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Plant development is modulated by the convergence of multiple
environmental and endogenous signals, and the mechanisms that
allow the integration of different signaling pathways is currently
being unveiled. A paradigmatic case is the concurrence of brassinos-
teroid (BR) and gibberellin (GA) signaling in the control of cell expan-
sion during photomorphogenesis, which is supported by phys-
iological observations in several plants but for which no molecular
mechanism has been proposed. In this work, we show that the in-
tegration of these two signaling pathways occurs through the phys-
ical interaction between the DELLA protein GAI, which is a major
negative regulator of the GA pathway, and BRASSINAZOLE RESIS-
TANT1 (BZR1), a transcription factor that broadly regulates gene
expression in response to BRs. We provide biochemical evidence,
both in vitro and in vivo, indicating that GAI inactivates the transcrip-
tional regulatory activity of BZR1 upon their interaction by inhibiting
the ability of BZR1 to bind to target promoters. The physiological
relevance of this interaction was confirmed by the observation that
the dominant gai-1 allele interferes with BR-regulated gene expres-
sion, whereas the bzr1-1D allele displays enhanced resistance to
DELLA accumulation during hypocotyl elongation. Because DELLA
proteins mediate the response to multiple environmental signals,
our results provide an initialmolecular framework for the integration
with BRs of additional pathways that control plant development.

cross-regulation | growth

The growth and development of plants is governed by an
interconnected web of signaling pathways whose architecture

has been shaped during evolution, most likely by constraints im-
posed by their sessile life habit. The connectivity of the pathways
is particularly relevant during hormone signaling (1), which
affects almost every aspect of a plant’s life, very often in response
to the environment (2). According to the theory of modular bi-
ology (3), each hormone-signaling pathway might be considered
in principle as an insulated module, because of the extremely high
specificity provided by the chemical properties of the hormone.
However, current evidence indicates that the degree of in-
teraction between the different pathways is high and that a given
hormone frequently modulates the output triggered by the rest
(1). The molecular mechanisms that underlie the interactions are
beginning to be unveiled and include the regulation of the ho-
meostasis of another hormone and/or the shared participation of
certain signaling elements in more than one pathway (1, 4, 5). For
example, the negative regulators of the gibberellin (GA) pathway,
the DELLA proteins (6), restrain root growth by promoting
jasmonate (JA) signaling through inhibition of the JA ZIM-
DOMAIN (JAZ) proteins (7) that negatively regulate the JA
pathway (8). Conversely, GA metabolism is regulated by auxin,
having an impact on hypocotyl elongation and gene expression
(9). Moreover, brassinosteroids (BRs) regulate auxin responses.
For instance, the negative regulator BRASSINOSTEROID
INSENSITIVE2 inactivates the transcription factor AUXIN
RESPONSE FACTOR2 that regulates gene expression in

response to auxin (10) and thus provides one of the possible
molecular mechanisms explaining the synergistic effect that both
hormones exert on the expression of many genes (11).
GAs and BRs regulate common physiological responses, e.g.,

as illustrated by the dwarf phenotype of the GA- and BR-de-
ficient mutants (6, 12). Moreover, both hormones act synergisti-
cally to promote hypocotyl elongation of light-grown Arabidopsis
seedlings (13), a behavior that, as with BRs and auxin, might be
interpreted as an indication of interaction between the two
pathways. Similarly, BRs mediate the GA action promoting the
skotomorphogenic developmental program in etiolated seedlings
(14), suggesting that the two pathways do not always act in par-
allel. Thus, we hypothesize that the mechanistic link between BRs
and GAs involves the molecular interaction between known sig-
naling elements of both pathways.

Results and Discussion
Physiological Responses to GAs Are Largely Dependent on BRs in
Etiolated Seedlings. The analysis of photomorphogenic markers
such as hypocotyl elongation and the expression of CAB2 and
RbcS genes suggested that BRs act downstream of GAs in
etiolated Arabidopsis seedlings (14), a notion that is consistent
with the inability of GAs to restore the growth phenotypes of
BR-deficient mutants (Fig. 1A) (15, 16). To investigate the
extent of this interaction, we examined by microarray analysis
the response to GAs and BRs in BR- and GA-deficient back-
grounds, respectively. For that purpose, we interrogated the
transcriptome of seedlings treated with 1 μM of the GA bio-
synthesis inhibitor paclobutrazol (PAC) supplemented or not
with 1 μM epibrassinolide (EBR) and of seedlings of the BR-
deficient det2-1 mutant (17) grown in the presence or absence
of 50 μM GA3. As shown in Fig. 1B and in Dataset S1, EBR
treatment caused a partial or complete reversion of the ex-
pression of 40% of genes (Z score ≥ 1.65; P < 0.05) (18). This
reversion was confirmed for a number of selected genes in the
GA-deficient mutant ga1-3 (19) (Fig. S1). The impact of the
GA treatment on the det2-1 transcriptional profile was smaller,
because it reversed the expression of 16% of the genes (Z score ≥
1.65; P < 0.05) (Fig. 1B and Dataset S1). Importantly, the dif-
ference in the effectiveness of the EBR and GA treatments was
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reflected not only in the total number of differential genes but
also in the greater magnitude of the induced changes with EBR
treatment (Fig. 1B and Dataset S1). Thus, the high proportion of
genes affected similarly in darkness by both GAs and BRs (Fig.
1C) indicates a large overlap in the target sets for the two hor-
mones. However, there is a hierarchy by which GAs require an
active BR-signaling pathway to exert their regulation, suggesting
that an underlying mechanism involves cross-regulation between
signaling elements that globally regulate gene expression in re-
sponse to these hormones.
The current model for gene regulation by GAs during photo-

morphogenesis indicates that the regulation occurs, at least in
part, through the negative effect that DELLA proteins exert on
the basic helix-loop-helix transcription factors of the PHYTO-
CHROME INTERACTING FACTORs (PIFs) clade (20). In-
deed, 28% of PAC-regulated genes also were misregulated in
dark-grown quadruple pif mutant seedlings (pifQ) (21, 22) (Fig.

1D and Dataset S1), suggesting that the mechanism based on the
DELLA–PIF interaction likely was responsible for this regula-
tion. Remarkably, among the 462 genes that were rescued by EBR
treatment in the GA-deficient background, 68% were not mis-
regulated in the pifQ mutant (Fig. 1D and Dataset S1). This
finding suggests that DELLA proteins also regulate BR-de-
pendent gene expression through a PIF-independent mechanism.
One possible model explaining the cross-regulation between

GA and BR signaling involves the modulation of DELLA pro-
teins by BRs. DELLA proteins are destabilized in response to
GAs (23). Thus, we reasoned that BRs might have a negative
impact on DELLA stability. To test this idea, we examined by
Western blot whether the accumulation of DELLA proteins was
affected by BRs. Importantly, levels of the endogenous GAI and
RGA proteins were not affected by BR deficiency in the det2
mutant (Fig. S2A). Similarly, neither endogenous GAI and RGA
nor transgenic TAP-GAI and GFP-RGA were affected by
treatment with 1 μM EBR (Fig. S2 B–D). The same result was
observed when we applied EBR to dark-grown RGA::GFP-(rga-
Δ17) seedlings that express a dominant, GA-resistant version of
RGA (24) (Fig. S2E). These results rule out the possibility that
BRs act upstream of DELLA proteins and are supported further
by the observation that treatment with 1 μM EBR restored the
repression of CAB2 expression in dark-grown 35S::gai-1 seed-
lings (Fig. S3) (14, 25).
In a reciprocal model, GAs would modulate the activity of BR-

signaling elements. The regulation of gene expression in re-
sponse to BRs relies on a small family of transcription factors
that includes BRASSINAZOLE RESISTANT1 (BZR1) and
BRI1 EMS SUPPRESSOR1 (BES1) (12). Their activity is reg-
ulated negatively by phosphorylation dependent on GSK3-type
kinases, whereas BRs promote their dephosphorylation (26, 27).
We used dark-grown BZR1::BZR1-CFP (28) and 35S::BES1-
GFP (26) seedlings to investigate whether the phosphorylation
status of these proteins was affected by GAs. As shown in Fig. S4
A and B, altering GA levels either by a 2-h treatment with 100
μM GA3 or by continuous growth on 0.5 μM PAC did not sig-
nificantly affect the ability of BRs to modulate the phosphory-
lation of these two transcription factors.
Taken together, these results suggest that the mechanism for

cross-regulation between GAs and BRs could be constituted by
DELLA proteins and the BR-dependent transcription factors.
This notion is consistent with a model in which DELLA proteins
regulate gene expression in etiolated seedlings by inactivating
nuclear dephosphorylated BZR1 and BES1 (29, 30), similar to
the inactivation that DELLA exert on the PIFs (20) and JAZs
(7) upon physical interaction.

DELLA Proteins GAI and RGA Interact Physically with BZR1. To
challenge the model, we first investigated whether GAI inter-
acted physically with BZR1 in a yeast two-hybrid (Y2H) assay
(Fig. 2A and Fig. S5A). As bait, we used a truncated version of
GAI, M5, that showed reduced autoactivation, as occurs with
similar versions of RGA (7, 31). As shown in Fig. 2A, M5 was
able to interact strongly with the full-length BZR1. To get clues
about the possible molecular outcome of this interaction, we
mapped the interacting domains for GAI and BZR1. Deletion of
the first leucine heptad repeat (LHR1) (32) was sufficient to
prevent interaction of del1 with BZR1, whereas N-ter, which
included the entire N-terminal DELLA domain and the LHR1,
was able to interact with it (Fig. 2A). These results suggest that
the LHR1 is important for the interaction with BZR1, as occurs
in the interactions of RGA with PIF4 (31) and with JAZ1 (7).
Nonetheless, the LHR1 alone is not sufficient, because small
fragments of GAI containing only the LHR1 or the LHR1 and
the VHIID motif did not interact (Fig. 2A). A more complex
scenario was found when we tested M5 with truncations of
BZR1. Two overlapping versions were able to interact: Z3-R,

Fig. 1. BRs mediate GA responses in etiolated seedlings. (A) Treatment with
1 μM EBR partially restored hypocotyl elongation of 6-d-old, dark-grownwild-
type Col-0 seedlings treated with 1 μM PAC, whereas treatment with 50 μM
GA3 did not reverse the growth defects of det2-1mutants. (Scale bar: 0.5 cm.)
(B) Heatmap representing the effect of EBR andGA treatments on global gene
expression in GA- and BR-deficient backgrounds, respectively. Shown are the Z
scores that correspond to PAC- versus mock-treated wild-type seedlings (PAC);
wild-type seedlings treated with PAC and EBR versus PAC-treated seedlings
(PAC+EBR); det2-1 mutant versus the wild type (det2); and GA3- versus mock-
treated det2-1mutants (det2+GA). (C) Venn diagram showing overlap among
genes differentially regulated in GA- and in BR-deficient seedlings grown in
darkness. (D) Venndiagram showingoverlap amonggeneswhose expression is
restored by EBR in a GA-deficient background and genes misregulated in the
pifQ mutant [data taken from Leivar et al. (21)].

Gallego-Bartolomé et al. PNAS | August 14, 2012 | vol. 109 | no. 33 | 13447

PL
A
N
T
BI
O
LO

G
Y

D
ow

nl
oa

de
d 

by
 g

ue
st

 o
n 

N
ov

em
be

r 
22

, 2
02

0 

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1119992109/-/DCSupplemental/sd01.xls
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1119992109/-/DCSupplemental/sd01.xls
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1119992109/-/DCSupplemental/sd01.xls
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1119992109/-/DCSupplemental/pnas.201119992SI.pdf?targetid=nameddest=SF2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1119992109/-/DCSupplemental/pnas.201119992SI.pdf?targetid=nameddest=SF2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1119992109/-/DCSupplemental/pnas.201119992SI.pdf?targetid=nameddest=SF2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1119992109/-/DCSupplemental/pnas.201119992SI.pdf?targetid=nameddest=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1119992109/-/DCSupplemental/pnas.201119992SI.pdf?targetid=nameddest=SF4
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1119992109/-/DCSupplemental/pnas.201119992SI.pdf?targetid=nameddest=SF4
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1119992109/-/DCSupplemental/pnas.201119992SI.pdf?targetid=nameddest=SF5


which interacted as strongly as the full-length, and Z1, which
showed a weaker interaction (Fig. 2B). This result suggests that
the fragment adjacent to the DNA-binding domain (DBD;
amino acids 21–104, included in Z3-R) (33), extending from the
beginning of Z1 to the beginning of Z3, is sufficient for the in-
teraction and likely cooperates with the DBD to enhance the
ability of BZR1 to interact with GAI. To determine whether
BZR1 also interacts with other DELLA proteins, we performed
Y2H assays using clones expressing a full-length BZR1 and the
M5 equivalent version of RGA (Fig. S5B). These assays dem-
onstrate that the ability of BZR1 to interact with DELLA pro-
teins is not restricted to GAI.
The interaction between GAI and BZR1 also was confirmed

in planta, as shown by bimolecular fluorescence complementa-
tion (BiFC) assays in Nicotiana benthamiana leaves (Fig. 2C).
Nuclear fluorescence caused by the reconstruction of YFP was
observed in nuclei of epidermal cells of leaves that coexpressed
YFC-BZR1 and YFN-GAI, whereas fluorescence in nuclei of
control leaves that coexpressed either YFC-BZR1 and YFN or
YFC and YFN-GAI was below detection limits (Fig. S6).
Moreover, we tested the physical interaction between the two
proteins by coimmunoprecipitation. For that purpose, we first
expressed HA-BZR1 and YFP-GAI transiently in leaves of N.
benthamiana. As shown in Fig. 2D, YFP-GAI coimmunopreci-
pitated when HA-BZR1 was pulled down from leaf extracts.
Similarly, the endogenous GAI was immunoprecipitated by anti-
GFP antibodies from extracts of BZR1::BZR1-CFP seedlings
grown in darkness in the presence of PAC and EBR, a situation
that favored the accumulation of both GAI and unphosphory-
lated, nuclear BZR1-CFP (Fig. 2E). As expected, the interaction
was not detected when seedlings were grown in the absence of
EBR; these seedlings clearly accumulated much less active
BZR1-CFP (Fig. 2E). These results further demonstrate that
these two proteins interact in vivo.

DELLA Interaction Prevents BZR1 Binding to Target Promoters. BZR1
acts as a transcriptional regulator, being an activator or repressor
depending on the target promoter (34). To examine the effect of
the interaction on BZR1 activity, we performed transcriptional
assays by transient expression in leaves of N. benthamiana. To do

so, we prepared a synthetic promoter consisting of five con-
catemerized copies of the BZR1-binding site from the CPD
gene (33), a minimal 35S promoter, and the viral translational
enhancer Ω controlling the expression of the reporter gene
LUCIFERASE (LUC) (see Materials and Methods for details).
Expression of HA-BZR1 caused a reduction in the LUC activity
that was not observed with the mutant version of the promoter
(Fig. 3A). This repressor activity also has been observed in the
context of another synthetic promoter (33), suggesting that it is an
intrinsic feature of BZR1 that may be modulated by coregulator
proteins when bound to natural promoters. Remarkably, the re-
pressor activity was largely reversed when YFP-GAI was coex-
pressed with HA-BZR1, whereas YFP-GAI alone did not affect
the LUC activity significantly. To rule out the possibility that GAI
was inactivating BZR1 corepressor proteins present in the N.
benthamiana cells rather than BZR1 itself, we performed the
same assays using a translational fusion of BZR1 to the strong
transcriptional activator VP16 (35). YFP-GAI also was able to
counteract fully the specific, strong activation of the reporter by
HA-VP16-BZR1 (Fig. 3A). On the other hand, coexpression of
del1, a version of GAI that failed to interact with BZR1 (Fig. 2A),
did not affect its transcriptional activity significantly (Fig. 3A).
Taken together, these results support the model that GAI inac-
tivates BZR1 by direct, physical interaction.
The Y2H results were compatible with the possibility that GAI

prevents the DNA-binding activity of BZR1, thereby providing
an explanation for the inhibitory effect of GAI on BZR1 tran-
scriptional activity (Fig. 3A), as occurs with PIFs (31, 36, 37). To
test this idea, we examined the DNA-binding ability of BZR1 in
the presence or absence of DELLA proteins. First, we used
in vitro tests, performing EMSAs. As shown in Fig. 3B, His-
BZR1 bound a probe containing the BZR1-binding site of the
CPD promoter, whereas binding was not detectable with the
mutated probe (33). Importantly, the binding decreased with
increasing amounts of His-GAI (Fig. 3B). These results provide
biochemical evidence of the inhibitory effect that the interaction
with GAI has on the DNA-binding ability of BZR1. To in-
vestigate if this inhibitory effect is significant in plants, we ex-
amined the ability of BZR1 to bind its natural target promoters
in vivo. To select targets in which DELLA-BZR1 interaction

Fig. 2. GAI interacts physically with BZR1. (A and B)
Y2H assays analyzing the interaction between de-
leted versions of GAI and the full-length BZR1 (A)
and between M5 and deleted versions of BZR1 (B).
Note that, given the strong autoactivation of N-ter,
this GAI derivative was cloned in the prey vector,
whereas others were cloned in the bait vector.
Drawings on the left illustrate the relevant motifs of
each protein and their truncated versions. Two serial
dilutions per yeast clone are shown. +H, control
medium containing His. −H +3AT, selective medium
lacking His and containing 20 mM 3-aminotriazol (3-
AT). (C) BiFC analysis in N. benthamiana leaves of
GAI and BZR1 fusions to N- and C-terminal frag-
ments of YFP, respectively. (Upper) YFP fluorescence.
(Lower) Bright-field image. (D) Coimmunoprecipita-
tion assay showing the interaction between GAI and
BZR1 in leaves of N. benthamiana. YFP-GAI and
HA-BZR1 were expressed either alone or together
in leaves of N. benthamiana. Nuclear proteins
were immunoprecipitated with paramagnetic beads
coated with anti-HA antibody and were detected by
immunoblotting with either anti-HA or anti-GFP (JL-8; Clontech) antibodies. (E) Coimmunoprecipitation assay showing the interaction between GAI and BZR1
in Arabidopsis seedlings. Soluble proteins from wild-type Col-0 and BZR1::BZR1-CFP (BZR1) seedlings grown in darkness for 4 d in MS plates containing 0.5 μM
PAC (P) or 0.5 μM PAC and 1 μM EBR (P+E) were used for immunoprecipitations (IP) with anti-GFP (α-GFP) paramagnetic beads. Proteins were immunoblotted
and detected consecutively with anti-GAI and anti-GFP (Ab290; Abcam) antibodies. Ten micrograms of soluble proteins were loaded as input. Soluble proteins
from the null mutants gai-t6 and rga-24 grown in the dark for 4 d in 0.5 μM PAC plates were used as controls. The asterisk indicates a cross-reacting, nonspecific
band that served as a loading control; the arrowheads in the lower blots indicate BZR1-CFP.
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could be relevant, we searched for genes whose expression was
regulated directly by GAI in etiolated seedlings (38) that had
differential expression in a bzr1-1D–mutant background (34) and
whose promoters were bound by BZR1 in vivo (Fig. 3C) (34).
Interestingly, 15 of the 20 genes matching all criteria displayed
opposite regulation by GAI and BZR1. As shown in Fig. 3D, the
binding of BZR1-CFP to the promoter region of five of these
genes was reduced in dark-grown BZR1::BZR1-CFP seedlings
treated with PAC, as compared with seedlings treated simulta-
neously with PAC and GA3, although neither the amount nor the
phosphorylation status of BZR1-CFP was affected by treatments
(Fig. S4C). These results strongly suggest that GAI exerts
a negative effect on the DNA-binding activity of BZR1 in vivo by
sequestering the protein into an inactive complex, a situation
that parallels the mechanism by which DELLA proteins in-
activate PIFs (31, 36, 37).

BZR1 Mediates Cellular Responses to GAs. If the negative interaction
of GAI with BZR1 is physiologically relevant, this regulation
would have to meet at least two conditions: (i) DELLA-de-
pendent differential binding of BZR1 to target promoters would
have to result in significant changes in the expression of those
genes; and (ii) the output of certain morphological traits asso-
ciated to DELLA activity should be dependent on the relative
levels of both proteins.

To test these criteria, we first examined the early, immediate
consequences of the activation of the BR pathway on the activity
of gai-1 in etiolated HS::gai-1 seedlings, comparing the ability of
gai-1 to induce or repress the expression of DELLA- and BZR1
target genes in dark-grown seedlings treated with brassinazole
(BRZ) or with BRZ and EBR (Fig. 4A). As shown in Fig. 4B, an
EBR treatment that induced full dephosphorylation of BZR1-
CFP in BRZ-treated seedlings (Fig. S4A) alleviated the molec-
ular phenotype caused by the accumulation of gai-1 on the target
genes; this result is consistent with the proposal that the regu-
lation of these genes by GAI is mediated by BZR1. Consistent
with these results, repression of the CPD gene in response to
exogenous EBR was largely abolished in dark-grown gai-1–mu-
tant seedlings (Fig. S7A).
Next, we examined the sensitivity of dominant bzr1-1D–mutant

(28) seedlings to increasing doses of PAC, using hypocotyl length
as a diagnostic tool. Importantly, the mutant seedlings displayed
resistance to PAC-dependent growth inhibition as compared
with the wild-type seedlings (Fig. 5 A and B), although the re-
sistance was lower than that shown for BRZ (Fig. 5C) (28). To
confirm these results genetically, we examined the hypocotyl
length in F1 seedlings from the cross between bzr1-1D and gai-1.
As shown in Fig. 5D, the presence of the dominant bzr1-1D allele
alleviated the growth restraint caused by gai-1 as compared with
the heterozygous bzr1-1D and gai-1 control seedlings. These
results indicate that BZR1 has a positive role in regulating

Fig. 3. InteractionwithGAI inactivates BZR1. (A) Effect ofGAI on the transcriptional activity ofBZR1. The reporter constructwithwild-type (BRBE+) or themutated
(BRBEm) BZR1-binding sites was transiently expressed in leaves of N. benthamiana by agroinfiltration, either alone (−) or with the effectors HA-BZR1 (BZR1), HA-
VP16-BZR1 (BZR1-VP16), YFP-GAI (GAI), HA-VP16-BZR1 plus YFP-GAI (BZR1-VP16 GAI), or HA-VP16-BZR1 plus YFP-del1 (BZR1-VP16 del1). The y-axis represents the
ratio between the activities of firefly LUC and the control Renilla LUC. Values were normalized with respect to the ratio obtained for the wild-type reporter alone.
Three biological repeats were performed; error bars represent SEM. Statistically significant differences (P < 0.001) according to one-way ANOVA test are indicated
by different letters. (B) EMSA showing the effect of GAI on the DNA-binding ability of BZR1. The black arrowhead indicates the band whose intensity was most
strongly affected byGAI. (C) Heatmap representing the expression of genes that are putative common targets for GAI and BZR1 based onmeta-analysis (see text for
description). Color indicates fold expression change at different times (in hours) afterHS::gai-1 induction or in bzr1-1D bri1 versus bri1or in bri1 versuswild type. (D)
ChIP of BZR1-CFP followed by quantitative PCR of selected target genes in 4-d-old seedlings grown in darkness in 1 μM PAC with or without 10 μMGA3. UBQ30 is
a control gene whose promoter is not bound by BZR1. Values represent the fold enrichment of BZR1-bound DNA in immunoprecipitated samples relative to the
total input DNA. Three biological repeats were performed; error bars represent SEM. *P < 0.01 (Student’s t test); ns, no significance.
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hypocotyl growth in response to GA in dark-grown seedlings.
Moreover, GAs and BRs synergistically promote the hypocotyl
elongation of light-grown Arabidopsis seedlings (13). To evaluate
whether the interaction of GAI and BZR1 underlies this syner-
gism, we analyzed the hypocotyl growth phenotype of light-
grown bzr1-D in GA dose–response curves. As would be expec-
ted if our model also operates to control hypocotyl elongation in
the light, the mutant was hypersensitive to applied GA3
(Fig. S7B).

Concluding Remarks
Our results support a molecular mechanism for the integration
of the GA- and BR-signaling pathways based on the inactivation
of BZR1 upon interaction with DELLA proteins. The concur-
rence of DELLA proteins, BZR1, and PIFs establishes a likely
framework for interaction among GAs, BRs, and light in the
control of photomorphogenic development (Fig. 5E) and allows
the plant to funnel the flow of information to regulate the ex-
pression of different specific sets of genes coordinately. Two
further important implications can be drawn from the model.
First, the mechanism might operate at other stages of de-
velopment; for instance during germination, as suggested by the
observation that BRs promote germination of GA-deficient
seeds (39). Second, other DELLA proteins (6) and the BZR1
paralogs BES1 and BEH1–4 (26, 40) might establish equivalent
interactions. This added complexity would increase the regula-
tory possibilities of the mechanism considerably, in a combina-
torial manner, because of the probable differences in binding
affinities between protein partners and depending on the cellular

context. In summary, our model provides a mechanistic frame-
work that will help us understand how these two major hormone
pathways regulate common developmental processes during the
entire life cycle of the plant.

Materials and Methods
Plant Material and Growth Assays. Arabidopsis thaliana accession Col-0 was
used as wild type. All mutants and transgenic lines have been described
elsewhere and are listed in SI Materials and Methods along with details of
seedlings growth assays.

Fig. 4. Activation of the BR pathway counteracts the activity of gai-1. (A)
Scheme depicting the experimental design. Two-day-old dark-grown, wild-
type Col-0 and HS::gai-1 seedlings were transferred to plates containing
3 μM BRZ for an additional day. Half the seedlings were mock-treated with
3 μM BRZ (blue), and half were treated with 1 μM EBR + 3 μM BRZ (red)
starting 1 h before heat shock (HS) for 1 h at 37 °C. Samples were harvested
4 h after the beginning of the heat shock. (B) Changes in expression induced
by HS::gai-1 in selected target genes expressed relative to EF1α. Three bi-
ological repeats were performed; error bars represent SEM. *P < 0.01 (Stu-
dent’s t test).

Fig. 5. BZR1 mediates the growth response of hypocotyls to GAs. (A) Seven-
day-old wild-type Col-0 and bzr1-1D seedlings were grown in darkness in
control medium or in medium supplemented with either 1 μM PAC or 3 μM
BRZ. Two representative seedlings per genotype are shown. (B and C) Hy-
pocotyl growth of 7-d-old, dark-grown wild-type Col-0 and bzr1-1D seed-
lings in response to different concentrations of PAC (0.03, 0.1, 0.3, and 1 μM)
(B) and BRZ (0.3, 1, 3, and 10 μM) (C). Error bars in B and C indicate SD (n > 15
seedlings). Experiments were repeated twice with similar results; results
from one representative experiment are shown. (D) Hypocotyl length of F1
seedlings from the cross between the dominant mutants gai-1 and bzr1-1D,
along with seedlings from the corresponding control crosses. Statistically
significant (P < 0.001) differences according to one-way ANOVA test are
indicated by different letters. Error bars represent SD (n > 20). (E) Model
depicting the molecular mechanism for the integration of GA, BR, and light
signaling. DELLA proteins modulate gene expression in the context of
photomorphogenesis through interaction with at least PIFs and BZR1 for
distinct sets of genes. Our results also suggest that there is a third group of
targets whose expression is dependent on both BZR1 and PIFs (Fig. 1D).
GID1, GIBBERELLIN INSENSITIVE DWARF1; PHY, phytochrome.
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Microarray Analysis. Details of microarray analysis are provided in SI Materials
and Methods. The microarray experiment is deposited in the GEO database
under the accession number GSE32889.

Y2H Assays. Construction of vectors, interaction tests, and detection of fusion
proteins are described in SI Materials and Methods. Primers used for cloning
are listed in Dataset S2.

BiFC, Coimmunoprecipitation Assays, and Protein Analysis. Details of BiFC and
coimmunoprecipitation assays and details of the protein extraction and
Western blot analysis from whole seedlings are described in SI Materials
and Methods. Primers used for cloning are listed in Dataset S2.

Reporter Construct and Transcriptional Assays. The synthetic promoter con-
sisted of five concatemerized copies of the wild-type (GCAGAAACC-
CCCCGTGTGCCCACTCTCCCC) or mutant (GCAGAAACCCCAAAAAAACCCACT-
CTCCCC) BZR1-binding site (underlined) of the CPD promoter (33), upstream
of the minimal 35S promoter and the Ω translational enhancer, as described
for the TCS cytokinin reporter (41). Details of the reporter constructs are
provided in SI Materials and Methods. Transient expression in leaves of N.
benthamiana was as described (37). In the infiltration mixture, the ratio of
Agrobacterium-carrying reporter and effector constructs was 1:4. Firefly and
the control Renilla LUC activities were assayed from leaf extracts with the
Dual-Glo Luciferase Assay System (Promega) and quantified with a GloMax
96 Microplate Luminometer (Promega).

EMSA. Details regarding the different constructs and conditions used for
EMSAs are provided in SI Materials and Methods.

ChIP and PCR Amplification.Wild-type Col-0 and BZR1::BZR1-CFP seedlings were
used for ChIP analysis. Details are given in SI Materials and Methods. Quanti-
tative PCR oligonucleotides used for amplifications are listed in Dataset S2.

RNA Extraction, Northern Blot, and Quantitative RT-PCR. Details of total RNA
extraction and analysis are given in SI Materials and Methods. Primers used
are listed in Dataset S2.
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