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Phytohormones have essential roles in coordinately regulating a
large array of developmental processes. Studies have revealed that
brassinosteroids (BRs) and abscisic acid (ABA) interact to regulate
hundreds of expression in genes, governing many biological pro-
cesses. However, whether their interaction is through modification
or intersection of their primary signaling cascades, or by indepen-
dent or parallel pathways remains a big mystery. Using biochem-
ical and molecular markers of BR signaling and ABA biosynthetic
mutants, we demonstrated that exogenous ABA rapidly inhibits BR
signaling outputs as indicated by the phosphorylation status of
BES1 and BR-responsive gene expression. Experiments using a bri1
null-allele, bri1-116, and analysis of subcellular localization of
BKI1-YFP further revealed that the BR receptor complex is not
required for ABA to act on BR signaling outputs. However, when
the BR downstream signaling component BIN2 is inhibited by LiCl,
ABA failed to inhibit BR signaling outputs. Also, using a set of ABA
insensitive mutants, we found that regulation of ABA on the BR
primary signaling pathway depends on the ABA early signaling
components, ABI1 and ABI2. We propose that the signaling cas-
cades of ABA and BR primarily cross-talk after BR perception, but
before their transcriptional activation. This model provides a rea-
sonable explanation for why a large proportion of BR-responsive
genes are also regulated by ABA, and provides an insight into the
molecular mechanisms by which BRs could interact with ABA.

cross-talk � gene expression � phosphorylation � seed germination �
signal transduction

Unlike animals, plants are sessile and need to constantly
regulate their developmental and physiological processes to

respond to various internal and external stimuli. Studies have
revealed that many biological processes result from integrating
multiple hormonal signals, and extensive cross-talk among dif-
ferent hormonal signaling pathways is present in plants (1, 2).
Recently, a large set of microarray data verified that many genes
are coregulated by multiple hormones, suggesting the impor-
tance of hormones to coordinately regulate biological processes
in plants (3, 4). A few studies have also elucidated specific
molecular mechanisms of hormonal cross-talk. They include the
role of auxin and ethylene in regulating root meristem devel-
opment (1), the antagonistic relationship between abscisic acid
(ABA) and gibberellins (GAs) on seed dormancy and germina-
tion (5, 6), and integration of the primary signaling pathways of
auxin and brassinosteroids (BRs) by auxin response factor 2
(ARF2) (7).

Studies have indicated that BRs and ABA can coregulate the
expression of hundreds of genes (4), and they interact physio-
logically in controlling many developmental processes (5, 8–10).
It is also well known that ABA is required to establish seed
dormancy during embryo maturation and to inhibit seed germi-
nation (5), whereas BRs promote seed germination, likely
through enhancing the embryo growth potential to antagonize
the effect of ABA (5, 10, 11). In Arabidopsis, the BR biosynthetic
mutant, det2-1, and the BR responsive mutant, bri1-1, are more
sensitive to inhibition of ABA on seed germination than wild-
type, although these mutants germinate well in normal growth

condition (10). Also, microarray data showed that BRs and ABA
regulate the expression of a greater number of genes than
expected at random (3, 4). However, the underlying molecular
mechanism of this interaction, and whether the cross-talk be-
tween BRs and ABA is through their primary signaling path-
ways, are unknown.

Genetic and biochemical studies have identified several key
components in the signaling pathway of BRs. BRs are perceived
by a cell surface receptor, BRI1, a leucine-rich-repeat receptor-
like kinase (12). Direct binding of BR to a small region of the
extracellular domain of BRI1 (12–15) induces phosphorylation
of multiple sites and conformational change of its cytosolic
domain (16, 17), and dissociation of BKI1, a negative regulator
of BR signaling, from the plasma membrane (18). These events
result in the activation of BRI1 and its association with another
receptor kinase, BAK1 (19), or other substrates (20), which
subsequently transduces the BR signal to downstream compo-
nents through a yet unknown mechanism. Two downstream
components, a GSK3-like protein kinase, BIN2 (21, 22), and a
protein phosphatase, BSU1 (23), control the phosphorylation
states of a family of plant-specific transcription factors, including
BES1 (24) and BZR1 (25). Phosphorylated BES1 and BZR1 are
less stable (24, 26), more cytoplasmically retained by 14-3-3
proteins (27), and weaker at DNA binding (28) than dephos-
phorylated forms. Thus, the phosphorylation status of BES1
and/or BZR1 has been used as a direct biochemical marker for
BR signaling outputs (18). BZR1 and BES1 can bind directly to
the promoter regions of the BR biosynthetic genes, CPD and
DWF4, and inhibit their expression, forming a negative feedback
loop (25, 29). Therefore, the transcript levels of CPD and DWF4
are excellent molecular markers, and have been widely used for
determining the strength of BR signaling outputs (18).

The ABA signaling pathway appears to be more complicated
than that of BRs, but several key components have been identified
and studied. A number of PP2C family serine/threonine phophata-
ses, including ABI1, ABI2, HGA1, and HAB1, apparently have
essential roles in ABA signaling, and their gain-of-function muta-
tions show significant ABA insensitive phenotypes in seed germi-
nation (30–33). Recently, some putative ABA receptors (34, 35),
some protein kinase (36), and several transcription factors (37–39)
involved in the ABA signaling pathway have been reported, but
their targets are unknown, and their position in the ABA signaling
pathway remains to be determined.

In this study, we used genetic and biochemical approaches, and
systematically analyzed BR and ABA signaling mutants to
investigate whether and how ABA regulates BR signaling out-
puts. The results demonstrate that ABA can rapidly inhibit BR
signaling, as indicated by the enhanced phosphorylation of BES1
and regulation of BR-responsive gene expression. Using BR
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signaling mutants, we found that the effect of ABA on BR
signaling does not depend on BR perception, but it relies on
BIN2, a more downstream component of BR signaling. Using
ABA signaling mutants, we found that the regulatory effect of
ABA on BR signaling largely depends on ABI2 and slightly
on ABI1. These findings confirm that ABA signaling acts
downstream of the BR receptor complex, but upstream of BES1
to regulate the signaling outputs of BRs.

Results
Newly Identified BR-Related Mutants and Overexpression Lines Con-
firm that BRs Have an Important Role in Antagonizing the Inhibitory
Effect of ABA on Seed Germination. Previous studies imply that
BR-deficient and BR-perceptional mutants are more sensitive to
ABA during seed germination (10). With more BR-related
mutants and some overexpression lines identified or created
recently, we were interested in testing the responses of these
genetic materials to ABA during seed germination. These
genetic materials include the BR-deficient mutant, det2-1, a
weak bri1 allele, bri1-301 (40), BKI1-YFP-OX (18), and BRI1-
GFP-OX (Table S1). As shown in Fig. 1A, seed germination was
significantly inhibited by 500 nM ABA in BR-deficient or
signaling mutants (det2-1, 11.01%; bri1-301, 40.46%; and BKI1-
YFP-OX, 33.5%), whereas the germination rate of Col-0 was just
reduced to 50%. In contrast, overexpression of BRI1 (BRI1-
GFP-OX) significantly enhanced resistance to ABA, resulting in
a seed germination rate of �67% in 500 nM ABA (Fig. 1 A).
Similarly, BRI1-GFP-OX grew better than the others in 750 nM
ABA, but the growth of det2-1 was already largely retarded by
250 nM ABA (Fig. 1B).

Because mutants with altered ABA sensitivity usually have
different germination rates under NaCl treatment, we also
checked whether these BR-related mutants have different re-

sponses to NaCl. As shown in Fig. 1D, NaCl significantly
inhibited the germination of BR-deficient or BR signaling-
defective mutants (det2-1, 24.21%; bri1-301, 29.16%; and BKI1-
YFP-OX, 39.22%; Col-0, 54.2%). In contrast, BRI1-GFP-OX was
more resistant to NaCl, with a germination rate of �86.7% in 150
mM NaCl (Fig. 1D). Also, the inhibitory effect of NaCl on
seedling growth of these mutants was similar to the effect of
ABA (Fig. 1E).

To further assess how BR and ABA interact to influence seed
germination, we examined whether the inhibitory effect of ABA
on seed germination can be reversed by applying brassinolide
(BL), the most active form of BRs. With 500 nM ABA in the
medium, we found that seed germination and growth of Col-0
and det2-1 was rescued by BL in a dosage-dependent manner
(Fig. 1 G and H). In contrast, seed germination of bri1-301 was
almost unchanged by applied BL (Fig. 1G), indicating that
stronger BR signaling could overcome the inhibitory effect of
ABA on seed germination, and they may regulate common
components with opposite direction to control seed germination.

ABA Inhibits the BR Signaling Outputs. To explore whether ABA is
directly involved in the BR signaling pathway, we used BR-
regulated genes as molecular markers and the phosphorylation
status of BES1 as a biochemical marker to evaluate BR signaling
outputs after ABA treatment. First, we measured the transcript
levels of 2 BR down-regulated genes, DWF4 and CPD, via
real-time qRT-PCR in wild-type Col-0. As shown in Fig. 2A,
treatment of 1 �M ABA for 30 min enhanced the expression of
DWF4 and CPD, suggesting that BR signaling was rapidly
inhibited by ABA. Then, we checked the phosphorylation status
of a biochemical marker, BES1, by immunoblot analysis in
wild-type Col-0. With the treatment of 1 �M ABA, the amount
of dephosphorylated BES1 was rapidly reduced (Fig. 2B). Be-

Fig. 1. The antagonizing effect of BR and ABA on seed germination. (A) Germination rates of BR-related mutants under ABA condition. (B) Nine-day old
seedlings on 1/2 MS medium containing 0, 250 and 750 nM ABA. (C) Arrangements for genotypes in B and E. (D) Germination rates of BR biosynthetic and signaling
mutants under NaCl condition. (E) Nine-day old seedlings on 1/2 MS medium containing 0, 75 and 175 mM NaCl. (F) Arrangements for genotypes in H. (G) The
inhibitory effect of ABA on seed germination can be rescued by applied BL. (H) Nine-day old seedlings on 1/2 MS medium containing 500 nM ABA with 0, 1, or
100 nM BL. Germination rates were recorded at 5 days after plates were transferred to growth room. The experiments were repeated 3 times, and data are the
average value (n � 50) for each independent experiment. The error bars represent SE.
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cause under normal growth conditions BES1 is mainly present in
the phosphorylated state, we pretreated seedlings with 1 �M BL
for 2 h to allow dephosphorylation of BES1. Then, we treated
seedlings with 1 �M ABA to determine whether ABA induces
the phosphorylation of BES1. We observed that BL greatly
stimulated the dephosphorylation of BES1 in Col-0, and the
subsequent treatment of ABA for 6 h slightly but significantly
induced the phosphorylation of BES1. A longer (18 h) treatment
with ABA further enhanced the phosphorylation of BES1, and
the dephosphorylated BES1 was almost undetectable (Fig. 2D).

Similar results were also observed in seedlings of Ler (Fig. 2 A,
C, and D).

Waterlogging can induce ABA production in plants (41). In
our experiments, including the mock treatments, seedlings were
submerged in aqueous solution, which might result in an increase
of ABA content in the wild-type background. This procedure
may have masked the effect of applied ABA on BR signaling
outputs. Therefore, we checked whether water alone can affect
BR signaling outputs. We found that aqueous solution treatment
without ABA also induced the expression of DWF4 and CPD
(Fig. 2E), and stimulated the phosphorylation of BES1 in
wild-type Col-0 (Fig. 2F). Thus, to avoid the effect of an
increased endogenous ABA level induced by aqueous solution,
we performed the ABA treatment using seedlings of the ABA-
deficient mutants, aba1 (42) and/or aba2-1 (43). As predicted,
the expression levels of both DWF4 and CPD were almost
unchanged after water treatment in the aba1 mutant (Fig. 2G),
but treatment with 1 �M ABA led to a greater increase in the
expression levels of DWF4 and CPD in aba1 than that in wild type
(Fig. 2 A and G). Also, ABA treatment caused a significant
decrease in the accumulation of dephosphorylated BES1in the
aba1 mutant (Fig. 2H). We further tested the phosphorylation
status of BES1 in aba1 and aba2-1, and found that pretreatment
with 1 �M BL for 2 h, and after treatment with ABA for 18 h,
significantly induced the phosphorylation of BES1, and the
dephosphorylated BES1 was almost undetectable. In contrast, a
significant amount of dephosphorylated BES1 was still present
after treatment with aqueous solution for an additional 18 h (Fig.
2I). Given that aba1 and aba2-1 have different genetic back-
grounds (Table S1), we did not find an obvious difference in
response to ABA between the 2 ecotypes, Col-0 and Ler (Fig.
2F). In deed, because ABA promoted rather than inhibited the
expression of BR biosynthetic genes, the inhibitory effect of
ABA on BR signaling is unlikely through changing the level of
endogenous BR. Together, these results strongly suggest that
ABA can rapidly and directly inhibit the BR signaling.

Effect of ABA on BR Signaling Does Not Depend on the Perception of
BR. To investigate whether the effect of ABA on BR signaling is
through the BR receptor complex, we first examined whether
ABA regulates the expression of the BR marker genes DWF4
and CPD in the bri1-116 mutant, which is a null allele of bri1 and
contains a stop codon in the extracellular domain (12). As shown
in Fig. 3A, treatment with 1 �M ABA led to a significant increase
of the expression of CPD and DWF4 in bri1-116, which is similar
to that in wild type (Fig. 2 A), indicating that the regulation of
ABA on BR signaling may not rely on BRI1, and the cross-talk
between BR and ABA signaling is likely to occur downstream of
BRI1. Because BKI1 is an early BR signaling component, and its
plasma membrane dissociation is induced by BR (18), we tested
whether ABA treatment alters the subcellular localization of
BKI1-YFP in BKI1-YFP-OX and BKI1-YFP-OX/bri1-116. As
shown in Fig. 3 B and D, 15 or 30 min treatment with ABA did
not change the subcellular localization of BKI1-YFP in both the
wild-type and bri1-116 background. To further test whether the
inhibitory effect of ABA on BR signaling is through the en-
hanced plasma membrane association of BKI1-YFP, we pre-
treated seedlings of BKI1-YFP-OX with 1 �M BL for 10 min to
abolish the plasma membrane association of BKI1-YFP. Subse-
quent treatment with ABA did not enhance the plasma mem-
brane association of BKI1-YFP (Fig. 3C). These results imply
that the primary role of ABA in BR signaling does not depend
on BRI1 and BKI1, and it is not through the change in
endogenous levels of BRs.

Effect of ABA on BR Signaling Is Through BIN2. To understand at
which point ABA becomes involved in the BR signaling cascade,
we examined whether the downstream BR signaling component,

Fig. 2. ABA inhibits the BR signaling outputs. (A) ABA promotes the BR-
suppressed gene expression. Seedlings of Col-0 and Ler were treated with 1
�M ABA. (B) ABA induces the phosphorylation of BES1 in wild-type Col-0.
Seedlings were treated with 1 �M ABA. (C) ABA induces the phosphorylation
of BES1 in wild-type Ler. Seedlings were treated with 1 �M ABA. (D) ABA
induces the phosphorylation of BES1 in BR-treated seedlings. Seedlings of
Col-0 and Ler were pretreated with 1 �M BL for 2 h; then, with 1 �M ABA for
another 6 h and 18 h. (E) Aqueous solution treatment promotes the expression
of BR-suppressed genes in wild-type Col-0 and Ler. (F) Aqueous solution
treatment induces the phosphorylation of BES1 in wild-type Col-0 and Ler.
Seedlings were pretreated with 1 �M BL for 2 h; then, with 1 �M ABA or
aqueous solution (W) as control for 18 h. (G) ABA significantly alters the
expression of BR-regulated genes, but aqueous solution does not in the
ABA-deficient mutant aba1. (H) ABA induces the phosphorylation of BES1 in
aba1. Seedlings were treated with 1 �M ABA. (I) ABA significantly decreases
the accumulation of dephosphorylated BES1 in ABA-deficient mutants, aba1
and aba2-1. Seedlings were pretreated with 1 �M BL for 2 h; then, with 1 �M
ABA or water as control for 18 h. In B, C, D, F, H, and I, immunoblot with
anti-BES1 shows levels of phosphorylated BES1 (p-BES1) and dephosphory-
lated BES1 (BES1); Ponceau-S stained Rubisco large subunit serves as a loading
control. Nine-day old seedlings were used.
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BIN2, a negative regulator of BR signaling, is required for their
cross-talk. Because BIN2 has several homologues, we used a
specific GSK3 kinase inhibitor, lithium chloride (LiCl), to block
the activity of BIN2 kinase (44). First, we treated the seedlings
of aba1 with 10 mM LiCl, 10 mM KCl, and 10 mM LiCl plus 1
�M ABA or 10 mM KCl plus 1 �M ABA, and measured the
transcript levels of DWF4 and CPD. As shown in Fig. 4A, both
treatments of LiCl and LiCl plus ABA down-regulated the
expression of DWF4 and CPD, whereas the mock treatment of
KCl plus ABA promoted the expression of DWF4 and CPD,
indicating that, once the BIN2 activity was inhibited by LiCl,
ABA failed to induce the expression of DWF4 and CPD. Then,
we treated seedlings of aba1 with the above 4 types of solutions,
or pretreated the seedlings of aba1 with 1 �M BL to allow a
complete dephosphorylation of BES1 following treatment of the
above 4 types of solutions to test the phosphorylation status of
BES1. As shown in Fig. 4B, when BIN2 kinase activity was
inhibited by LiCl, ABA failed to induce the phosphorylation of
BES1, whereas in the mock treatment with KCl, ABA still
stimulated the phosphorylation of BES1 both in BL-treated and
BL-untreated seedlings. These results indicate that ABA most
likely inhibits BR signaling by regulating BIN2 or unknown
components upstream of BIN2.

Effect of ABA on BR Signaling Depends on ABA Early Signaling. To
further determine how ABA alters BR signaling outputs, we
tested the transcript level of DWF4 and CPD and the phosphor-
ylation status of BES1 in response to ABA in the likely early
signaling mutants abi1 and abi2 (33). Compared with wild-type
and aba1 (Fig. 2 A and G), the expression levels of both DWF4
and CPD were slightly changed after treatment with 1 �M ABA
in the abi1 and abi2 mutants (Fig. 5A). Also, as shown in Fig. 5B,
treatment with 1 �M ABA for the seedlings pretreated with 1
�M BL led to different levels of BES1 phosphorylation between
abi1 and abi2. Interestingly, a significant amount of dephospho-
rylated BES1 was present in abi1 and abi2, with the abi2 mutant
having a larger amount of dephosphorylated BES1 after ABA

treatment, which is different from the wild-type (Fig. 2F), aba1,
and aba2-1 (Fig. 2I). This result suggests that the inhibitory role
of ABA on BR signaling depends largely on ABI2 and slightly
on ABI1.

Fig. 3. The effect of ABA on BR signaling outputs does not depend on the
BR receptor complex. (A) The effect of ABA on the expression of BR-responsive
genes in bri1-116; bri1-116 is a null allele of bri1 and contains a stop codon in
the extracellular domain. Were treated 20-day old seedlings with 1 �M ABA.
(B) The subcellular localization of BKI1-YFP after ABA treatment. Were treated
4-day old seedlings of BKI1-YFP-OX with 1 �M ABA for 15 min or 30 min. (C)
ABA does not alter the subcellular localization of BKI1-YFP after BL treatment.
Were pretreated 4-day old Seedlings of BKI1-YFP-OX with 1 �M BL for 10 min;
then, they were treated with 1 �M ABA for 15 min or 30 min. (D) ABA does not
alter the subcellular localization of BKI1-YFP in bri1-116 background. Were
treated 4-day old seedlings of BKI1-YFP-OX/bri1-116 with 1 �M ABA for 15 or
30 min.

Fig. 4. LiCl suppresses ABA-inhibited BR signaling outputs. (A) LiCl sup-
presses ABA-promoted expression of BR down-regulated genes. Were treated
9-day old seedlings of aba1 with the following solutions, respectively: 10 mM
LiCl, 10 mM KCl, 10 mM LiCl plus 1 �M ABA, and 10 mM KCl plus 1 �M ABA.
(B) LiCl suppresses ABA-stimulated phosphorylation of BES1. With solutions
used in A, 9-day old seedlings of aba1 were treated for 20 h, or were
pretreated with 1 �M BL for 2 h and then treated with solutions used in A for
additional 18 h. Immunoblot with anti-BES1 shows levels of p-BES1 and BES1.
Ponceau-S stained Rubisco large subunit serves as a loading control.

Fig. 5. The role of ABA on BR signaling is through ABI2 and ABI1. (A) The
slight effect of ABA on the expression of BR-responsive genes in ABA signaling
mutants. Nine-day old seedlings of ABA signaling mutants (abi1 and abi2)
were treated with 1 �M ABA. (B) The alteration of the effect of ABA on
phosphorylation status of BES1 in ABA signaling mutants. Nine-day old seed-
lings of ABA signaling mutants abi1 and abi2 were pretreated with 1 �M BL
for 2 h; then, with 1 �M ABA for 18 h. Seedlings pretreated with BL for 2 h as
‘‘�,’’ and pretreated with BL for 2 h then pretreated with ABA for 18 h as ‘‘�.’’
Immunoblot with anti-BES1 shows the levels of p-BES1 and BES. Ponceau-S
stained Rubisco large subunit serves as a loading control.
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Discussion
This study provides several lines of strong evidence demonstrat-
ing that ABA inhibits the primary signaling outputs of BR. First,
in both wild-type and ABA-deficient mutants, ABA can rapidly
induce the expression of the BR-suppressed genes, DWF4 and
CPD, and enhance the phosphorylation of BES1. In ABA-
deficient mutants, the effect of ABA on BR signaling outputs is
more significant. Second, the regulatory role of ABA on BR
signaling outputs does not depend on the BR receptor complex,
indicating that the effect of ABA is not through an alteration of
the BR level. Third, the inhibitory effect of ABA on BR signaling
is blocked in the ABA signaling mutants, abi1 and abi2. This
finding further suggests that its role in BR signaling is likely
through the primary signaling cascade, rather than a secondary
effect through the early responsive genes of ABA.

Our studies also narrow down where the ABA and BR
signaling cascades cross-talk. On the side of BR signaling, ABA
apparently acts downstream of BR receptor complex, because
the bri1 mutant, which lacks the BR receptor, displayed a similar
response to ABA as wild-type. Also, the ABA signal affects BR
signaling likely by regulating BIN2 or components upstream of
BIN2, as indicated by the observation that, once the activity of
BIN2 is inhibited by LiCl, the response of marker genes of DWF4
and CPD, and the biochemical maker BES1 to ABA, was also
abolished. On the side of ABA signaling, abi1 and abi2 mutants
showed different responses to ABA in BR signaling from
wild-type and ABA deficient mutants, indicating that ABA
directly affects BR signaling outputs through ABI2 and ABI1.
However, using a yeast 2-hybrid assay, we did not find a
physical interaction of ABI2 with any known components of
BR signaling, including BRI1, BAK1, TTL, BKI1, BIN2, and
BES1 (Fig. S1). Because the components between BRI1 and
BIN2 in the BR signaling pathway, and the components
directly downstream of ABI1 and ABI2 in the ABA signaling
pathway, remain to be identified, these unknown components
could participate in their direct interaction. A more significant
phenotype exhibited in abi2 than in abi1 suggests that ABI1 and
ABI2 may have different roles in the cross-talk between ABA
and BR signaling, which is consistent with previous studies that
suggested ABI1 and ABI2 having distinct physiological functions
(45, 46).

The cross-talk between BR and ABA responses suggests that
transcription factors (such as BES1 and BZR1) regulated by BRs
could also serve as major modulators to integrate multiple cues.
Consistent with the previous studies (10), seed germination
experiments suggest that the signaling pathways of BRs and
ABA may work oppositely to regulate seed germination. Mi-
croarray data have shown that a large portion of BR-responsive
genes are also regulated by ABA (3, 4), suggesting that ABA is
significantly involved in the BR signaling pathway. Previous
studies also show that central repressors, such as DELLAs,
could act to modulate diverse hormone effects (47, 48),
integrate responses to adverse conditions, and regulate plant
growth. Therefore, it is likely that ABA could be significantly
involved in many hormone signaling pathways. Many stress
signals promote the production of ABA, so stress signals could
use ABA to cross-talk with BR signaling and regulate the activity
of BES1 or its homologues to coordinately control biological
processes.

These findings and previous information suggest a model to
explain the interaction between BR and ABA signaling pathways
(Fig. 6). ABA regulates BR signaling via the PP2C family,
including ABI1 and ABI2. This involvement is downstream of
BR perceptional complex (at least independent of BRI1 and
BKI1), but through BIN2 or unknown upstream components of
BIN2. Also, the inhibitory role of ABA on BR signaling is
primarily through ABI2 and partially through ABI1. This study

provides insight into the mechanism of the interaction between
ABA and BR, and defines a specific region where the 2 signals
may interact. A recent study demonstrates that ARF2, a tran-
scription factor that responds to auxin, can be regulated by BIN2,
a negative regulator of BR signaling (7). Our study found that
ABA signaling is involved in the primary signaling of BRs
through regulating BIN2 or its upstream components. When
more components in the BR and ABA signaling pathways are
discovered, the specific components linking the 2 pathways will
surely be identified.

Materials and Methods
Plant Materials and Growth Condition. Arabidopsis ecotypes Columbia (Col-0)
and Landsberg erecta (Ler), the BR-related and ABA-related mutants and
transgenic lines, were listed in Table S1. Phenotypic analyses were conducted
on culture plates with 1/2 MS medium (Sigma–Aldrich) and 0.8% phytagel
(Sigma–Aldrich). Plants were grown at 22 °C under long-day condition (300 �E
m-2 s-1, with 16-hr light/8-hr dark cycles) in growth room.

Germination Experiments. Seeds were imbibed for 4 days at 4 °C, and then
moved to a growth room. Germination rate was determined after 5 days with
emerging cotyledons. Stock solutions of ABA (Sigma–Aldrich) were in ethanol;
BL (Wako) was dissolved in DMSO, and added to autoclaved media after
cooling to �55 °C.

Gene Expression Analysis by Real-Time qRT-PCR. Seedlings were first sub-
merged in aqueous solution for 30 min. Then, they were treated with solutions
as indicated in the main text. Total RNA was extracted by using a Tiangen
RNAprep plant kit (Tiangen), and the first strand cDNA was synthesized by
using Takara PrimeScript First-Strand cDNA Synthesis kit (Takara); cDNAs were
combined with SYBR master mix for PCR (Invitrogen). Primers for each gene
are shown as follows: CPD (At5g05690): 5�- TTACCGCAAAGCCATCCAA-3� and
5�- TCATCACCACCACCGTCAAC-3�; and DWF4 (At3g50660): 5�- GTTGGCCATT-
TCTTGGTGAAA-3� and 5�-TGGCGGTGTACGGTTTAAGAT-3�. A U-box gene
(At5g15400) was used to normalize the data (5�-TGCGCTGCCAGATAATACAC-
TATT-3� and 5�- TGCTGCCCAACATCAGGTT-3�). Real-time PCRs were per-
formed in triplicate with a Bio-Rad iCycler. Data were collected and analyzed
with Bio-Rad MyiQ Single-Color Real-Time PCR Detection System.

Protein Extraction from Plants for Immunoblot Analysis. Seedlings were first
submerged in aqueous solution for 30 min. Then, they were treated with
solutions as indicated in the main text. Plant tissue was ground to a fine
powder in liquid nitrogen. Total protein was extracted with 2� extraction
buffer (100 mM Tris�HCl, pH 7.5/100 mM NaCl/5 mM Na-EDTA/1 mM PMSF/5

Fig. 6. A proposed model for the effect of ABA on BR signaling outputs. For
BR signaling pathway, BR binding to BRI1 activates BRI1 complex via releasing
plasma membrane association of BKI1, association with BAK1, and phosphor-
ylation of BSKs. Activated BRI1 complex likely inhibits BIN2 kinase through yet
an unknown mechanism, leading to the dephosphorylation of BES1, which
actively regulates BR-responsive gene expression. ABA could regulates un-
known components downstream of BRI1, but upstream of BIN2 in the BR
signaling, which then lead to the activation of BIN2 through an undiscovered
mechanism. Gain-of-function mutation of ABI1 and ABI2 in the ABA early
signaling can inhibit the effect of ABA on BR signaling.
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mM DTT/10 mM 2-mercaptoethanol), separated on a 12.5% SDS/PAGE gel, and
transferred to a nitrocellulose membrane (Amersham Bioscisences). Poly-
clonal anti-BES1 antibody and goat anti-rabbit HRP-conjugated secondary
antibody (Pierce Biotechnology) were used to quantify BES1. Signals were
visualized by using the SuperSignal west pico chemiluminescent substrate
imaging system (Pierce Biotechnology).

Visualization of Protein Localization. The subcellular localization of BKI1-YFP
(18) was visualized and photographed by using a Carl Zeiss LSM 510 META
confocal microscope. Root tips of 4-day old seedlings were treated with 1 �M
ABA for 15 or 30 min, or pretreated with 1 �M BL for 10 min to allow a

complete dissociation of BKI1-YFP from the plasma membrane; then, treated
with 1 �M ABA for 15 or 30 min to photograph.
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