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SUMMARY

Brassinosteroids (BRs) regulate a wide range of
developmental and physiological processes in plants
through a receptor-kinase signaling pathway that
controls the BZR transcription factors. Here, we
use transcript profiling and chromatin-immunopre-
cipitation microarray (ChIP-chip) experiments to
identify 953 BR-regulatedBZR1 target (BRBT) genes.
Functional studies of selected BRBTs further
demonstrate roles in BR promotion of cell elonga-
tion. The BRBT genes reveal numerous molecular
links between the BR-signaling pathway and down-
stream components involved in developmental and
physiological processes. Furthermore, the results
reveal extensive crosstalk between BR and other
hormonal and light-signaling pathways at multiple
levels. For example, BZR1 not only controls the
expression of many signaling components of other
hormonal and light pathways but also coregulates
common target genes with light-signaling transcrip-
tion factors. Our results provide a genomic map of
steroid hormone actions in plants that reveals a regu-
latory network that integrates hormonal and light-
signaling pathways for plant growth regulation.

INTRODUCTION

Brassinosteroids (BRs) are essential hormones for a wide range

of developmental and physiological processes throughout

the life cycle of plants (Clouse and Sasse, 1998). BR-deficient

or insensitive mutants display a variety of growth defects, inclu-

ding reduced seed germination, dwarfism, dark-green and

curled leaves, delayed flowering, male sterility, and photomor-

phogenesis with expression of light-induced genes in the dark
Developme
(Li et al., 1996; Szekeres et al., 1996). Physiological studies

also showed that BRs promote cell elongation, enhance toler-

ance to environmental stresses and resistance to pathogens

infections, and, thus, increase crop yield (Divi and Krishna,

2009). BRs act through the BRI1 receptor-like kinase and its

well-defined signal transduction pathway to activate members

of the BZR family transcription factors (Kim et al., 2009).

However, our understanding of BR functions remains incom-

plete, largely because the direct target genes regulated by BR

signaling remain largely unknown (Gendron and Wang, 2007;

Kim and Wang, 2010; Tang et al., 2010).

Genetic studies have revealed a central role for BZR1 and

BZR2 (also named BES1) in BR regulation of plant growth

(Wang et al., 2002; Yin et al., 2002). Activation of either BZR1

or BZR2/BES1 by dominant mutations (bzr1-1D, bes1-D, and

bzr1-S173A) suppresses nearly all phenotypes of the BR-insen-

sitive bri1 and bin2 mutants (Wang et al., 2002; Yin et al., 2002).

BZR1 and BZR2 share 88% sequence identity at the protein

level, and they bind to DNA through the conserved N-terminal

DNA-binding domain (He et al., 2005; Yin et al., 2005). Although

BZR1 and BZR2/BES1 were shown to function as transcriptional

repressor and activator, respectively (He et al., 2005; Yin et al.,

2005), it is unclear whether opposite transcriptional activities

were observed because of different target promoters analyzed

or intrinsic differences between the BZR1 and BZR2 proteins

(Gendron and Wang, 2007). Although microarray studies have

identified a large number of BR-responsive genes (Goda et al.,

2004; Nemhauser et al., 2004, 2006; Vert et al., 2005), only

a few of them have been shown to be direct target genes of

BZR1 or BZR2/BES1. These include a pair of antagonizing

helix-loop-helix transcription factors as targets of BZR1 (Zhang

et al., 2009), and anMYB transcription factor (MYB30) as a target

of BZR2/BES1 (Li et al., 2009), suggesting that BZR1 and BZR2/

BES1 can regulate additional transcription factors to control

secondary BR-responsive genes. BR can also affect other

hormones (Nemhauser et al., 2006), and many BR-responsive

genes also respond to auxin or light (Goda et al., 2004; Song

et al., 2009), but the underlying mechanism remains unknown.
ntal Cell 19, 765–777, November 16, 2010 ª2010 Elsevier Inc. 765
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Figure 1. BZR1 Is a Major Transcription Factor of the BRI1 Signaling

Pathway

(A) Phenotypes of wild-type (Col), bri1-116, bzr1-1D, and bzr1-1D;bri1-116

double-mutant seedlings grown in the dark for 5 days.

(B) Hierarchical cluster analysis of the genes differentially expressed in bri1-

116 versus Col and bzr1-1D;bri1-116 versus bri1-116. The numerical values

for the blue-to-red gradient bar represent log2-fold change relative to the

control sample. Genes are listed in Table S1.
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A physical map of BZR factor-DNA interactions is required

to understand the mechanisms for BR regulation of cellular

and developmental processes and BR crosstalk with other

pathways.

In this study we performed genome-wide analysis of the direct

targets of BZR1. Microarray analysis of bzr1-1D and bri1

mutants indicates that BZR1 regulates directly or indirectly the

expression of about 80% of the genes downstream of BRI1.

Using chromatin immunoprecipitation followed by microarray

(ChIP-chip), we identified 2260 high-confidence BZR1-binding

sites, and about two-thirds of them are associated with 953

BR-regulated genes, which are considered BR-regulated BZR1-

target (BRBT) genes. The BRBT genes reveal numerous molec-

ular links from BR signaling to known and new cellular and

developmental processes as well as to other hormonal and

light-signaling pathways. This study provides a detailed global

map of BR actions that reveals the molecular network through

which BR regulates plant growth and development.

RESULTS

BZR1 Is a Major Transcription Factor Responsible
for BR-Regulated Gene Expression and Plant Growth
Molecular genetic analyses support a central role of BZR1 in BR

regulation of plant development. The dominant bzr1-1D muta-

tion, which stabilizes the BZR1 protein, completely suppresses

the de-etiolated phenotype of the null bri1-116 mutant grown

in the dark (Wang et al., 2002; Yin et al., 2002) (Figure 1A). Using

4.5-day-old etiolated seedlings, microarray analysis identified

3531 genes differentially expressed in bri1-116 compared to

wild-type and 6742 genes differentially expressed in the bzr1-

1D;bri1-116 double mutant compared to the bri1-116 single

mutant (1.5-fold cutoff and p < 0.01) (see Table S1A available

online). Consistent with the phenotypic suppression of bri1-116

by bzr1-1D, 2796 (80%) of the genes affected in bri1-116 were

affected in opposite ways by bzr1-1D (Figure 1B; Table S1B),

indicating that BZR1 directly or indirectly mediates regulation

of expression of about 80% of the genes controlled by BR

through BRI1.

Genome-Wide Analysis of In Vivo BZR1-Binding Sites
To identify genes directly regulated by BR signaling, we per-

formed a ChIP-chip analysis using a polyclonal anti-YFP

antibody and transgenic Arabidopsis plants expressing the

BZR1-CFP fusion protein from the BZR1 promoter (He et al.,

2005; Wang et al., 2002), with wild-type plants as the negative

control. The transgenic plants accumulate the BZR1-CFP

protein at a level similar to the endogenous BZR1 of wild-type

plants, but the endogenous BZR1 protein at a much reduced

level (Figure S1), presumably due to posttranslational control of

total BZR1 protein level (He et al., 2002). Previous studies have

indicated that the CFP fusion forms of BZR1 have similar activity

as the non-fusion BZR1 (Gampala et al., 2007; He et al., 2005;

Wang et al., 2002). We performed multiple chromatin-immuno-

precipitation (ChIP) experiments and then combined the DNA

to hybridize with the Affymetrix Arabidopsis tiling arrays.

Analyses of the data using two statistical methods (see

Experimental Procedures) identified 2260 high-confidence loci

enriched in the BZR1-CFP samples over the wild-type control.
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These in vivo BZR1-binding sites identified by both statistical

methods were linked to 3410 nearest neighbor genes, which

are considered high-confidence BZR1-binding target genes

(Figure 2A; also see Table S2A). Additional 4800 genes identified

by only one of the two statistical methods were considered low-

confidence potential BZR1-binding target genes (Table S2B).

The known BZR1 targets CPD and DWF4 are among the high-

confidence BZR1-binding target genes, and two known non-

targets of BZR1, CNX5 and UBC30 (He et al., 2005), were not

enriched by BZR1-CFP in the ChIP-chip data sets (Figure 2B).

Only the high-confidence binding target genes are included in

subsequent studies, unless indicated otherwise.

Thirty-three selected binding sites that represent the range of

statistical confidence of the ChIP-chip data set were confirmed

by ChIP followed by quantitative PCR (ChIP-qPCR) (Table S3).

BZR1 binding to 21 loci was analyzed in three independent

ChIP-qPCR experiments: (1) ChIP experiments performed using

wild-type plants and anti-MBP-BZR1 antibody with anti-MBP

antibody as control, (2) ChIP experiments using anti-YFP anti-

body and 5 day old light-grown BZR1-CFP plants with 35S-

GFP transgenic plants as control, and (3) ChIP using 5-day-old

dark-grown BZR1-CFP with 35S-GFP as control (Table S3).

Additional 12 loci were analyzed in experiment (1). The results

show that all 33 loci were enriched compared to the control

loci, although the folds of enrichment were variable in different

experiments. The ChIP-qPCR data from different tissues also

suggest that BZR1 binds to mostly the same genes at different

developmental stages or under different light conditions.

As expected for a transcription factor with specific functions,

the in vivo binding sites of BZR1-CFP are distributed throughout
evier Inc.
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Figure 2. Identification of BZR1 Direct Target Genes Using ChIP-chip

(A) Distribution of BZR1-binding sites along the five chromosomes of Arabidopsis.

(B) ChIP-chip data displayed by Integrated Genome Browser software at selected chromosomal regions around known BZR1 target and non-target genes (red

box). The horizontal line indicates the cutoff p value (0.001).

(C) Frequency of BZR1-binding sites along the virtually normalized gene models (promoter is �50%–0%, coding region 0%–100%, 30 region 100%–150%) of

each class of BZR1 target genes.

(D) Venn diagram shows the overlaps of BZR1 target genes (Table S2A) with BR-activated and BR-repressed genes (Table S5C).
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the genome but are rare in the centromere regions (Figure 2A),

which is similar to the distribution of expressed genes. The

binding sites were substantially enriched in the 50 and, to a lesser

degree, 30 intergenic regions compared to the transcribed

regions of genes (Figure 2C).

Identification of BRBT Genes
Because BZR1’s DNA-binding activity and nuclear localization

are tightly controlled by BR signaling (Gendron and Wang,

2007; Kim and Wang, 2010), the genes regulated by BZR1

should be responsive to BR treatment or affected in BRmutants.

To determine the BRBTs we compared our ChIP-chip data to

expression-profiling microarray data of genes affected by BR

treatment or BR mutants.

Many genes that respond to BR treatment have been identified

by several microarray studies (Goda et al., 2002, 2004, 2008;
Developme
Mouchel et al., 2006; Mussig et al., 2002; Nemhauser et al.,

2004, 2006; Vert et al., 2005) (data summarized in Table S4A).

However, the data sets from these studies overlap only partially

(Table S4A), presumably due to different conditions used and

tissue-specific effects of BR. Such partial overlap among avail-

able data sets suggests that additional BR-responsive genes

are yet to be found, particularly in specific tissues. Therefore,

we performed a microarray experiment of the inflorescence

tissues of the BR-deficient mutant det2-1 after a 3 hr treatment

with brassinolide (the most active form of BRs) and identified

283 BR-responsive genes, with 225 not identified previously

(Table S4B).

All of the microarray data sets of BR-responsive genes

showed significant overlaps with the ChIP-chip data set of

high-confidence BZR1 target genes (Table S5). For example,

over 80.8% of the early BR-repressed genes, 51.4% of early
ntal Cell 19, 765–777, November 16, 2010 ª2010 Elsevier Inc. 767
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Figure 3. BZR1 Functions as Both Transcriptional Activator and

Repressor

(A) ChIP-qPCR analyses of BZR1-CFP and BES1-GFP binding to DWF4 and

SAUR-AC1 promoters relative to the control gene (CNX5). Error bars indicate

standard error for three biological repeats.

(B) Quantitative data of competition electrophoretic mobility shift assays of

BZR1 and BES1 binding to the BRREs in the CPD and SAUR-AC1 (BRRE)

promoters and the E-box of the SAUR-AC1 promoter.

(C) Motif analysis of BR-activated and repressed BZR1 target genes. All data

are significantly different from genomic control (binomic p value <0.01).
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BR-induced genes, 37.7% of late BR-repressed genes, and

27.6% of late BR-induced genes identified by Goda et al.

(2004) are BZR1 target genes, whereas a random gene would

have about 11% probability of being a BZR1 target, and only

3% of the 100 constitutively expressed non-BR-responsive

genes (Czechowski et al., 2005) flank BZR1-binding sites.

Combining all available data of BR microarray experiments,

1957 genes respond to BR treatment (Table S4A), and 2796

genes are affected oppositely by bri1-116 and bzr1-1D muta-

tions (Table S1B). Together, these experiments identified 4265

BR-regulated genes, including 1977 BR-activated genes, 2169

BR-repressed genes, and 119 genes that behaved oppositely

in different microarray experiments potentially due to different

conditions or time points of the experiments (Table S4C). These

genes include 953 high-confidence BZR1 target genes, which

are considered BRBT genes (Figure 2D; Table S2A; BRBTs).

There are 450 BRBT genes activated, 462 repressed, and 41

affected in complex ways by BR, indicating that BZR1 can be

activator and repressor for different genes. There are also 872

low-confidence BZR1-binding target genes that are regulated

by BR (Table S2B). Because the ATH1 expression array contains

only about two-thirds of the genes in the Arabidopsis genome,

only 1601 of the 2260 high-confidence BZR1-binding sites

have all of their flanking genes present on the ATH1 expression

array, of these 994 (62%) are associated with at least 1 BRBT.

The 33 binding peaks confirmed by ChIP-qPCR also include

about two-thirds BRBTs (Table S3). Therefore, about two-thirds

of the high-confidence BZR1-binding sites identified in our ChIP-

chip experiments flank BR-responsive genes and, thus, appear

to be functional.

BZR1 and BZR2/BES1 Have Similar Function
as Both Transcriptional Activator and Repressor
Previous studies of individual target genes suggested a tran-

scription repressor function of BZR1 and an activator activity

of BZR2/BES1. BZR1 binds to the BR-response element

(BRRE, CGTGT/CG) of BR-repressed genes (He et al., 2005),

whereas BZR2/BES1 interacts with the bHLH transcription

factor BIM1 and together bind to the E-box element (CANNTG)

of a BR-induced promoter (Yin et al., 2005). However, BZR1

and BZR2 share 88% sequence identity at the protein level.

The BRBTs include approximately equal numbers of BR-induced

and BR-repressed genes (Figure 2D), suggesting that BZR1

functions as a transcription activator and repressor on different

promoters. ChIP-qPCR experiments show that both BZR1 and

BZR2/BES1 bind to the BR-repressed gene DWF4 and the BR-

induced gene SAUR-AC1 (Figure 3A), and BZR2/BES1 binds

to 18 of the 19 BZR1-binding sites analyzed (Table S3). Compe-

tition DNA-binding assays showed that BZR1 and BZR2/BES1

have similar binding sequence specificity in vitro, both having

high affinity for BRRE but lower affinity for the E-box of the

SAUR-AC1 promoter (Figure 3B). Together, our results indicate

that BZR1 and BES1 have very similar biochemical functions

butmay play overlapping yet distinct biological roles by targeting

overlapping sets of genes, perhaps with overlapping tissue

specificities or different cofactors.

Whether BZR1 activates or represses a target gene is presum-

ably determined by the structure of the promoter. It has been

shown that the transcriptional activation or repression is medi-
768 Developmental Cell 19, 765–777, November 16, 2010 ª2010 Els
ated by the transcription factor’s binding site or flanking

sequence (Blauwkamp et al., 2008; MacDonald et al., 2009;

Valentine et al., 1998). We performed motif analyses to identify

cis elements enriched in the BZR1-binding regions associated

with BR-induced or BR-repressed BZR1 target genes. Consis-

tent with a previous study (He et al., 2005), BRRE is the most

enriched motif in BR-repressed BZR1 targets and is also

enriched in the BR-induced BZR1 targets, albeit to a lower

degree (Figure 3C). Additional enriched cis elements include

the G-box (CACGTG, which contains two inverted repeats of

the BRRE core sequence, CGTG, and is also a type of E-box),

CATGTG (a type of E-box), and a GGTCC motif. Although no

cis element was identified exclusively in BR-repressed or BR-

induced genes, the BRRE and G-box elements are more

enriched in the BR-repressed targets, whereas the CATGTG
evier Inc.
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Figure 4. BZR1 Directly Activates the

Expression of DREPP to Promote Cell Elon-

gation

(A) ChIP-chip data displayed by Integrated

Genome Browser software show BZR1 binding

at the DREPP promoter.

(B) ChIP-qPCR analysis of BZR1 binding to

DREPP relative to the control gene CNX5. Error

bars indicate standard deviation in three biological

repeats.

(C) Reverse-transcription PCR (RT-PCR) analysis

of DREPP RNA levels in 7-day-old seedlings after

various times of treatment with 100 nM BL or

mock solutions.

(D) Confocal microscopy image of DREPP-GFP in

epidermal cells of transgenic Arabidopsis.

(E) Overexpression of DREPP increases cell elon-

gation. Three-week-old seedlings of det2 (upper

images) and transgenic det2 overexpressing

DREPP (lower images) and scanning electron

microscopy images of epidermal cells of the peti-

oles.
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motif is more enriched in the BR-induced genes (Figure 3C).

These results raise a possibility that the homodimer of BZR1

represses gene expression through BRRE, and the heterodimer

of BZR1 with other TFsmediates activation through other motifs.

BRBTs Play Important Roles in BR Promotion
of Cell Elongation
Functional studies were performed for selected BRBTs. DREPP

was recently identified by a proteomic study as a BR-induced

plasma membrane-associated protein that can partly suppress

the det2 mutant when overexpressed (Tang et al., 2008). Our

ChIP-chip data indicated that DREPP is a BR-induced BZR1

target gene (Figure 4A). BZR1 binding to the promoter of DREPP

was confirmed by ChIP-qPCR (Figure 4B), and the microarray

study showed that expression of DREPP was reduced over

4-fold in bri1-116 but increased in bzr1-1D;bri1-116 (Table S1).

The expression of DREPP genes was also induced by brassino-

lide treatment with peak level detected at 6 hr after treatment

(Figure 4C). The DREPP-GFP protein expressed in transgenic

Arabidopsis confirmed its localization on the plasma membrane
Developmental Cell 19, 765–777, N
(Figure 4D). Overexpression of DREPP

dramatically increased the cell length in

the petioles of det2-1 (Figure 4E). These

results indicate that BZR1 directly acti-

vates the expression of the membrane-

associated DREPP protein to promote

cell elongation.

A BRBT gene (BZS1, At4g39070)

encodes a putative zinc finger transcrip-

tion factor (Figure 5). We confirmed the

ChIP-chip data by qPCR analysis (Fig-

ure 5A) and showed that expression of

BZS1 was increased under BR-deficient

condition and repressed by BR (Fig-

ure 5B). Transgenic Arabidopsis plants

overexpressing BZS1 showed a hyper-

sensitivity to the BR biosynthetic inhibitor
brassinazole (BRZ) (Figures 5C–5E). In contrast, transgenic

plants expressing reduced level of BZS1 due to co-suppression

had longer hypocotyls than wild type when grown on BRZ

(Figures 5C–5E). These results demonstrate that the elevated

expression of BZS1 contributes to hypocotyl inhibition under

BR-deficient conditions, and BZR1 represses BZS1 expression

to promote BR-induced hypocotyl elongation. These results indi-

cate that BR signaling promotes cell elongation through multiple

mechanisms, including cell membrane activities and down-

stream transcription factors.

BZR1 Directly Regulates Genes that Function in BR
Biosynthesis, BR Signaling, and BR-Regulated Growth
We searched the BRBTs for genes with known functions in

BR responses. BZR1 has been shown to directly feedback

regulate BR biosynthetic genes (He et al., 2005). The ChIP-chip

and expression microarray data show that BZR1 inhibits at

least five BR biosynthetic genes, as well as BRI1, providing

negative feedback. However, BZR1 appears to positively regu-

late downstream BR signaling by inhibiting transcription of
ovember 16, 2010 ª2010 Elsevier Inc. 769
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Figure 5. BRBT Genes Play Important Roles

in BR-Regulated Plant Growth

(A) ChIP-qPCR analysis of BZR1 binding to the

BZS1 promoter relative to the control gene

CNX5. Average of three biological repeats with

standard deviation.

(B) Expression of BZS1 is induced by BRZ and

repressed by BR. Error bars indicate standard

error of the mean.

(C) Phenotypes of 5-day-old BZS1 overexpression

line (OX) and two co-suppressed lines (S1 and S2)

grown in the dark on medium with or without 1 mM

BRZ. Scale bar indicates 10 mm.

(D) RT-PCR analysis of BZS1 RNA level of the

transgenic lines in (C).

(E) Measurement of hypocotyl lengths of seedlings

as shown in (C), represented as mean ± standard

error from over 30 seedlings.

(F) A diagram of the BR pathway. The BR biosyn-

thetic enzymes are shown in orange, the BR

signaling components in red, and downstream

components with demonstrated BR-related func-

tions in green. Red arrows and bar ends show acti-

vation and inhibition at the protein level. Blue

arrows and bar ends show BZR1 binding to BR-

activated and repressed genes, respectively, and

dashed line indicates finding from previous

studies.
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BIN2 and activating BSU1 and BZR1 itself (Figure 5F; also see

Table S2A).

Genetic and transgenic studies have demonstrated functions

for many genes in BR-regulated cell elongation and plant devel-

opment. Many of these genes turn out to be direct targets of

BZR1 based on our ChIP-chip data (Table S2A), which reveal

BZR1 binding as the likely mechanism for BR regulation of

these functional genes, thus establishing connections between

BR signaling and downstream genes that mediate growth
770 Developmental Cell 19, 765–777, November 16, 2010 ª2010 Elsevier Inc.
responses. Together, the functional stu-

dies and the BZR1-binding data allow us

to assemble an expanded BR regulatory

pathway (Figure 5F; also see Table S2A,

BRBTs with demonstrated function).

BZR1 Regulates a Wide Range of
Cellular Activities and Biological
Processes
Functional classification of the BRBTs

and BR-regulated non-BZR1 target

genes (BR-regulated genes excluding

both high- and low-confidence BZR1-

binding targets) based on Gene Ontology

categories showed that BR directly and

indirectly regulates a range of biological

processes and cellular activities (Fig-

ure 6A; Figure S2). For example, genes

involved in transcription, development,

and cell growth are highly enriched in

BRBT genes (Figure 6A). Genes involved

in cell wall organization are equally
enriched in BRBTs and BR-regulated non-BZR1 target genes.

In contrast, BR-regulated genes involved in response to heat

are only significantly enriched in non-BZR1 target genes, but

not in BRBTs (Figure 6A).

Based on the genome annotation at The Arabidopsis Informa-

tion Resource (TAIR), about 380 (�40%) of the BRBT genes have

been studied experimentally and their functions elucidated

(Table S2A, BRBTs with demonstrated function). These BRBTs

with known functions provide direct evidence and molecular
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(A) Enrichment of selected GO categories in BRBT and BR-regulated non-BZR1 target genes. Numbers on the right are p values corresponding to the categories

on the left (p values >0.01 are in red).

(B) Representative BRBTswith known functions (Table S2A, BRBTswith demonstrated function) in various cellular processes and response/regulatory pathways.

Genes repressed and activated by BR or in the bzr1-1D mutant are in blue and red, respectively; genes that responded in opposite ways in different microarray
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mechanisms for BR regulation of a wide range of cellular, devel-

opmental, and regulatory processes (Figure 6B). BR activates

a large number of BZR1 target genes encoding cell wall-related

enzymes, such as cellulose synthase, pectinesterases, xyloglu-

cosyl transferases, and expanins (Figure 6B), which are likely

to mediate BR promotion of cell elongation and differentiation.

BR also directly activates a large number of genes involved in

cellular transport and cytoskeleton organization, which are likely

to contribute to BR promotion of solute uptake and directional

cell elongation (Figure 6B).

BRBT Genes Reveal Nodes of Crosstalk between BR
and Other Regulatory Pathways
Functional interactions between BR and other hormones have

been observed at the physiological and gene expression levels

(Gendron et al., 2008; Goda et al., 2004; Hardtke et al., 2007;

Nemhauser et al., 2004). However, the underlying molecular

mechanisms of hormone crosstalk remain largely unknown.

We found that there is a significant enrichment among the

BRBT genes related to hormone levels, hormone-mediated

signaling, responses to auxin, light, wounding, water depriva-

tion, ABA, BR, cold, and ethylene (Figures 6A and 6B; Table

S2A). Some of the BRBT genes encode key components of other

hormone pathways, including the ABA receptor PYR1 (Park

et al., 2009), several ethylene-signaling components (CTR1,

EIL1, EBF2, and ERFs) (Stepanova and Alonso, 2009); a large

number of components of the auxin pathway (Chapman and

Estelle, 2009); the GA biosynthetic gene GA5 and four of the

five GA-signaling DELLA proteins (RGA, GAI, RGL1, RGL3)

(Schwechheimer, 2008); and the early jasmonate-signaling

protein JAS1 (Chung and Howe, 2009) (Figure 6B; Table S2A:

BRBTs with demonstrated function). A close relationship

between BR and auxin has been recognized (Hardtke et al.,

2007). Our ChIP-chip analysis discovered that BZR1 not only

directly regulates auxin-responsive genes but also targets

multiple auxin-signaling components and genes involved in

auxin metabolism (Figure 6B; Figure S4A).

Comparison of the BR-regulated genes (Table S4A) with

expression microarray data for other hormones (Nemhauser

et al., 2006) showed a significant number of co-regulated genes

(Figure S3B). The transcriptional overlap is especially high with

GA, auxin, and ethylene, three hormones that also regulate cell

elongation. Interestingly, the co-regulated genes are enriched

with BRBTs, suggesting that the other hormone pathways also

regulate BR signaling or transcriptionally co-regulate common

target genes with the BR pathway. Consistent with the latter

notion, the binding site for auxin-response factors (AuxRE) is

enriched, together with an E-box, in the promoters of BRBTs

that are induced by both BR and auxin (Figure S3C). These

results indicate that BR crosstalks with auxin and other plant

hormones at multiple levels (e.g., Figure S3A).

Crosstalk between BR and Light Signaling
The de-etiolation phenotypes of BR mutants demonstrated an

essential role of BR in photomorphogenesis (Li et al., 1996;

Szekeres et al., 1996). How BR regulates light responses has

been a long-standing question in plant biology. Our ChIP-chip

and RNA profiling data indicate that BR negatively regulates

the transcription of several key components of the light-
772 Developmental Cell 19, 765–777, November 16, 2010 ª2010 Els
response pathways, including photoreceptors phytochrome B

(PHYB), phototropin1, and the phytochrome-interacting proteins

PIF3 and FHL (Figure 6B). The bri1-116 mutant accumulates

a higher level of PHYB protein than wild type (Figure 7A), which

likely contributes to the enhanced photomorphogenesis.

A recent microarray study identified 2542 genes differentially

expressed between de-etiolated seedlings grown under red light

and etiolated seedlings grown in the dark (Hu et al., 2009). A

comparison of these red light-regulated genes with genes

affected in both bri1-116 and bzr1-1D grown in the dark (Table

S1B) demonstrates a significant overlap of gene expression

changes caused by BR deficiency and red light (Figure 7B). An

overlap of 812 genes was observed between the two data

sets, and 93% of these genes are affected similarly by red light

and bri1-116 (oppositely by bzr1-1D) (Figure 7C; Table S6A).

These results demonstrate that phytochrome and BR pathways

antagonistically regulate seedling photomorphogenesis largely

by regulating common downstream genes.

Direct target genes have been identified for two key transcrip-

tion factors of the phytochrome-signaling pathways. The basic

leucine zipper (bZIP) transcription factor HY5 acts as a positive

regulator downstream of multiple photoreceptors, including

phytochromes. A recent ChIP-chip study identified 3984 HY5

binding target genes (Lee et al., 2007), and 1170 of them are

also BZR1 targets (Figure 7D; Table S6B). This is 3-fold higher

than by random chance. Of the co-binding target genes, 76

showed similar changes, and 12 genes showed opposite

changes caused by the bri1 mutation and red light, indicating

that the co-target genes are mostly regulated in opposite

ways by BR/BZR1 and light/HY5 (Figure 7E). These data support

a hypothesis that BZR1 and HY5 antagonistically regulate

common target genes downstream of the BR and light-signaling

pathways.

The phytochrome-interacting factor3-like5 (PIL5) is a bHLH

transcription factor that interacts with phytochrome and nega-

tively regulates light promotion of seed germination (Oh et al.,

2004). Light releases PIL5 inhibition of germination through

phytochrome-mediated PIL5 degradation (Oh et al., 2009). A

ChIP-chip analysis identified 750 PIL5-binding target genes

(Oh et al., 2009). Surprisingly, over 52% of these PIL5 target

genes are also BZR1 target genes (75.5% if low stringency

BZR1 targets are included) (Figures 7F and S5, and Table

S6C). Comparison of microarray expression data of the pil5

mutant (Oh et al., 2009) and bzr1-1D;bri1-116 (Table S1B)

showed that 38 co-targeted genes were regulated by both BR

and red light/PIL5 (13 expected by random chance), with 28 of

them oppositely and only 10 similarly regulated by PIL5 and

BR/BZR1 (Figure 7G and Table S6C). In particular most of the

co-regulated genes were repressed by BZR1 and activated by

PIL5 (Figure 7G and Table S6D), which include RGA, Phyto-

chrome B, FHL, and the auxin anabolic gene NIT1. Such

antagonistic actions of a positive regulator of the BR pathway

(BZR1) and a negative regulator of the light pathway (PIL5)

are consistent with the similar effects of BR and light on pro-

moting seed germination. Together, these results demonstrate

a convergence between the BR and light-signaling pathways

at the levels of transcription regulation of common target genes

in addition to BR regulation of light-signaling components

(Figure 7H).
evier Inc.
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Figure 7. Crosstalk between Light and BR

Pathways in Regulating Gene Expression

(A) Western analysis of PHYB protein level in

5-day-old etiolated BR mutants.

(B) Venn diagram shows the overlap of differen-

tially expressed genes in BR mutants (as in Table

S1A) and light.

(C) Hierarchical cluster analyses of selected genes

differentially expressed in either wild-type seed-

lings grown under red light (RL) or dark-grown

BR mutants (bri1-116 and bzr1-1D;bri1-116,

genes listed in Table S1A), compared to dark-

grown wild-type control seedlings. Genes are

selected as differentially expressed in both red

light and the BR mutants. The numerical values

for the blue-to-red gradient bar represent log2-

fold change relative to the control sample.

(D) Overlap of BZR1 targets with HY5 targets;

the overlapped genes are listed in Table S6B

column A.

(E) Regulation of BZR1-HY5 co-targeted genes by

BR and RL.

(F) Overlap of BZR1 target genes with PIL5 target

genes (genes listed in Table S6C).

(G) Regulation of co-target genes of BZR1 and

PIL5 by BR and PIL5. In (B), (D), and (F), ‘‘+’’ indi-

cates activation, and ‘‘�’’ indicates repression by

BR or RL.

(H) A model for BR-light interaction in seed germi-

nation and seedling growth, with arrows showing

positive regulation, and bar ends showing negative

regulation.
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DISCUSSION

RNA expression microarray studies have identified over 4000

BR-responsive genes; however, many of them are affected

due to BR’s effects on other signaling pathways and, thus, do

not reflect a function of BR signaling per se. Our ChIP-chip study

indicates that about one-quarter of the BR-responsive genes

can be directly regulated by BZR1. The number of BZR1 target

genes identified in this study appears surprisingly large but is

consistent with the wide range of developmental and physiolog-

ical functions of BR. Many pieces of evidence indicate that the

ChIP-chip data identified mostly real BZR1 in vivo binding sites.

First, the BZR1-CFP protein appears to behave the same as the

native BZR1 because CFP fusions to BZR1 containing either

bzr1-1D or bzr1-S173A mutations (Gampala et al., 2007) cause

same BR-activation phenotypes as the non-fusion mutant

proteins. Second, the ChIP-chip data obtained from three pools

of nine repeats appear to be of high quality, and the statistical

analysis indicated a very low false discovery rate (FDR). In addi-

tion to low FDR based on genes enriched in the control sample,

the percent overlap with BR-regulated genes was also used as
Developmental Cell 19, 765–777, N
a parameter to optimize the statistical

cutoffs. When more stringent statistical

criteria (TAS p < 0.0001 and TileMap

p > 0.9) were used, the number of BZR1

target genes was reduced from 3410 to

1609. But the 1801 genes removed by

this higher stringency cutoff still contain
26% BR-regulated genes, which is much higher than expected

for a random set of genes or none-BR-responsive genes (6%

or 1.6% for 1801 genes). Similarly, when we increased the run

length from 100 to 150, 411 high-stringency BZR1 targets

including 104 (25%) BRBTs were removed, whereas decreasing

the gap size from 100 to 70 only decreased the number of

binding intervals by less than 2%. The high percentage of BRBTs

among genes removed by thesemore stringent statistical cutoffs

indicates that the statistical cutoffs used in our analysis were

appropriate, and a more stringent cutoff would cause a large

number of type 2 errors (false negatives). Third, ChIP-qPCR

experiments confirmed BZR1 binding to all 33 selected binding

sites identified by ChIP-chip. Finally, the identified binding sites

of BZR1-CFP show significant co-distribution with BR-regulated

genes. The binding sites are preferentially in the intergenic

regions of expressed genes, and about 62% of them are flanked

by at least one BR-regulated gene, which is a higher percentage

of functional targets than reported in previous ChIP-chip or

ChIP-seq studies (Kaufmann et al., 2010; Lee et al., 2007; Oh

et al., 2009; Thibaud-Nissen et al., 2006). These analyses indi-

cate that our ChIP-chip data are of high confidence.
ovember 16, 2010 ª2010 Elsevier Inc. 773
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Because transcription factor can act from various distances at

both the 50 and 30 side of a gene, we included both genes flanking

a BZR1-binding site as BZR1-binding targets, although only one

of them is likely regulated by BR/BZR1. On the other hand some

BR-regulated genes are not identified by the microarray experi-

ments performed so far. ATH1 microarray contains only about

two-thirds of Arabidopsis genes, and, thus, about one-third of

BR-regulated genes are yet to be identified. In addition the BR

microarray data sets from various laboratories overlap only

partly, suggesting that each experiment only identified a subset

of the BR-responsive genes under a specific condition. It is

conceivable that some BR-regulated genes are expressed in

specific cell types and require more selective experiments to

detect. In fact about 80% of the BR-responsive genes identified

in our microarray analysis of the det2 inflorescence tissues were

not identified by previous microarray experiments. A recent

study identified 188 genes affected by both treatments with

BR and bikinin, an inhibitor of BIN2 (De Rybel et al., 2009), but

64 (34%) of them were not identified in previous microarray

experiments, of which 23 (36%) are BZR1 target genes. There-

fore, more BRBTs will likely be identified by additional BR

RNA-profiling experiments, particularly those performed with

specific tissue types.

BZR1 Is a Major Regulator of the BR Pathway
Microarray analyses of gene expression in the bri1-116 and

bzr1-1D;bri1-116 mutants indicate that BZR1 regulates about

80% of the genes downstream of the BRI1-mediated BR-

signaling pathway. Thus, the BRBT genes should represent

a significant portion of the genomic targets of the BR-signaling

pathway. Although for most BRBT genes the amount of physio-

logical contributions to BR responses are yet to be evaluated by

genetic and physiological analysis, a number of them have been

shown to play important roles in the BR pathway. In this study we

provide genetic evidence for important functions of two BRBTs,

DREPP and the BZS1 zinc finger protein, in BR regulation of cell

elongation. The homolog of DREPP was recently shown to be

a microtubule-associated protein that functions in directional

cell growth by destabilizing cortical microtubules (Wang et al.,

2007). Therefore, DREPP is likely to mediate BR regulation of

cytoskeleton organization or interaction between cytoskeleton

and plasma membrane because DREPP is localized at the

plasma membrane (Tang et al., 2008). BZS1 appears to be

a negative regulator of cell elongation, and BZR1 inhibits BZS1

expression to promote cell elongation.

BRBTs include about a dozen genes previously shown to

play a role in BR-regulated plant growth. These include AXR3

involved in BR-regulated root development (Kim et al., 2006),

MIF1 (Hu and Ma, 2006) and RAV1 ((Hu et al., 2004) transcription

factors that affect both leaf and root development, the transcrip-

tion factor ARGOS-like (ARL) (Hu et al., 2006) and extracellular

protein EXORDIUM (EXO) that promotes cell expansion

(Schroder et al., 2009), the HERK1 receptor kinase (Guo et al.,

2009) and bHLH transcription factor BEE1 (Friedrichsen

et al., 2002), which promote cell elongation, and IBH1 (Zhang

et al., 2009) and AIF1 (Wang et al., 2009), which inhibit cell elon-

gation. The BES1-target gene MYB30 (Li et al., 2009) and

THESEUS1 (THE1) receptor kinase (Guo et al., 2009) are identi-

fied as low-confidence BZR1 targets (Table S2B). This study
774 Developmental Cell 19, 765–777, November 16, 2010 ª2010 Els
identified additional BR-biosynthetic genes as BZR1 targets,

confirming previous finding that BZR1mediates feedback inhibi-

tion of BR biosynthesis. Interestingly, BZR1 also directly feed-

back regulates genes encoding upstream components of the

BR signaling pathway. Although the activities of the BR signaling

proteins are tightly controlled at the protein level, extensive feed-

back regulation by BZR1 at the transcriptional level is likely to

provide homeostasis and robustness to the system. The ChIP-

chip data reveal the overall organization of the BR pathway.
BRBTs Reveal Crosstalks between BR and Other
Signaling Pathways at Multiple Levels
The BRBTs also identify molecular links for BR interaction with

other hormonal signals. First, our data show that BZR1 directly

regulates a number of genes involved in biosynthesis of other

hormones, such as auxin, GA, ethylene, and JA. Second, BZR1

directly regulates the PIN genes encoding auxin efflux carriers

(Li et al., 2005). Third, BR directly modulates the expression

levels of key components of other signaling pathways, thereby

affecting the sensitivity of plants to other signals and the expres-

sion of genes downstream of these pathways. The fourth level of

crosstalk is co-regulation of common transcriptional targets.

Our results demonstrate that BR regulates light-signaling

pathways at multiple levels. The essential role of BR in light regu-

lation of plant development was initially revealed by the BR-defi-

cient mutants (Li et al., 1996; Szekeres et al., 1996), which not

only display light-grown morphology but also express light-

induced genes in the dark (Chory et al., 1991; Song et al.,

2009; Szekeres et al., 1996). The molecular mechanisms under-

lying this antagonizing relationship have remained unknown. The

initial hypothesis that light modulates BR synthesis or signal

transduction to inhibit cell elongation has not been supported

by experimental evidence. Our study shows that BZR1 directly

regulates the expression of key components of the light-

signaling pathways, including photoreceptors and downstream

effectors. In addition, BZR1 and the transcription factors of the

light-signaling pathway, HY5 and PIL5, co-regulate a significant

number of common target genes in ways that are consistent with

the antagonistic functions of BR and light in seedling morpho-

genesis and their similar actions on seed germination. Together,

our results demonstrate that BR signaling, through the transcrip-

tional activity of BZR1, directly regulates the signal transduction

components as well as common target genes of the phototrans-

duction pathways, whereby BR modulates the sensitivity of

plants to light and helps maintain a transcriptional profile essen-

tial for skotomorphogenesis in the dark.

Among the 953 BRBT genes identified, about 380 genes have

been functionally studied previously. These genomic targets

with known functions potentially explain how BR specifically

regulates various cellular, developmental, and physiological

processes, or crosstalks with other pathways. Future functional

studies of the BRBTs with unknown function will further advance

our understanding of the BR pathway.
EXPERIMENTAL PROCEDURES

Plant Material and Growth Condition

Arabidopsis, unless indicated otherwise, is wild-type Arabidopsis thaliana

Columbia ecotype. The det2-1, bzr1-1D, bri1-116, and bzr1-1D;bri1-116
evier Inc.
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plants are in Arabidopsis thaliana Columbia ecotype background. The

pBZR1::BZR1-CFP transgenic plants were described previously (He et al.,

2005). For dark-grown seedlings, seeds were treated in cold (4�C) for 2 days

and at 22�C under light for 8 hr to promote germination before growing in

the dark.

Microarray Gene Expression Analysis

For the microarray analysis of gene expression in dark-grown BR mutants,

bzr1-1D;bri1-116, segregating bri1-116, and wild-type Col were grown on

solid ½ MS medium with 1% sucrose in the dark for 108 hr. The seedlings

were frozen in liquid nitrogen in complete darkness and then the homozygote

seedlings of bri1-116 were picked individually from the heterozygous popula-

tion. For the expression array using det2 inflorescence tissues, det2 plants

were grown on soil for 5 weeks. About half of the collected tissues contained

flower buds younger than stage 8, and the other half were stage 8 to open

flowers. Tissues were treated with 100 nM brassinolide or mock solution for

3 hr. Total RNA was isolated, biotin labeled, and hybridized with Arabidopsis

ATH1 genome array, according to the manufacturer’s instruction (Affymetrix).

Arrays were scanned using Agilent GeneArray Scanner. All microarray exper-

iments included three biological repeats. Microarray data were analyzed using

Genespring software (version 7 and version 10; Silicon Genetics).

ChIP-chip

For ChIP-chip experiments the BZR1-CFP transgenic plants and the wild-type

control plants were grown together on soil under long-day conditions for

4 weeks and processed in parallel as described below. Rosette tissues were

treated with 100 nM brassinolide for 2 hr and then crosslinked by 1% formal-

dehyde. ChIP using anti-YFP antibodies and qPCR was performed according

to He et al. (2005). For ChIP-chip the precipitated DNA was amplified by the

Whole Genome Amplification Kit following the manufacturer’s instruction

(Sigma). Enrichment of CPD and DWF4 promoter DNA in the BZR1-CFP

sample over the wild-type control (>5-fold) was confirmed by qPCR before

and after amplification. Nine ChIP experiments were performed using three

batches of plants, and the amplified DNAs were combined into three pools,

then labeled and hybridized, according to Affymetrix Chromatin Immunopre-

cipitation Protocol, to Affymetrix GeneChip Arabidopsis Tiling 1.0R arrays,

which contain a 25 nucleotide oligo for every 35 base pairs of the Arabidopsis

genome.

ChIP-chip Data Analysis

To identify the statistically enriched regions, microarray hybridization data

were analyzed by two independent statistical methods: Tiling Analysis Soft-

ware (TAS version 1.1, Affymetrix); and TileMap (Ji and Wong, 2005). With

TAS software the analysis was performed using the ‘‘two sample comparison

analysis’’ option. Probes were analyzed using signal from both PerfectMatch

and MisMatch with a bandwidth of 250 bps, and the enriched intervals were

defined by p < 0.001 and signal ratio >2, maximum gap 100 bps, and minimum

run 100 bps. The analysis using TileMap software was performed using HMM

option with posterior probability 0.5 and maximum gap 100 bps.

The identified binding regions were linked to the nearest neighbor genes,

including the two genes to either side of the binding site in addition to any

gene that overlaps with the binding region. Analysis using TAS identified

2539 BZR1-binding regions with 4075 neighbor genes. Analysis using TileMap

identified 5039 binding regions with 7545 neighbor genes. Genes identified by

both TAS and TileMap were considered high-confidence BZR1 target genes

(3410 genes; Table S2A). The genes identified by only one of the two software

packages were considered low-confidence BZR1-binding targets (4800

genes; Table S2B).

To estimate the false-positive rate, the raw data from control and sample

were switched in a mock analysis. TileMap and TAS identified 76 and 6

regions, respectively, as intervals enriched in wild-type control compared to

the BZR1-CFP samples, which are about 1.5% and 0.24% of the number of

intervals enriched in BZR1-CFP over wild type. No genomic region enriched

in wild type was identified by either software. Therefore, the false-positive

rate of the high-confidence BZR1-binding data (Table S2A) is close to zero

(1.5% 3 0.24% = 0.0036%) and that for the low-confidence data (Table

S2B) is about 2.57% (1.5% 3 7545% + 0.24% 3 4075)/4800).
Developme
Distribution of BZR1-Binding Sites Relative to Genes

The enrichment of BZR1-binding sites was calculated by the averaged ratio of

ChIP hybridization intensity of BZR1-CFP to that of wild-type control along the

gene structure. The gene length was first converted into a percentile scale.

Zero and 1 indicate the 50 transcription start site and 30 end of a gene, respec-

tively;�1 and 2 indicate the boundary of the promoter region and 30 intergenic
region, respectively. Then all target genes were aligned, and a sliding window

approach with initial size as 0.1 and step width as 0.05 was used to calculate

the average ratio values along the gene structure. The algorithm and plot were

implemented in an R ChIP-chip analysis package NTAP (http://ntap.cbi.pku.

edu.cn).
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