR application to wild-type Col (WT), dnd1, bin2-1,
and bri1-301 plants on IAA1 expression. The expression of IAA1 in
the absence of exogenous BR relative to the level in wild-type plants
was 0.73, 0.65, and 0.86 in dnd1, bin2-1, and bri1-301 plants,
respectively.
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The central tenet of the work presented in our studies
is the novel finding that BR perception causes an im-
mediate elevation of cytosolic Ca2+ and that the gen-
eration of this Ca2+ signal contributes to at least some
component of this hormone’s effects on plant cells. Fur-
ther experimental evidence supporting this contention
is presented in Supplemental Figures S3 and S4. Either
chelation of extracellular Ca2+ by prior exposure of
Arabidopsis seedlings to EGTA (Aslam et al., 2008)
or prevention of cytosolic Ca2+ elevation by application
of the lipophilic Ca2+ chelator 1,2-bis-(o-aminophenoxy)-
ethane-N,N,N9,N9-tetraacetic acid tetrakis-acetoxymethyl
ester (BAPTA-AM; Cousson, 2003; Cruz et al., 2012)
prevented the BR-dependent increase in the expres-
sion of both IAA (Supplemental Fig. S3A) and BAS1
(Supplemental Fig. S3B).

Additional evidence consistent with the model de-
veloped here, that BR perception by the BRI1 receptor
is the mechanistic basis for the generation of the Ca2+

signal as well as the downstream effects of the Ca2+

signal on IAA1 and BAS1 expression, is presented in
Supplemental Figure S4. Use of the bri1-5mutant allowed
us to develop aequorin-expressing plants with a de-
fective BRI1 receptor (Fig. 1). However, the bri1-5 allele
is not a fully null (loss-of-function) mutation. The bri1-701
allele is a bona fide hormone receptor null mutation
(Gou et al., 2012). We used the bri1-701 mutant to fur-
ther evaluate if the BR-evoked signaling that is the focus
of our work is dependent on the hormone receptor
BRI1. Results shown in Supplemental Figure S4, A and B,
demonstrate that BR-dependent increases in the expres-
sion of IAA1 and BAS1 are blocked in the br1-701mutant,
as was the case when we tested BR-dependent IAA1 ex-
pression in the bri1-5 genotype (Fig. 6).

Ca2+ Signaling and the Phosphorelay Cascade Represent
Two Distinct BR Response Pathways

BR perception by its receptor BRI1 is linked to down-
stream alteration in the expression of at least some
BR-responsive genes through a Ca2+ signaling cascade.
Results presented in Figures 7 and 9 suggest that
BR-responsive genes regulated by Ca2+ signaling might
not require activation of the master transcriptional
regulators BZR1 and/or BES1 through the BR-dependent
phosphorelay cascade. BZR1 and BES1 alter the tran-
scription of BR-responsive genes either directly, by
binding to the promoter of specific genes, or indi-
rectly, by modulating the expression of TFs that then
alter transcript levels of suites of other genes (Wang
et al., 2002; He et al., 2005; Yin et al., 2005; Li et al.,
2009).

SMALL AUXIN UP RNA1 FROM ARABIDOPSIS
THALIANA ECOTYPE COLUMBIA (SAUR-AC1) is
a BR-responsive gene that has been experimentally
confirmed to be activated by direct binding of BES1
to its promoter (Yin et al., 2005). Thus, it is hard to
envision that in genotypes that have alterations in steps
of the phosphorelay cascade resulting in degradation/
inactivation of BES1, BR effects on SAUR-AC1 expres-
sion would not be affected. As shown in Figure 10,
differences in BR effects on SAUR-AC1 expression
among the four genotypes examined were markedly
different from those found for either BAS1 (Fig. 9) or
IAA1 (Fig. 7). In the case of SAUR-AC1, BR increased
the expression level in wild-type and dnd1 plants, while
no effect of BR on SAUR-AC1 expression was observed
with either the bin2-1 or the bri1-301 genotype. These
results suggest that some BR-responsive genes might
be regulated by the phosphorelay system and others
might be modulated (perhaps independently) by a Ca2+-
dependent signaling cascade.

Figure 8. Manipulation of the cytosolic secondary messenger mole-
cules Ca2+ and cGMP impacts the effect of exogenous BR on IAA1
expression in wild-type Col plants. The GC inhibitor (LY83583) is
added in 0.04% (v/v) DMSO solvent. Therefore, in this experiment, all
treatments (including the control) had 0.04% DMSO. Further experi-
ments indicated that in the absence of any DMSO solvent, application
of dibromo-cGMP still increased IAA1 expression as compared with
the control. Means separation was analyzed by Student’s t test com-
parisons of each treatment individually with the control. Asterisks
above the bars representing a treatment indicate significant (at P ,
0.05) differences from the control.

Figure 9. Effects of BR application to wild-type Col (WT), dnd1, bin2-1,
and bri1-301 plants on BAS1 expression. BR application significantly
(P , 0.05) increased BAS1 expression in wild-type and bin2-1 plants.
BR had no effect on BAS1 level in dnd1 plants. The 60% increase in
BAS1 expression observed in bri-301 plants trended toward significance
(P , 0.06). The expression of BAS1 in the absence of exogenous BR
relative to the level in wild-type plants was 0.72, 0.86, and 1.0 in dnd1,
bin2-1, and bri1-301 plants, respectively.
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Ca2+ Signaling and BR Phenotypes

The end point of hormone signaling cascades that
involve transcriptional reprogramming is often an al-
tered plant phenotype. This typically involves changes
in the growth, form, function, or development of a plant,
plant organ, or target cells in response to internal, de-
velopmental, or environmental cues. In the work pre-
sented here, we have identified a cytosolic Ca2+ elevation
as an immediate downstream signal generated upon
BR perception by its receptor BRI1 and linked this
signal to the transcriptional regulation of several genes
by this hormone. As mentioned above, BR signaling
results in the potential reprogramming of many genes
(Goda et al., 2002; Müssig et al., 2002). The demon-
stration here of BR-dependent Ca2+ signaling as impact-
ing transcript levels of a few genes does not necessarily
link this signaling cascade to BR-dependent pheno-
types of plants. Results presented in Figure 11 extend
our analysis of BR Ca2+ signaling to plant phenotypes.
One documented quantitative measure of the exoge-
nous BR alteration of a plant phenotype is the effect of
BR on hypocotyl length of etiolated Arabidopsis seed-
lings (Xu et al., 2008; Gou et al., 2012). Application of
exogenous BR reduces the hypocotyl length of seed-
lings grown in the dark. This effect is shown with wild-
type seedlings in Figure 11. With wild-type seedlings,
application of a Ca2+ channel blocker along with BR
completely prevented the BR-dependent phenotype.
Additional studies were undertaken with dnd1 seed-
lings. In this case, BR had no effect; hypocotyl length
was similar in the presence or absence of BR. Addi-
tionally, application of the Ca2+ channel blocker to
dnd1 seedlings had no effect. This result suggests that
the effect of the Ca2+ channel blocker in reversing the
BR-dependent decrease in hypocotyl length is likely
not due to some general, inhibitory effect of the channel
blocker. Thus, the results of the experiment shown in
Figure 11 provide pharmacological and genetic evi-
dence that Ca2+ signaling mediates this BR-related
phenotype.

DISCUSSION

The work included in this report supports a revised
model of BR signaling. The central tenet of this model
is that BR perception by its receptor BRI1 leads to an
immediate (i.e. less than 1 min) increase in cytosolic
Ca2+. At the BR concentration used in our studies of its
effect on Ca2+ elevation (100 nM), the BR-dependent
Ca2+ signal is of a similar magnitude as that occurring
in other cell signaling pathways, such as the plant im-
mune responses evoked by Plant elicitor peptides (Qi
et al., 2010) or the ELONGATION FACTOR TU18 pep-
tide (Ranf et al., 2011). In our studies, this BR-dependent
Ca2+ signal was demonstrated to be causal to the changed
expression of some BR-dependent genes as well as a
BR-related phenotype.

There are a number of other assertions that can be
formulated based on the experimental results in this
report. Exogenous BR application causes in vivo cGMP
elevation. This step of the newly delineated BR sig-
naling cascade might occur due to GC activity of the
hormone receptor; this point remains speculative and
would need to be confirmed by further experiments
showing that the putative GC domain of BRI1 is spe-
cifically necessary for cGMP generation in planta in
response to BR application. We did find that a GC
inhibitor blocked BR-dependent Ca2+ elevation, cGMP
production, and gene expression and that exogenous
application of lipophilic cGMP was found to mimic the
effect of the BR hormone on IAA expression; these
results are consistent with the involvement of cGMP
production in the signaling pathway. Support for the
further speculation that BRI1 is responsible for this
cGMP production directly could involve the demonstra-
tion that the GC catalytic domain of BRI1 (as opposed
to the kinase activity of the receptor) is specifically re-
quired for initiation of the Ca2+ signaling cascade. Ex-
periments along these lines are not included in this

Figure 10. Effects of BR application to wild-type Col (WT), dnd1, bin2-1,
and bri1-301 plants on SAUR-AC1 expression. The expression of
SAUR-AC1 in the absence of exogenous BR relative to the level in
wild-type plants was 0.91, 0.86, and 0.70 in dnd1, bin2-1, and bri1-301
plants, respectively.

Figure 11. Ca2+ signaling is involved in the effect of BR on etiolated
hypocotyl length of dark-grown Arabidopsis seedlings. Wild-type Col
(WT) and dnd1 seedlings were grown on solid medium with water
(control), BR, or BR and GdCl3 added. Means separation was analyzed
by Student’s t test comparisons within each genotype of each treatment
individually with the control. The asterisk above the bar representing
eBL treatment indicates a significant (P , 0.05) difference from the
control (water addition) for that treatment.
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report. However, a recent report (Irving et al., 2012)
provided separate evidence linking BR to cGMP gener-
ation in vivo using a different experimental approach
(ELISA analysis of exogenous BR effects on cGMP in
isolated protoplasts) for cGMP analysis than we used
(fluorescence of FlincG seedlings). Nonetheless, the
putative GC activity of BRI1 has yet to be definitively
tested in planta.

The results in this report indicate that BR-dependent
Ca2+ signaling and the well-characterized phosphorelay
cascade might act independently to activate differ-
ent BR-responsive genes. However, full elucidation
of this point awaits the analysis of more BR-responsive
genes.

As mentioned above, there is no BR phosphorelay
signaling step downstream from the BRI1 receptor that
is currently known to be affected by Ca2+. However, a
recent report has demonstrated a physical and func-
tional interaction between BRI1 and the Ca2+-binding
protein CaM. Oh et al. (2012) have shown that Arabi-
dopsis CaM7 displays Ca2+-dependent binding to a
peptide corresponding to the cytosolic domain of BRI1.
The exciting work of Oh et al. (2012) also demonstrated
that coexpression of CaM with the cytosolic kinase
domain of BRI1 in a heterologous system (E. coli) resulted
in an impairment of BRI1 autophosphorylation and
transphosphorylation (in this case, of E. coli proteins).
This work raises the intriguing possibility that elevation
of cytosolic Ca2+ might act, through Ca2+-dependent
binding of CaM to BRI1, to shut down the BRI1-dependent
phosphorylations that initiate the phosphorelay cascade.
Perhaps, then, the BRI1 receptor and activation of a
CNGC are the source of the Ca2+ signal that shuts down
BRI-dependent phosphorelay signaling. It may also be
germane to this evolving model of BR signaling that
conductance by CNGCs is down-regulated by CaM
(Hua et al., 2003). Thus, we envision a feedback loop
that allows for the modulation of both BR signaling
pathways.

In prior work from this laboratory characterizing the
role of CNGCs in signal transduction pathways (Qi
et al., 2010), we speculated that the Ca2+-conducting
channel was present along with a receptor protein that
generated the ligand that activates the channel as a
multienzyme protein complex. In this manner, micro-
domains may exist where the localized concentration
of a cytosolic messenger molecule (such as cyclic nu-
cleotide) is elevated in proximity to the channel that is
activated by the molecule. When the recent work of Oh
et al. (2012) is considered along with the results pre-
sented here, the notion of a multienzyme microdomain
could provide an explanation for how BRI1, the Ca2+-
conducting CNGC, and CaM act in concert to initiate a
finely regulated signal. It is germane to note that in
animal cells, CNGCs as well as enzymes that activate
the channels and receptors are envisioned to operate as
multimolecular complexes existing as membrane “sig-
nalosomes” (Trudeau and Zagotta, 2003; Wang and
Malbon, 2011; Bankston et al., 2012; Ostrom et al.,
2012).

BR-dependent cytosolic Ca2+ elevation could be in-
volved in the immediate responses of cells to BR per-
ception, as mentioned in the introduction. In other
words, aside from the well-known Ca2+ signal regula-
tion of gene expression (Finkler et al., 2007; Doherty
et al., 2009), a rise in cytosolic Ca2+ could also alter the
conductance of K+ and Cl2 channels, altering mem-
brane potential (Li et al., 2006). Furthermore, an ele-
vation in cytosolic Ca2+ could have immediate impact
on cell function through the activation of Ca2+-dependent
protein kinases (Cheng et al., 2002). Of course, these
speculations await testing in future studies. Here, the
novel effect of BR on cytosolic Ca2+ is documented,
raising new questions about cell signaling pathways
associated with this hormone.

MATERIALS AND METHODS

Plant Material

All Arabidopsis (Arabidopsis thaliana) lines used in the reported work are in
the Col background except bri1-5 (AT4G29400; Noguchi et al., 1999); the bri1-5
mutation is in the Ws-2 background. Col or Ws-2 plants were used as controls
as appropriate. The aequorin-expressing lines Col-aeq, Ws-2-aeq, dnd1-aeq (Qi
et al., 2010) bri1-5-aeq, and bak1-aeq were used to monitor treatment effects on
cytosolic Ca2+ concentration. The bak1-3-aeq line was generated by crossing the
bak1-3mutant with Col-aeq. We chose the bak1-3 allele to generate the aequorin-
expressing line because early publications indicated that bak1-3 lacks expres-
sion of BAK1 mRNA and this genotype is a BAK1 null mutant (Chinchilla
et al., 2007). However, a later publication pointed out that the bak1-3 genotype
is a “leaky” null mutant (Gou et al., 2012). Therefore, we used the bak1-4 allele
(another transfer DNA insertional mutant) instead of bak1-3 for later experi-
ments. The bak1-4 mutant plants were used for single-mutation gene expres-
sion studies (Supplemental Fig. S1). Col plants expressing the cGMP reporter
protein d-FlincG (Isner and Maathuis, 2011) were used for in vivo cGMP
measurement. Arabidopsis seeds were surface sterilized by first washing the
seeds in 70% (v/v) ethanol, 20% (v/v) bleach, and 0.02% (v/v) Triton X-100,
shaking at 300 rpm for 10 min, and then rinsing with 95% (v/v) ethanol three
to four times.

For all measurements except the quantitative real-time PCR (qPCR) assay of
gene expression, seeds were first planted on one-half-strength Murashige and
Skoog (MS) medium (Caisson Labs) supplemented with 1% (w/v) Suc and
solidified with 1% (w/v) agar. Seeds were stratified (4°C) for 2 to 3 d after
plating to break dormancy. Plants used for cytosolic Ca2+ measurements were
grown as follows. Seeds were grown on agar plates for 7 to 10 d at 16 h of light
(approximately 100 mol m–2 s–1)/8 h of dark and 25°C and then transplanted
into pots containing artificial LP5 mix (Sun Gro). The pots were put in an EGC
growth chamber at 12 h of light (approximately 100 mol m–2 s–1)/12 h of dark
and 22°C. Healthy, nonsenescing leaves were used after 2 to 3 weeks of growth
in pots. For in vivo cGMP measurement, the seeds were set vertically on square
plates containing one-half-strength MS medium for 5 d. For measurement of
etiolated hypocotyl lengths, square plates containing seeds were placed in 24 h
of dark for 14 d at 22°C. For qPCR measurement of gene expression, seeds were
grown in tubes containing 3 mL of liquid one-half-strength MS medium (one
seed per tube) with shaking (180 rpm) for 14 d at an illumination of 24 h of light
(approximately 90 mol m–2 s–1) and 22°C.

Hormone and Reagent Treatment

Over 60 different BR compounds have been identified in plants. Brassinolide
and eBL are the most biologically active of these compounds and are typically
used in tissue culture applications to study BR effects on plants (Ferrie et al.,
2005). In our work, synthetic eBL (Sigma-Aldrich) was applied to plants, seed-
lings, and detached leaves to test the effects of exogenous BR on plant tissue.
Stock solutions of eBL were made in 100% dimethyl sulfoxide (DMSO; Sigma-
Aldrich). For all experiments except qPCR studies, the eBL was added at a final
concentration of 100 nM. For gene expression analysis, the final concentration of
the eBL used was 1 mM (Li et al., 2009).
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In some cases, a lipophilic analog of cGMP, 8-bromoguanosine 39,59-cyclic
monophosphate sodium salt (Sigma-Aldrich), was added to plants (at 150 mM

final concentration) in the same manner as the eBL treatment. For these ex-
periments, water (i.e. no solvent) was added to the control treatment. Some
experiments involved use of the GC inhibitor LY83583 (Enzolife Sciences) and
the cytosolic Ca2+ chelator BAPTA-AM (Sigma-Aldrich). The inhibitors were
added to solutions containing leaves or seedlings (20 mM final concentration)
15 min before plants were treated with eBL. For these experiments, control
treatments included application of 0.04% (v/v) DMSO in place of the inhibitor.
Stock solutions of 50 mM LY83583 and 25 mM BAPTA-AM were made up in
100% DMSO. In some cases, the Ca2+ blocker GdCl3 (at 150 mM final concentra-
tion; Sigma-Aldrich) and the extracellular Ca2+ chelator EGTA (Sigma-Aldrich)
were used; the channel blocker was added to the plants 15 min before the eBR
ligand was applied. Water was used as a control for this work. All experi-
ments were repeated at least twice.

Cytosolic Ca2+ Measurements

The method from Qi et al. (2010) was used with slight modification for
cytosolic Ca2+ measurements using aequorin-expressing plants. For details of
the methods used to generate the aequorin-expressing genotypes used here
(Col-aeq, Ws-2-aeq, dnd1-aeq, and bri1-5-aeq), see Qi et al. (2010). Leaves used
for the experiments were cut from 3- to 4-week-old plants expressing cytosol-
localized Ca2+-dependent chemiluminescent apoaequorin protein recon-
stituted with coelenterazine-cp (CTZ-cp; AAT Bioquest), a synthetic derivative
of coelenterazine.

Individual detached leaves were placed in a capless 2-mL centrifuge tube
containing 500 mL of control buffer (1 mM KCl, 1 mM CaCl2$6H2O, and 10 mM

MgCl2$6H2O, adjusted to pH 5.7 with Tris base). For each tube, 1 mL of CTZ-cp
was added (10 mM final concentration in 0.2% [v/v] ethanol). The leaf in the
control buffer was vacuum infiltrated for 15 s and incubated at room temper-
ature in the dark for 1 to 2 h to allow coelenterazine incorporation into leaves.
As the CTZ-cp is a light-sensitive reagent, all preparatory steps after adding the
CTZ-cp were carried out in the dark; tubes were covered with foil paper.

A luminometer (TD-20/20; Tuner Design) was used for measurement of the
luminescence level. The centrifuge tubes were placed in the luminometer and
left for 2 to 3 min to allow leaves to recover from touch-induced Ca2+ spikes
induced by handling the tubes. Luminescence level was measured every 1 s,
and ligand (eBL) was added only after background luminescence of the leaves
was stable. When background luminescence was stable, 500 mL of control
buffer containing ligand (at 23 the final concentration) was added to the tubes
containing leaves by gently pipetting the solution against the interior wall of
the centrifuge tube. For these experiments, eBL (100 nM final concentration)
was delivered to the leaves in DMSO solvent (0.001% [v/v] final concentra-
tion). The GC inhibitor LY83583 in DMSO (0.04% [v/v] final concentration)
was added to the leaves 15 min before adding eBL. Control leaves were
treated with 0.1% DMSO 10 min before adding eBL. All the treatments were
added at 0 min; results shown in the figures are mean values calculated from a
minimum of at least three biological replicates. For each replication, leaves
were cut from different plants. After recording luminescence from a treatment
replicate, the remaining aequorin (i.e. not bound to Ca2+) in an assay tube was
discharged by adding 800 mL of Ca2+-release buffer (2 M CaCl2$6H2O in 30%
ethanol) with continued recording for approximately 10 min, until the instan-
taneous luminescence level dropped below 2,000. Values obtained for aequorin
discharge were used to convert luminescence readings to cytosolic Ca2+ con-
centration for each treatment replicate using an algorithm as described by Qi
et al. (2010). Results are presented in the figures as BR-dependent increase in
cytosolic Ca2+; this value represents the difference between the Ca2+ level
recorded at any time point and the basal level of Ca2+ measured at time 0 (i.e.
prior to BR application). The basal level of cytosolic Ca2+ for the experiments
reported here ranged from 0.20 to 0.24 mM and averaged 0.220 6 0.004 mM.

In Vivo cGMP Measurements

Individual 7-d-old seedlings (Col plants expressing the cGMP reporter
FlincG) were placed in 60 mL of water on a 24- 3 40-mm cover glass and
covered with a 22- 3 22-mm coverslip. The small coverslip was taped (on two
opposite sides) onto the larger one (forming a chamber), and then the chamber
with a seedling inside was taped onto the stage of a confocal microscope
(Nikon A1R). Measurements of fluorescence were made prior to the addition
of ligand; seedlings with roots having high levels of GFP expression (i.e. GFP
fluorescence with just water in the chamber) were chosen for use. The root tip

was located under bright-field illumination, observation of background GFP
fluorescence was made, and after adjustment of the perfect focus, 150 mL of
water containing eBL in 0.001% (v/v) DMSO was delivered to one open end
of the chamber at 0 min. The control “water-only” treatment contained just
DMSO. A filter paper was kept in contact with the chamber solution at the
opposite side of the chamber to wick water as the ligand was delivered. Time-
lapse changes of fluorescence were captured every 30 s using 480/20-nm ex-
citation wavelengths using the microscope’s high-performance optical offset
(Perfect Focus System) to facilitate real-time correction of focus drift. Fluo-
rescence intensity at the root tip was quantified as relative brightness (within a
defined range of 256 shades of gray per unit area) using NIH ImageJ processing/
analysis software.

qPCR Analysis

qPCR analyses were performed to study genotype and treatment effects on
the expression levels of some BR-responsive genes. The growth of Arabidopsis
seedlings in one-half-strength MS liquid medium was determined according
to Qi et al. (2010). The seedlings were grown in separate tubes containing 3 mL
of liquid medium for 14 d on a shaker (180 rpm) with 24 h of illumination
(approximately 90 mol m–2 s–1) at 22°C. The ligand eBL (or lipophilic cGMP)
was added directly to the growth medium, and the seedlings were incubated
for a further 8 h. Water containing 0.001% (v/v) DMSO was given to the seedling
for the control treatment. For experiments involving the addition of inhibitors,
LY83583 (20 mM), GdCl3 (150 mM), EGTA (20 mM), and BAPTA-AM (10 mM) were
added to the growth medium containing plants 15 min prior to the addition of
eBL. Seedlings were kept on the shaker in the light during inhibitor pretreat-
ment and exposure to eBL. After incubation, the seedlings were collected and
frozen immediately with liquid N2 and stored at 280°C for future use. Total
RNA were extracted from whole liquid-grown seedlings using the Plant RNA
Extraction Kit (Macherey-Nagel). During the RNA extraction process, tissue
extracted was treated with rDNase (Macherey-Nagel) to remove potential genomic
DNA from samples.

After extraction, 500 ng of total RNA was used for reverse transcription by
using the High Capacity cDNA Reverse Transcription Kit (Applied Biosys-
tems). The synthesized complementary DNA was diluted 1:10 (v/v) in water,
and 1 mL of the diluted complementary DNA was used for each qPCR. qPCR
assays were performed using the ABI 7900 HT Real-Time PCR system with the
SYBR Green gene expression assay (Applied Biosystems). Treatment effects on
the expression levels of IAA1 (AT4G14560), BAS1 (AT2G26710), and SAUR-
AC1 (AT4G38850) were examined. 18s rRNA was used as an endogenous
control. The primers used for these analyses were as follows: IAA1 (forward),
59-AGTCACCAATGGGCTTAACC-39; IAA1 (reverse), 59-CTGTTGAGTCG-
TTGTTCTTGC-39; BAS1 (forward), 59-CCCGTTGGCTTCATACCG T-39; BAS1
(reverse), 59-TTACAGCGAGTGTCAATTTGGC-39; SAUR-AC1 (forward),
59-AGGAGTTTCTTGGGTGCTAAG-39; SAUR-AC1 (reverse), 59-CATAGA-
CCGCCATGAATCCTC-39; 18s rRNA (forward), 59-CGGCTACCACATCCA-
AGGAA-39; 18s rRNA (reverse), 59-GCTGGAATTACCGCGGCT-39.

For each analysis, three mechanical replications were tested on one plate,
and each treatment mean was generated from analysis of at least three bio-
logical replications from separate RNAs isolated from different individual
seedlings. ANOVA of corresponding threshold cycle values was used for the
evaluation ofmeans separation among treatments in an experiment (as noted in
the figure legends) and to generate SE values of the means for control treat-
ments (Schmittgen and Livak, 2008). In many cases, experiments involving
qPCR analysis of gene expression involved the evaluation of eBL effects on
different genotypes. In these cases, gene expression in the absence of added
eBL was normalized to 1 for each genotype in a given experiment (as noted in
the figures). In these cases, the relative amount of gene expression in the ab-
sence of eBL for each mutant line used in an experiment (i.e. in a given figure)
is compared with the expression level in wild-type plants for that experiment.
This information is provided in the corresponding figure legend.

Measurement of Etiolated Hypocotyl Lengths

This assay of a BR-dependent plant phenotype allows for quantitative
evaluation of exogenously added BR effects on seedlings and was adopted
from Xu et al. (2008) and Müssig et al. (2002). Arabidopsis seedlings were
grown vertically on one-half-strength MS medium on square plates containing
1% (w/v) agar at 22°C in the dark for 14 d. eBL (100 nM) and/or GdCl3
(150 mM) were added to the solid growth medium before pouring the medium
onto the petri plates. For the control treatment, plants were grown on medium
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containing 0.001% (v/v) DMSO. The hypocotyl lengths of seedlings were
measured after 14 d.

Supplemental Data

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

Supplemental Figure S1. Effects of BR application to wild-type (Col), bak1,
and bak1/bkk plants on IAA1 and BAS1 expression.

Supplemental Figure S2. Effects of GC inhibitor on BR-induced cGMP
elevation in wild type.

Supplemental Figure S3. Effects of Ca2+ chelator on BR-induced IAA1 and
BAS1 gene expression.

Supplemental Figure S4. Effects of BR application to the wild type (Col)
and the BR null mutant bri1-701 on IAA1 and BAS1 expression.
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