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Abstract

Plant growth is coordinately regulated by environmental and hormonal signals. Brassinosteroid 

(BR) plays essential roles in growth regulation by light and temperature, but the interactions 

between BR and these environmental signals remain poorly understood at the molecular level. 

Here, we show that direct interaction between the dark- and heat-activated transcription factor 

phytochrome-interacting factor4 (PIF4) and the BR-activated transcription factor BZR1 integrates 

the hormonal and environmental signals. BZR1 and PIF4 interact with each other in vitro and in 

vivo, bind to nearly two thousand common target genes, and synergistically regulate many of these 

target genes, including the PRE family HLH factors required for promoting cell elongation. 

Genetic analysis indicates that BZR1 and PIFs are interdependent in promoting cell elongation in 

response to BR, darkness, or heat. These results show that the BZR1-PIF4 interaction controls a 

core transcription network, allowing plant growth co-regulation by the steroid and environmental 

signals.

In plants, cell elongation and seedling morphogenesis are controlled by multiple 

environmental factors and endogenous hormones, including light, temperature, BR, GA, and 

auxin. How these signals regulate largely overlapping cellular and physiological responses 

through distinct signalling pathways remains an outstanding question in plant biology1, 2. In 

particular, BR is required for hypocotyl elongation responses to dark, shade, and high 

temperature in Arabidopsis3–7. How BR mediates or modulates the environmental responses 

is poorly understood at the molecular level.

Light switches the developmental program of seedlings from skotomorphogenesis to 

photomorphogenesis, causing inhibition of hypocotyl elongation, cotyledon opening and 

expansion, chloroplast development, and switch from heterotrophic to photoautotrophic 

growth. Light acts through a suite of photoreceptors, among which the red light-activated 

photoreceptor phytochromes directly interact with the bHLH transcription factors named 
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phytochrome interacting factors (PIFs)8, 9. PIFs accumulate in the dark to promote 

skotomorphogenesis, but are phosphorylated and degraded upon light activation of 

phytochromes9–12. The activities of PIFs are also regulated by the growth hormone GA 

(Ref. 13, 14), the circadian clock, and temperature7, 15–17. Thus, PIFs are considered key 

transcription factors that integrate multiple hormonal and environmental signals.

BR is known to play a key role in light and temperature regulation of plant development, as 

the BR mutants, such as de-etiolated 2 (det2), show light-grown morphology and express 

light-induced genes in the dark3, 4, 18, 19, and are defective in hypocotyl elongation 

responses to high temperature and shade5–7, 20. BR signalling is mediated by the BRI1 

receptor kinase and its downstream signal transduction cascade that leads to 

dephosphorylation and activation of the BZR1 family transcription factors21, 22. Constitutive 

active forms of BZR1, due to either increased dephosphorylation by PP2A (bzr1-1D) or 

reduced binding by the 14-3-3 proteins (BZR1-S173A), suppresses the 

photomorphogenesis-in-the-dark phenotypes and most of gene expression changes of the 

BR-deficient or insensitive mutants, indicating that BR promotes skotomorphogenesis 

through BZR1 (Ref. 19, 22–24).

The crosstalk between light- and BR-pathways is believed to occur at or downstream of 

BZR1, because light does not significantly affect the levels of BR and BZR1(Ref. 25). 

Indeed BZR1 modulates the expression levels of many light-signaling components19, 25, 26. 

In addition, genome-wide protein-DNA interaction analysis revealed BZR1 binding to the 

promoters of a significant portion of light-regulated genes19, suggesting that BR and light 

signals converge at the promoters of common target genes through direct interaction 

between BZR1 and some light-signalling transcription factors. Here, we demonstrate that 

PIF4 directly interacts with BZR1, and together they program a central transcriptional 

network that controls cell elongation and seedling photomorphogenesis. Our genetic 

evidence indicates that this interaction is a key mechanism for BR-dependent growth 

responses to light and temperature.

RESULTS

BZR1 interacts with PIF4

To test if BZR1 interacts with any light-signalling transcription factors, we performed 

transient bimolecular fluorescence complementation (BiFC) assays in tobacco (Nicotiana 

benthamiana), by co-expressing a BZR1 fused to the C-terminal half of yellow florescence 

protein (BZR1-cYFP) and light-signalling transcription factors fused to the N-terminal half 

of YFP (nYFP). As shown in Fig. 1a, strong YFP fluorescence signal was observed in the 

nucleus when BZR1-cYFP was co-transformed with PIF4-nYFP and PIF1-nYFP, indicating 

specific BZR1 interactions with PIF4 and PIF1. Co-immunoprecipitation assays using 

transgenic plants expressing BZR1-CFP and PIF4-myc from their native promoters 

confirmed their interaction in vivo (Fig. 1b). In vitro pull down assays showed that MBP-

BZR1 interacted with GST-PIF4 and GST-PIF1 but not GST alone (Fig. 1c), and GST-PIF4 

interacted with full length MBP-BZR1, MBP-BZR2, and the N-terminal DNA-binding 

domain but not the C-terminal fragment of BZR1 (Fig. 1d,e,g), whereas MBP-BZR1N 

interacted with both the N-terminal fragment and bHLH domain but not the C-terminal 
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fragment of PIF4 (Fig. 1f,h). The results indicate that BZR1 and PIF4 interact through their 

DNA-binding domains and the N-terminal domain of PIF4.

BZR1 and PIFs act interdependently in promoting hypocotyl elongation

We examined whether BR response requires PIFs. Members of the PIF family play 

overlapping roles in promoting skotomorphogenesis and cell elongation. The quadruple 

mutant (pifq) lacking four PIFs (PIF1/PIL5, PIF3, PIF4 and PIF5/PIL6) exhibits a 

constitutive de-etiolation phenotype in the dark, characterized by short hypocotyl and open 

cotyledons, similar to the BR-deficient or insensitive mutants11, 12. The pifq mutant was less 

sensitive to exogenous brassinolide (BL, the most active form of BR) and more sensitive to 

BR biosynthesis inhibitor, brassinazole (BRZ) (Fig. 2a,b), suggesting that the loss of PIFs 

compromises BR response. However, pif4 single mutant responded to BRZ similar to wild 

type (Fig. 2b), indicating redundant functions of PIFs with regard to BR response. The 

bzr1-1D gain-of-function mutation causes constitutive dephosphorylation of BZR1 by 

PP2A(Ref. 22) and a BRZ-resistant phenotype23. However, the pifq;bzr1-1D quintuple 

mutant had similar short hypocotyl as pifq grown on the medium with or without BRZ (Fig. 

2c,d), suggesting that PIFs are required for the BZR1 promotion of hypocotyl elongation in 

the dark.

In contrast to the etiolation-promoting effect observed in the dark-grown bzr1-1D seedlings, 

the light-grown bzr1-1D mutant plants are weak dwarfs, with shorter hypocotyls and 

petioles than wild type23, 27 (Fig. 2e, f). It seems that a light-inactivated factor, possibly 

PIFs, is required for BZR1 promotion of cell elongation. Indeed bzr1-1D increased 

hypocotyl elongation in the PIF4-overexpression (PIF4-OX) background in under light (Fig. 

2e), suggesting that BZR1’s function of promoting cell elongation requires PIF4.

To test whether PIF4 promotion of cell elongation also requires BR signalling and active 

BZR1, we introduced PIF4-OX into the bri1-116 single mutant, in which BZR1 is 

phosphorylated and inactive, and the bri1-116;bzr1-1D double mutant, in which BZR1 is 

active. While bzr1-1D suppressed the bri1-116 de-etiolation phenotype in the dark (Fig. 2f), 

the light-grown bri1-116;bzr1-1D showed similar short hypocotyls as bri1-116 (Fig. 2f,g)23, 

consistent with bzr1-1D being unable to promote cell elongation under light. Overexpression 

of PIF4 increased the hypocotyl length of bzr1-1D;bri1-116 but not of bri1-116 under light 

(Fig. 2f,g), demonstrating that both PIF4 and BZR1 are required for hypocotyl elongation. 

The pifq mutant showed normal BZR1 accumulation and phosphorylation status both before 

and after BR treatment (Supplementary Fig. S1), indicating that PIF4 does not affect BR 

signalling upstream of BZR1. Together these results demonstrate that the BZR1-PIF 

complex is required for cell elongation and skotomorphogenesis; both degradation of PIFs 

by light signalling and inactivation of BZR1 by reduced BR signalling decrease the BZR1-

PIF dimer formation and promote photomorphogenesis.

BZR1 and PIF4 bind to overlapping genomic targets

To understand the functions of BZR1-PIF4 interaction in regulating genome expression, 

chromatin-immunoprecipitation-sequencing (ChIP-Seq) was performed using transgenic 

plants expressing PIF4-myc from PIF4 promoter (pPIF4::PIF4-myc) in the pifq mutant 
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background, with the non-transgenic wild-type plants as a negative control. PIF4 binding to 

known targets (HFR1 and PIL1)14 was detected in the PIF4-myc ChIP-DNA sample but not 

in the control (Supplementary Fig. S2a). Analyses of the ChIP-seq data with two statistical 

software CisGenome28 and PRI-CAT(Ref. 29) identified 3510 and 4573 PIF4 binding 

peaks, respectively (Fig. 3a). Among them, 3186 peaks were identified by both statistical 

methods and thus considered as the high-confidence PIF4 binding peaks and used for further 

analysis. About 55% PIF4-binding peaks were associated with at least one PIF-regulated 

gene whose expression is affected in the pif4;pif5 or pifq mutants according to previously 

published microarray11, 12, 30–32 or our RNA-Seq data (Fig. 3a). The 3186 high-confidence 

PIF4 binding peaks were linked to 4363 neighbor genes which were considered as high-

confidence PIF4 target genes (Supplementary Table S1), of which 1537 were PIF-regulated 

genes (58% genes down-regulated and 35% genes up-regulated by PIFs) and thus 

considered as PIF-regulated PIF4-target genes (PRPT) (Fig. 3b, Supplementary Fig. S2b, 

and Supplementary Table S2,3).

Most of the PIF4-binding peaks were in the promoter regions (within −5 kb from 

transcription start site) (Fig. 3c), consistent with PIF4 function as a transcription factor. The 

distributions of PIF4 binding sites were similar between PIF-activated or PIF-repressed 

genes, suggesting that the up or down-regulation is independent of the binding location (Fig. 

3c). Consistent with previous studies showing PIFs binding to G-box element33, 34, the G-

box motif (CACGTG) is the most enriched cis-element in the PIF4 binding sites, and the E-

box motif (CACATG) was also enriched but to a less degree, whereas the frequency of 

CTATAG motif as the negative control was not increased near the PIF4 binding peaks (Fig. 

3d and Supplementary Fig. S2c). Similar cis-element enrichment was found in PIF-activated 

or repressed genes (Supplementary Fig. S2c).

The target genes of PIF4 include over half (51.7%) of the BZR1 target genes identified by 

chromatin-immunoprecipitation microarray19 (Fig. 3e). These target genes of both BZR1 

and PIF4 contain a higher portion of light-regulated genes than the target genes of either 

BZR1 or PIF4 alone (Fig. 3e). When plotted along the gene structure, most of the binding 

peaks of BZR1 and PIF4 were clustered along the diagonal line (Fig. 3f), suggesting that 

they bind to nearby or same cis-elements (Fig. 3g). Motif analysis showed that the G-box 

(CACGTG), which contains two inverted repeats of the core of BZR1 binding site 

(CGTG)27, was the most enriched motif in the regions bound by both BZR1 and PIF4 

(Supplementary Fig. S2d,e). To test if BZR1 and PIF4 bind to same promoter elements at 

the same time or exclusive of each other, chromatin from transgenic Arabidopsis expressing 

both BZR1-myc and PIF4-YFP was immunoprecipitated sequentially using anti-myc and 

anti-YFP antibodies, and then analyzed by qPCR. The results show a high enrichment of the 

BZR1 and PIF4 common target promoters, indicating that BZR1 and PIF4 co-occupy these 

promoters in vivo (Fig. 3h). These results, together with in vitro data showing direct 

interaction between their DNA-binding domains, suggest that BZR1 and PIF4 form a 

heterodimer to bind to promoters of the common target genes (Fig. 1).
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BZR1 and PIF4 co-regulate light- and hormone-responsive genes

Of the 2879 BZR1-regulated genes, 857 (335 expected randomly) were regulated by PIFs 

(Fig. 4a). While 80% (682) of the BZR1 and PIF co-regulated genes were also regulated by 

light, only 18% of BZR1-only-regulated and 69% of PIF-only-regulated genes were 

regulated by light, indicating that the co-regulated genes are more likely to be light 

responsive than genes regulated by only BZR1 or PIF4 (Fig. 4a). BZR1 and PIF4 regulated 

most genes in a similar direction and their effects were opposite to that of light (Fig. 4b), 

consistent with their roles as negative regulators of photomorphogenesis.

Consistent with previously reports of PIF4 functions in the environmental and hormonal 

responses such as light, high temperature, circadian rhythm, shade avoidance, auxin and GA 

responses9, 13–15, 17, 32, gene ontology (GO) analyses showed that all these PIF4-mediated 

responses are highly represented by the PIF4 target genes (Supplementary Fig. S3), 

indicating that PIF4 directly regulates these responses. In particular, genes involved in cell 

size regulation and responses to auxin and GA showed highest enrichment in genes that 

were activated directly by BZR1 and PIF4 (Fig. 4c). In contrast, genes encoding 

photosynthetic and chloroplast proteins were most enriched among the genes that are 

repressed by BZR1 and PIFs but are not direct targets (Fig. 4c). These results indicate that 

the BZR1-PIF4 heterodimer tends to directly regulate the genes involved in auxin-, and GA-

responses and cell elongation, but indirectly regulate the genes encoding photosynthetic and 

chloroplast proteins through downstream transcription factors.

BZR1 and PIF4 regulate different genes interdependently and independently

We performed RNA-Seq analysis to determine whether genes are controlled independently 

or interdependently by PIFs and BZR1. Wild type, bzr1-1D, pifq, and pifq;bzr1-1D plants 

were grown on the medium containing 2 µM BRZ (to inactivate wild type BZR1) in the dark 

for 5 days. RNA-Seq analyses identified 2151 genes affected >2-fold by bzr1-1D mutation 

compared to wild type (BZR1-regulated genes) (Fig. 4d and Supplementary Table S4), and 

3176 genes affected by the pifq mutation in the bzr1-1D background (pifq;bzr1-1D vs 

bzr1-1D, PIF-regulated genes) (Fig. 4d and Supplementary Table S5). About 59% of (1279) 

of the BZR1-regulated genes are also regulated by PIFs, mostly in the same direction 

(correlation coefficient = 0.87) (Fig. 4e). The overall effects of bzr1-1D on the gene 

expression are significantly diminished in the pifq background compared to the wild type 

background (Fig. 4f), with differential expression of about 78% of the 2151 bzr1-1D-

affected genes abolished or reversed in the pifq background (Fig. 4d,f). Among the 3176 

genes affected by pifq in the bzr1-1D background, 2039 genes (64%) were unaffected or 

affected in opposite ways by pifq in the wild type background, which lacks BZR1 activity 

when grown on the BRZ medium (Supplementary Fig. S5). These results demonstrate that 

BZR1 and PIFs regulate a large portion of downstream genes interdependently of each other 

but also regulate some genes independently.

We performed qRT-PCR analysis of several BZR1-PIF4 common target genes in the 

bzr1-1D, pifq and bzr1-1D;pifq mutants to confirm their independent or interdependent 

regulation by BZR1 and PIF4. As shown in Figure 4g, the expression levels of the BZR1-

activated SAUR15, IAA19, PREs and ACS5 and BZR1-repressed genes GER1 and FAD5 
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were less affected by bzr1-1D in the pifq background than in the wild type background, 

suggesting that the optimal BZR1 transcriptional activity on these target genes requires PIFs. 

In contrast to pifq, PIF4 overexpression had similar effects on these genes as bzr1-1D, and 

together PIF4-OX and bzr1-1D showed synergistic effects (Fig. 4h). On the other hand, 

inhibiting BR synthesis using BRZ diminished the effects of PIF4-OX on these genes, 

whereas bzr1-1D partly overcame the inhibitory effects of BRZ (Fig. 4i), indicating that 

BZR1 is required for the PIF4 regulation of these genes. These results confirm that BZR1 

and PIF4 cooperatively regulate these common target genes. The qRT-PCR analysis also 

confirmed the PIF-independent actions of BZR1 on the BR biosynthesis genes CPD, 

BR6OX2 and DWF4 (Fig. 4g–h).

PREs promote cell elongation downstream of BZR1 and PIF4

Among the BZR1-PIF4-coregulated targets (Fig. 4g), the PRE family of small HLH proteins 

has been characterized as positive regulators of cell elongation35, 36. Among the six PRE 

members, PRE1, PRE5 and PRE6 were identified as PIF4 targets in the ChIP-Seq analysis 

(Supplementary Fig. S6a), and confirmed by ChIP-qPCR to be direct targets of both BZR1 

and PIF4 (Supplementary Fig. S6b,c). The expression levels of PREs were dramatically 

reduced in pifq but only slightly reduced in the pif4 single mutant, suggesting that PIF4 and 

additional PIFs redundantly activate these PRE genes (Supplementary Fig. S6d). Expression 

of these PREs were activated by bzr1-1D in a PIF-dependent manner (Fig. 4g), 

synergistically activated by bzr1-1D and PIF4-OX (Fig. 4h), and activated by PIF4-OX in a 

BR/BZR1-dependent manner (Fig. 4i). Transient assays of a pPRE5::Luc reporter gene 

further confirmed that BZR1 and PIF4 synergistically activate PRE5 (Fig. 5a).

We generated a transgenic line in which four PREs (PRE1, 2, 5, 6) were knocked-down 

using artificial micro RNA (pre-amiR) (Fig. 5b). The pre-amiR plants showed dwarf 

phenotypes similar to BR-deficient or -insensitive mutants (Fig. 5c), and a reduced response 

to BR treatment (Fig. 5d,e). Suppression of PREs also increased the sensitivity to BRZ in 

both wild type and bzr1-1D background (Fig. 5f). Knockdown of PREs also enhanced the 

plant sensitivity to light (Fig. 5g), whereas overexpression of PRE1 suppressed the dwarf 

phenotype of pifq (Fig. 5h). These results demonstrate that PREs are key components 

promoting cell elongation downstream of BZR1 and PIF4.

High temperature promotion of hypocotyl elongation requires both BZR1 and PIF4

BR is required for Arabidopsis hypocotyl elongation in response to high temperature7, 

which is mediated by an increase of PIF4 expression7. We thus tested whether BZR1 acts 

together with PIF4 to promote hypocotyl elongation under high temperature. The high 

temperature-induce hypocotyl elongation was abolished by the BR biosynthesis inhibitor 

propiconazole (PPZ) in wild type but not in the bzr1-1D mutant (Fig. 6a,b), indicating that 

BR activation of BZR1 is required for the high temperature-induced hypocotyl elongation. 

The pifq;bzr1-1D mutant showed no response to high temperature, consistent with PIF4’s 

essential role in hypocotyl response to high temperature (Fig. 6a,b). As reported previously7, 

high temperature increased the PIF4 protein accumulation (Fig. 6c). In contrast, BZR1 was 

not obviously affected by temperature (Fig. 6d), indicating that high temperature mainly 

increase the level of PIF4, which promotes hypocotyl elongation in a BZR1-dependent 
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manner. Consistent with a BZR1-dependent regulation, the expressions of several BZR1 and 

PIF4 co-target genes including PREs were increased by high temperature in wild type and 

bzr1-1D;bri1-116 but not in bri1-116 (Fig. 6e). The hypocotyl lengths of pre-amiR plants 

showed greatly reduced response to high temperature (Fig. 6f), supporting a key role of 

PREs in hypocotyl elongation downstream of BZR1 and PIF4.

DISCUSSION

Signalling crosstalk is considered important for cellular decision making, but few examples 

of direct crosstalk between signalling pathways have been elucidated in plants, although 

plants are expected to have more complex signalling system than animals2. Genetic and 

physiological studies have suggested a close relationship between BR- and light-signalling 

pathways, yet evidence for direct crosstalk has been elusive. Here we show that light-

regulated PIF4 interacts directly with BR-regulated BZR1. Together they bind to thousands 

of common target genes in the genome, and interdependently control gene expressions and 

seedling morphogenesis. The functional interdependence between PIF4 and BZR1 explains 

why BR is required for cell elongation responses to multiple environmental signals that 

activate PIFs, including darkness, shade and high temperature3, 5–8, 17. This relation is also 

consistent with the light-dependent phenotype of bzr1-1D27. The interaction seems 

conserved among additional members of the BZR1 and PIF families. Although bes1-D was 

reported to show a light-independent long-hypocotyl phenotype37, the difference could be 

due to different genetic background or a possibly light-independent activity of BES1. Our 

strong genetic and molecular evidence indicates that BZR1-PIF4 interaction is a key 

mechanism for coordination of growth regulation by BR, light, and temperature.

Most of the BZR1-PIF4 co-regulated target genes were positively regulated by both BZR1 

and PIFs, suggesting that BZR1-PIF4 heterodimer functions as a transcription activator. 

However, the interactions between BZR1 and PIF4 appear to be promoter specific, and 

BZR1 and PIF4 each also controls large numbers of unique targets. This potentially allows 

differential regulation of various processes by BR and environmental signals. The genome-

wide analysis confirmed that the major functions of BZR1-PIF4 are activating genes 

involved in cell elongation while repressing the transcription pathways for chloroplast 

development. In addition to cell wall-related genes, BZR1-PIF4 promotion of cell elongation 

seems to also require downstream PRE family of HLH factors, which are homologous to the 

human Inhibitor of DNA-binding (Id) protein35, 36. Previous studies have shown major 

function of the PREs in promoting growth by antagonizing other bHLH factors including 

IBH1, AIF1, and PAR1 (Ref. 35, 36, 38). We show here that PREs are co-activated by 

BZR1 and PIF4, and they are required for the BZR1/PIF4-mediated hypocotyl elongation 

responses to BR, dark, and high temperature. A recent study showed that PAR1 interacts 

with PIF4 (Ref.39); therefore, the transcription activation of PREs may also activate a 

feedback loop further activating PIF4. BZR1 and PIFs appear to act at the center of a 

complex transcriptional network that controls cellular growth and development of 

photosynthetic apparatus.

Interestingly, BZR1 and PIF4 tend to regulate photosynthetic/chloroplast genes indirectly 

through their target transcription factors such as GLK1 and GLK2, which are key 
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transcription factors regulating expression of photosynthetic apparatus40–42. GLK1 is a 

target gene of both BZR1 and PIF4, whereas GLK2 is a PIF4 target; both are repressed by 

BZR1, BZR2/BES1, and PIFs12, 19, 43. Of the 120 GLK1/2-activated genes identified by 

microarray analysis, 55 genes (46%) were repressed by BZR1 and/or PIFs (Supplementary 

Table S6), consistent with the repression of GLK1/2 by BZR1 and PIFs.

Previous studies have shown that BZR1 inhibits photomorphogenesis by transcriptional 

repression of light-signalling components19, including phytochrome B as well as GATA2 

and BZS1 transcription factors19, 25, 26. As such, BZR1 not only directly cooperates with the 

negative regulators (PIFs) but also transcriptionally represses the positive regulators of 

photomorphogenesis, providing two levels of control. These interactions at multiple levels 

support the importance of steroid regulation of light sensitivity. In addition to light and 

temperature, circadian rhythm and gibberellin also control the activities of PIF factors13–15, 

and thus the responses to these signals may also depend on BR/BZR1. The BZR1-PIF4 

module therefore seems to be the core of a complex network that integrates multiple 

endogenous and environmental signals.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. BZR1 interacts with PIF4
(a) BiFC assay shows PIFs interaction with BZR1 in tobacco leaf cells. Images show 

overlay of fluorescence and light view. (b) Co-immunoprecipitation assay of BZR1 with 

PIF4. Plants expressing BZR1-CFP from native BZR1 promoter and PIF4-myc from native 

PIF4 promoter or plants expressing only PIF4-myc were incubated at 28°C for 8 hr to 

accumulate PIF4 protein and treated with 100 nM BL for 1.5 hr. BZR1-CFP was 

immunoprecipitated using anti-GFP antibody and immunoblotted using anti-myc or anti-

GFP antibody. (c) PIFs directly interact with BZR1 in vitro. GST-PIF1 and GST-PIF4 were 
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pulled down by MBP-BZR1 immobilized on maltose agarose beads and eluted and analyzed 

by immunoblotting using anti-GST antibody. (d) PIF4 interacts with both BZR1 and BZR2 

in vitro. MBP-BZR1 and MBP-BZR2 were pulled down by GST-PIF4 immobilized on 

glutathione-agarose beads and then eluted and analyzed by immunoblotting using anti-MBP 

antibody. (e) N-terminal DNA binding domain of BZR1 interacts with PIF4 in vitro. Various 

fragments of BZR1 fused to MBP were pulled down by GST-PIF4 and then eluted, analyzed 

by immunoblotting using anti-MBP antibody. (f) Both N-terminal and bHLH domain of 

PIF4 interact with BZR1 in vitro. Various fragments of PIF4 fused to GST were pulled 

down by MBP-BZR1N and eluted, analyzed by immunoblotting using anti-GST antibody. 

(g,h) Box diagrams of the various fragments of BZR1 (g) and PIF4 (h) used in the pull-

down assays in panels e and f. The black boxes indicate the DNA binding domains. The 

numbers indicate the amino acids.
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Figure 2. BZR1 and PIFs act interdependently in promoting hypocotyl elongation
(a) The pifq mutant is hyposensitive to BL compared to wild type (Col-0). Seedlings were 

grown on various concentrations of BL under white light for 7 days before hypocotyl 

lengths were measured. Error bars indicate s.d. (n=10 plants) and ** : P < 0.01. (b) The pifq 

mutant, but not pif4, is hypersensitive to BRZ. Seedlings were grown on various 

concentrations of BRZ in the dark for 5 days. Error bars indicate s.d. (n=12 plants) and ** : 

P < 0.01. (c) bzr1-1D cannot promote etiolation in the dark in the pifq mutant. Seedlings 

were grown on medium either with (+BRZ) or without (−BRZ) 2 µM BRZ in the dark for 5 

days. Scale bar, 5 mm. (d) Quantification data of panel (c). Numbers indicate ratio of 

average hypocotyl length of bzr1-1D to that of control. Error bars indicate s.d. (n=10 plants) 

and ** : P < 0.01. (e) PIF4 is required for BZR1 promotion of hypocotyl elongation under 

light. Seedlings were grown on the mock (M) or 2 µM BRZ (BRZ) medium under red light 

for 5 days. Numbers indicate ratios of hypocotyl length of bzr1-1D to that of control. Error 

bars indicate s.d. (n=10 plants) and ** : P < 0.01. (f) Both PIF-4OX and bzr1-1D are 

required to promote hypocotyl elongation in the bri1-116 (bri1) mutant background under 

light. Seedlings were grown in the dark or under red light for 5 days. Scale bar, 5 mm. (g) 
Quantification data of panel (f) (light). Numbers indicate ratio of average hypocotyl length 

of multiple mutant including bri1-116 to that of bri1-116. Error bars indicate s.d. (n=10 

plants) and ** : P < 0.01.
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Figure 3. BZR1 and PIF4 share a large number of genomic targets
(a) Total PIF4 binding peaks identified by ChIP-Seq analyses using two statistical methods. 

Numbers indicate percentage of binding peaks associated with at least one PIF-regulated 

gene. (b) Venn diagram shows significant overlap between PIF4-binding target genes and 

PIF-regulated genes identified by microarray analysis of pif4;pif5 or pifq and RNA-Seq 

analysis of pifq. (c) Distribution of PIF4 binding peaks (Frequency) relative to gene 

structure (−5 kb to +1 kb downstream of 3’ end). (d) Frequency of shown cis-elements 

around the PIF4 binding sites. Sequence logo shows the most enriched motifs in the PIF4 

binding regions. (e) Venn diagrams of PIF4 target genes, BZR1 target genes identified by 

previous ChIP-chip assay and all light-regulated genes from the light-treatment microarray 

assays25. (f) Spatial distribution of PIF4 and BZR1 binding peaks along the promoter 

(−5000 bp to start), coding (start-end, gray), and 3’ (end to +1000 bp) regions of common 

target genes. Frequency of peak pairs is represented with a color scale. Counts are numbers 

of peak pairs in certain area. (g) Representative PIF4 and BZR1 binding peaks in the 

promoters of common target genes (IAA19 and SAUR15). (h) ChIP-reChIP analysis shows 

that BZR1 and PIF4 co-occupy common targets. The chromatin of 35s-BZR1-myc;35s-

PIF4-YFP double transgenic plants was first immunoprecipitated using anti-myc antibody, 

and then using anti-GFP antibody, and the precipitated DNA was quantified by qPCR. 

Enrichment of DNA was calculated as ratio between BZR1-myc;PIF4-YFP and wild type 

control, normalized to that of PP2A coding region as an internal control. Error bars indicate 

s.d. of three independent experiments (n=3).
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Figure 4. BZR1 and PIF4 regulate different genes interdependently and independently
(a) Venn diagram shows significant overlap between BZR1-regulated and PIF-regulated and 

red light-regulated genes. (b) Heat map of 682 BZR1, PIF and light co-regulated genes. 

Scale bar shows fold changes (log2 value). (c) Gene ontology (GO) analyses of BZR1 and 

PIF4 targets, and BZR1-regulated, PIF4-regulated genes. Numbers indicate percentage of 

genes belonging to each GO category. Total: Arabidopsis total genes. (d) Comparison of 

BZR1-regulated genes (bzr1-1D vs Col-0 and pifq;bzr1-1D vs pifq) and PIF-regulated genes 

(bzr1-1D vs pifq;bzr1-1D) identified by RNA-Seq analysis. Differentially expressed genes 

were defined by 2-fold difference between samples with p-value < 0.01. (e) Scatter plot of 

log2 fold change values in bzr1-1D/Col-0 or bzr1-1D/pifq;bzr1-1D RNA-Seq data for 1279 

BZR1 and PIF co-regulated genes. (f) Scatter plot of log2 fold change values of 2151 BZR1-

regulated genes in the wild type vs pifq mutant background. (g, h) qRT-PCR analysis of the 

expression levels of BZR1 and PIF co-regulated genes and BR biosynthesis genes. Seedlings 

were grown on 2 µM BRZ medium in the dark (g) or under red light (h) for 5 days. (i) PIF4 

activation of target gene expression requires BR signalling and BZR1. qRT-PCR analysis of 

seedlings grown on media without or with 2 µM BRZ (BRZ) under red light for 5 days. All 

gene expression levels were normalized to that of PP2A and are shown relative to the 

expression levels in wild type (Col-0). All error bars indicate s.d. of three independent 

experiments (n=3).
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Figure 5. PREs promote hypocotyl elongation downstream of BZR1 and PIF4
(a) Transient gene expression assays of co-regulation of PRE5 expression by BZR1 and 

PIF4. The PRE5 promoter (2 kb) fused to firefly luciferase reporter gene was co-transfected 

with 35S::BZR1, 35S::PIF4, or both, into Arabidopsis mesophyll protoplast. The firefly 

luciferase activities were normalized by renilla luciferase as an internal control. Error bars 

indicate s.d. of three independent experiments (n=3). (b) Expression levels of PRE1 to PRE6 

in the pre-amiR plants. PRE4 was not detected in this condition. Similar results were 

obtained in two independent experiments. (c) The pre-amiR plants show dwarfism. Four-

week-old plants were photographed. (d, e) The pre-amiR plants had reduced sensitivity to 

BL. Seedlings were grown on various concentration of BL medium under light for 5days. 

Representative seedlings grown on either mock (M) or 100 nM BL (BL) media are shown in 

panel (d). Error bars indicate s.d. (n=10 plants) and ** : P < 0.01. (f) The pre-amiR plants 

are hypersensitive to BRZ. Seedlings were grown either on mock (M) or 2 µM BRZ in the 

dark for 5 days. Error bars indicate s.d. (n=10 plants). (g) The pre-amiR plants are 

hypersensitive to light. Seedlings were grown in various intensities of red light for 5 days. 

Error bars indicate s.d. (n=10 plants) and ** : P < 0.01. (h) PRE1-OX suppresses the short-

hypocotyl phenotype of the pifq mutant. Seedlings were grown under red light for 5 days. 

Error bars indicate s.d. (n=15 plants).
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Figure 6. High temperature promotion of hypocotyl elongation requires both BZR1 and PIF4
(a, b) Both BZR1 and PIF4 are required for high temperature promotion of hypocotyl 

elongation. Seedlings were grown either on mock (−PPZ) or 2 µM PPZ (+PPZ) at 20°C or 

28°C for 7 days. Numbers indicate ratios of hypocotyl lengths of seedlings at 28°C to 20°C. 

Error bars indicate s.d. (n=10 plants). (c) PIF4 protein accumulates at high temperature. 

Seedlings expressing PIF4-myc from native PIF4 promoter were grown at 20°C for 5 days 

and transferred to 28°C for 1, 4 and 24 hr. (d) BZR1 accumulation and phosphorylation 

status are not significantly affected at high temperature. Seedlings expressing BZR1-CFP 

from native BZR1 promoter were grown at 20°C for 5 days and transferred to 28°C for 1, 4 

and 24 hr. (e) Both BZR1 and PIF4 are required for high temperature-induced gene 

expressions. Seedlings were grown at 20°C for 4 days and transferred to 28°C for 24 hr (28) 

or kept at 20°C (20). Relative gene expression levels were normalized to that of PP2A. 

Similar results were obtained in two independent experiments. (f) The pre-amiR plants are 

defective in the high temperature promotion of hypocotyl elongation. Seedlings were grown 

at 20°C or 28°C for 7 days. Error bars indicate s.d. (n=10 plants).
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