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ABSTRACT

Cold stress is a major environmental factor that adversely affects plant growth and development. The

C-repeat binding factor/DRE binding factor 1 (CBF/DREB1) transcriptional regulatory cascade has been

shown to play important roles in plant response to cold. Here we demonstrate that two key components

of brassinosteroid (BR) signaling modulate freezing tolerance of Arabidopsis plants. The loss-of-function

mutant of the GSK3-like kinases involved in BR signaling, bin2-3 bil1 bil2, showed increased freezing

tolerance, whereas overexpression of BIN2 resulted in hypersensitivity to freezing stress under both

non-acclimated and acclimated conditions. By contrast, gain-of-function mutants of the transcription

factors BZR1 and BES1 displayed enhanced freezing tolerance, and consistently cold treatment could

induce the accumulation of dephosphorylated BZR1. Biochemical and genetic analyses showed that

BZR1 acts upstream of CBF1 and CBF2 to directly regulate their expression. Moreover, we found that

BZR1 also regulated other COR genes uncoupled with CBFs, such as WKRY6, PYL6, SOC1, JMT, and

SAG21, tomodulate plant response to cold stress. Consistently,wrky6mutants showeddecreased freezing

tolerance. Taken together, our results indicate that BZR1 positively modulates plant freezing tolerance

through CBF-dependent and CBF-independent pathways.
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INTRODUCTION

Cold stress is a major environmental factor that limits plant

growth, development, and geographic distribution. Plants have

evolved complicated mechanisms involving altered physiological

and biochemical processes to adapt to cold stress. Cold

acclimation is a process whereby plants exposed to low but

non-freezing temperatures can increase their tolerance to

freezing stress (Thomashow, 1999). Extensive studies have

shown that three C-repeat binding factor/DRE binding factor 1

(CBF/DREB1) transcription factors that belong to the AP2/ERF

(Apetala2/Ethylene-responsive factor) superfamily play critical

roles in cold acclimation in Arabidopsis (Stockinger et al., 1997;

Liu et al., 1998; Thomashow, 1999; Chinnusamy et al., 2007;

Shi et al., 2015). Under cold stress, CBF proteins bind to CRT/

DRE cis elements in the promoters of cold-regulated (COR) genes

and activate their transcription (Stockinger et al., 1997).

Overexpression of CBFs leads to constitutively enhanced

freezing tolerance (Stockinger et al., 1997; Liu et al., 1998;

Thomashow, 1999). It has been shown that CBF genes are
regulated by several transcription factors, including inducer of

CBF expression 1/2 (ICE1/2), phytohormone-interacting factor

4/7 (PIF4/7), MYB15, and calmodulin-binding transcription acti-

vator 1-3 (CAMTA1-3) (Chinnusamy et al., 2003; Agarwal et al.,

2006; Doherty et al., 2009; Fursova et al., 2009; Lee and

Thomashow, 2012). ICE1/2 andCAMTA1-3 bind to the promoters

of CBF genes and activate their expression (Chinnusamy et al.,

2003; Doherty et al., 2009; Fursova et al., 2009). By contrast,

MYB15 and PIF4/7 bind to CBF promoters and repress their

expression during cold stress and long-day periods, respectively

(Agarwal et al., 2006; Lee and Thomashow, 2012). Therefore,

CBF genes are tightly controlled under different environmental

conditions.

Emerging evidence has shown that some critical components of

phytohormone signaling modulate cold responses of plants in a
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CBF-dependent manner. Open stomata 1 (OST1), a key Ser/Thr

protein kinase in abscisic acid (ABA) signaling, interacts with

and phosphorylates ICE1 to positively regulate CBF expression

in plant cold response (Ding et al., 2015). Ethylene-insensitive

3 (EIN3), a positive regulator of ethylene signaling, negatively

controls freezing tolerance at least partially by repressing the

cold-inducible CBF genes in Arabidopsis (Shi et al., 2012). In

addition, JAZ1 and JAZ4, which are repressors of jasmonate

signaling, physically interact with ICE1 and ICE2 to repress

their transcription activity, thereby negatively modulating CBF

expression (Hu et al., 2013).

Brassinosteroid insensitive 2 (BIN2) is a GSK3-like kinase in

BR signaling (Kim and Wang, 2010; Ryu et al., 2010). In the

absence of BRs, active BIN2 constitutively phosphorylates

two homologous transcription factors, brassinazole-resistant

1 (BZR1) and BRI1-EMS-suppressor 1 (BES1), to promote their

degradation. In the presence of BRs, BIN2 is dephosphorylated

by BSU1 and degraded by the 26S proteasome, which

subsequently releases the suppression of BZR1 and BES1 by

BIN2 (He et al., 2002; Wang et al., 2002; Yin et al., 2002).

Dephosphorylated BZR1 and BES1 accumulate in the nucleus

and bind to their target genes to induce the BR response

(Wang et al., 2002; He et al., 2005; Sun et al., 2010; Yu et al.,

2011). BZR1 and BES1 are two well-characterized basic helix-

loop-helix transcription factors in the BR-signaling pathway that

share 88% sequence identity at the amino acid level. Both

BZR1 and BES1 bind BRRE (CGTGT/CG) and E-box (CANNTG)

through the conserved N-terminal DNA-binding domain and

target a series of common genes to regulate BR-related re-

sponses (He et al., 2005; Yin et al., 2005).

In the present study, we investigated the function of BR-signaling

components in plant freezing stress. We show that the crucial

BR-signaling kinases BIN2 and its homologs played negative

roles, whereas BZR1 and BES1 played positive roles in regulating

plant responses to freezing stress. BZR1 positively regulated the

expression of CBF1 and CBF2 genes by directly binding to their

promoters in vitro and in vivo. Moreover, we found some genes/

pathways independent of the CBF pathway were regulated by

BZR1 by RNA-sequencing (RNA-seq) analysis. These findings

reveal that BZR1 positively regulates plant freezing tolerance

through CBF-dependent and CBF-independent pathways.
RESULTS

BIN2 and Its Homologs Negatively Modulate Plant
Freezing Tolerance

To identify protein kinases involved in response to cold, we

collected or generated transgenic plants overexpressing a set of

candidate protein kinases and then conducted freezing tolerance

assays. Overexpressing the GSK3-like kinase BIN2 caused

altered freezing phenotype, so we focused on the functional anal-

ysis of BIN2 in freezing tolerance. The transgenic plants overex-

pressing BIN2-Myc driven by a super promoter (BIN2-OE1 and

BIN2-OE15) displayed freezing-sensitive phenotype compared

with wild-type plants (Figure 1A and 1B; Supplemental Figure 1).

Under non-acclimated conditions, 76% of the wild-type (Col-0)

plants survived after exposure to a temperature of �4�C for

0.5 h, whereas only 37% of BIN2-OE1 transgenic plants sur-
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vived (Figure 1A and 1B). Under cold-acclimated conditions,

approximately 68% of the wild-type plants survived after freezing

treatment at �6�C for 1 h, whereas only 46% of BIN2-OE1 trans-

genic plants survived (Figure 1A and 1B). The BIN2-OE15 plants

also showed freezing-sensitive phenotypes compared with

the wild-type plants (Figure 1A and 1B). Electrolyte leakage is

an indicator of plasma membrane damage caused by stress;

therefore, we examined changes in the electrolyte leakage of

the wild-type and BIN2 transgenic plants. No obvious difference

in the electrolyte leakage was observed between the wild-type

and BIN2-overexpressing plants when grown at 22�C. However,

after freezing treatments, the electrolyte leakage in these trans-

genic plants was consistently increased compared with the

wild-type under both non-acclimated and acclimated conditions

(Figure 1E). These results suggest that BIN2 plays a negative

role in regulating plant freezing tolerance.

To further explore the function of BIN2 in freezing tolerance, we

examined freezing tolerance of its loss-of-function mutant.

When treated with freezing stress, bin2-3 loss-of-function mutant

showed similar survival rate and electrolyte leakage compared

with the wild-type under both non-acclimated and acclimated

conditions (Supplemental Figure 2), indicating that mutation of

BIN2 does not significantly affect plant freezing tolerance. It

was reported that BIN2 functions redundantly with other

Arabidopsis GSK3-like kinases, including BIN2-LIKE1 (BIL1)

and BIL2, to regulate BR signaling (Yan et al., 2009); we

therefore examined the freezing tolerance of the bin2-3 bil1 bil2

triple mutant (Cai et al., 2014) to determine whether BIN2 acts

redundantly with BIL1 and BIL2 to modulate plant response to

freezing stress. The bin2-3 bil1 bil2 triple mutant exhibited

substantially increased freezing tolerance compared with wild-

type with or without cold acclimation (Figure 1C and 1D).

Consistent with this result, significantly reduced electrolyte

leakage was detected in the bin2-3 bil1 bil2 triple mutant

compared with the wild-type under both conditions (Figure 1F).

These data demonstrate that BIN2 and its homologs negatively

modulate plant freezing tolerance.

BZR1/BES1 Positively Regulates Plant Freezing
Tolerance

Because BZR1 and its closest homolog BES1 act as key

transcription factors downstream of BIN2 in the BR-signaling

pathway (He et al., 2002; Yin et al., 2002), we examined the

freezing tolerance of their dominant active mutants, bzr1-1D

and bes1-D. The bzr1-1D and bes1-Dmutants showed increased

freezing tolerance compared with the wild-type plants under

non-acclimated and acclimated conditions (Figure 2A–2D).

Consistently, electrolyte leakage was obviously lower in the

bzr1-1D and bes1-D mutants than the wild-type plants following

freezing treatment under both conditions (Figure 2E and 2F).

These results suggest that BZR1 and BES1 act as positive

regulators of freezing tolerance.

Cold Induces the Accumulation of
Dephosphorylated BZR1

We next tested the expression of BIN2 and BZR1 in wild-type

plants under cold treatment. Real-time quantitative PCR (qPCR)

analysis showed that BIN2 and BZR1 expression was not obvi-

ously affected by cold treatment (Figure 3A and 3B). Therefore,



Figure 1. Freezing Phenotypes of BIN2-Overexpressing Plants and bin2-3 bil1 bil2 Mutant.
(A andC) Freezing phenotypes ofBIN2-overexpressing (A) and the bin2-3 bil1 bil2mutant (C) under non-acclimated and acclimated conditions. Thewild-

type (WT), transgenic plants overexpressing BIN2-Myc driven by super promoter (BIN2-OE1 and BIN2-OE15), and bin2-3 bil1 bil2mutant were grown on

1/2 MS plates at 22�C for 2 weeks and then treated at �4�C for 0.5 h for non-acclimated plants (NA) and at �6�C or �7�C for 1 h for acclimated plants

(CA; 3 days at 4�C). At least three plates were treated in each treatment. The representative pictures were taken after recovery.

(B and D) Survival rates of BIN2-overexpressing plants (B) and the bin2-3 bil1 bil2 mutant (D).

(E and F) The electrolyte leakage assays of BIN2-overexpressing plants (E) and the bin2-3 bil1 bil2 mutant (F) at the indicated freezing temperatures.

Plants without freezing treatment were used as control, and represented by ‘‘CK’’.

In (B), (D), (E), and (F), the data are the mean values of three replicates ± SD. *P < 0.05 and **P < 0.01 (t-test) indicate a significant difference between

mutants and the WT plants. At least three independent experiments were done with similar results. See also Supplemental Figures 1 and 2.
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we further examinedwhether cold treatment affects protein levels

of BIN2. BIN2-OE1 transgenic plants were treated at 4�C for

different periods of time. The results showed that BIN2 protein

level was not obviously altered after cold treatment (Figure 3C).

The phosphorylation status of BZR1 is an important indicator to

reflect BR signaling (He et al., 2002, 2005; Wang et al., 2002;
Yin et al., 2002). We successfully made the antibody against

BZR1 (Supplemental Figure 3) to examine the BZR1 protein

level and phosphorylation status by immunoblot analysis in the

wild-type plants under cold treatment. Before cold treatment,

BZR1 was detected as both phosphorylated and dephosphory-

lated forms, and mainly in the phosphorylated form (Figure 3D).

Interestingly, we found that the amount of dephosphorylated
Molecular Plant 10, 545–559, April 2017 ª The Author 2017. 547



Figure 2. Freezing Phenotypes of bzr1-1D and bes1-D Mutants.
(A and B) Freezing phenotypes of bzr1-1D (A) and bes1-D (B)mutants. The wild-type (WT), bzr1-1D, and bes1-Dmutants were grown on 1/2MS plates at

22�C for 2 weeks and then treated at �4�C for 0.5 h or 1 h for non-acclimated plants (NA) and at �7�C for 0.5 h or 1 h for acclimated plants (CA; 3 days

at 4�C). Plants without freezing treatment were used as control, and represented by ‘‘CK’’.

(C and D) Survival rates of bzr1-1D (C) and bes1-D (D) under non-acclimated and acclimated conditions described in (A) and (B).

(E and F) The electrolyte leakage assays of bzr1-1D (E) and bes1-D (F) mutant at the indicated freezing temperatures.

In (C), (D), (E), and (F), the data are the mean values of three replicates ± SD. *P < 0.05 and **P < 0.01 (t-test) indicate a significant difference between

mutants and WT. At least three independent experiments were done with similar results.
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BZR1 was increased by cold treatment and peaked at 3 h of cold

treatment, then decreased afterward (Figure 3D). These results

suggest that cold treatment induces BZR1 protein change from

a phosphorylated to a dephosphorylated state.

We then determined the phosphorylation status of BZR1 in bin2-3

bil1 bil2 and BIN2-OE1 transgenic plants with cold treatment.

BZR1 protein levels, including both phosphorylated and de-

phosphorylated forms, were increased in bin2-3 bil1 bil2 but

decreased in BIN2-OE1 transgenic plants before cold treatment
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(Figure 3D and 3E), which is consistent with the previous

studies showing that BIN2 negatively regulates BZR1 (He et al.,

2002). The dephosphorylated BZR1 accumulated and peaked

at 3 h of cold treatment in both bin2-3 bil1 bil2 and BIN2-OE1

transgenic plants, similar to the wild-type plants (Figure 3D

and 3E). Furthermore, the level of dephosphorylated BZR1 in

bin2-3 bil1 bil2 was much higher than in the wild-type, whereas

in BIN2-OE1 transgenic plants the level was lower than that of

the wild-type (Figure 3E). Next, the relative abundance of

dephosphorylated versus phosphorylated BZR1 was quantified



Figure 3. Cold Treatment Induces the Accu-
mulation of Dephosphorylated BZR1.
(A and B) Expression of BIN2 (A) and BZR1

(B) gene in the wild-type (WT) plants treated at 4�C
by real-time qPCR. The 2-week-old plants grown

on 1/2 MS plates at 22�C were treated at 4�C for

the indicated time. Data are mean ± SD of three

technical replicates.

(C) Protein level of BIN2 in the BIN2-over-

expressing plants under cold stress. The 2-week-

old plants grown on 1/2 MS plates at 22�C were

treated at 4�C for the indicated time, and total

proteins were extracted and subjected to immu-

noblot analysis with anti-Myc antibody.

(D) Protein level of BZR1 in the WT plants under

cold stress. The 2-week-old plants grown on

1/2 MS plates at 22�C were treated at 4�C for the

indicated time, and total proteins were extracted

and subjected to immunoblot analysis with anti-

BZR1 antibody.

(E) Protein level of BZR1 in the WT, bin2-3 bil1

bil2, and BIN2-overexpressing plants under cold

stress. The 2-week-old plants grown on 1/2 MS

plates at 22�C were treated at 4�C for 0, 1, 3, and

6 h, and total proteins were extracted and sub-

jected to immunoblot analysis with anti-BZR1

antibody. ‘‘�/+P’’ represents dephosphorylated

BZR1 versus phosphorylated BZR1.

At least three independent experiments were done

with similar results. SeealsoSupplemental Figure3.
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in wild-type, bin2-3 bil1 bil2, and BIN2-OE1 transgenic plants

during cold treatment. The ratio of dephosphorylated versus

phosphorylated BZR1 increased and peaked at 3 h of cold treat-

ment in wild-type, bin2-3 bil1 bil2, and BIN2-OE1 transgenic

plants. Furthermore, the ratio in bin2-3 bil1 bil2 increased to a

greater extent, whereas the ratio in BIN2-OE1 increased to a

lesser extent compared with the wild-type during cold treatment

(Figure 3E). Therefore, the increased ratio of dephosphorylated

versus phosphorylated BZR1 is at least partially caused by

BIN2. These results indicate that cold induces the accumulation

of dephosphorylated BZR1, which might contribute to the

enhanced freezing tolerance of bin2-3 bil1 bil2 and BIN2-OE1

transgenic plants.
CBF1 and CBF2 Are Direct Target Genes of BZR1

To explore how BZR1 contributes to freezing tolerance, we re-

searched previous chromatin immunoprecipitation microarray

(ChIP-on-chip) studies that identified 3412 and 1046 target genes

of BZR1 and its closest homolog BES1, respectively (Sun et al.,

2010; Yu et al., 2011). Based on the genome annotation

and functional categorization at The Arabidopsis Information

Resource (TAIR), 523 (17.572%) of the BZR1 target genes

and 167 (15.966%) of the BES1 target genes are thought

to be involved in plant response to stress (Figure 4A and

Supplemental Figure 4). Among these BZR1 and BES1 target

stress-related genes, 97 and 31 are cold-responsive genes,

respectively, and 19 are candidate target genes of both BZR1

and BES1 (Figure 4B and Supplemental Table 1). These 19 cold-

responsive genes include CBF1 and CBF2 (Supplemental

Table 1). As BZR1 and BES1 act as transcription factors that

bind to BRRE (CGTGT/CG) and E-box (CACGTG and CACTTG)
motifs in the promoters of target genes (Sun et al., 2010; Yu

et al., 2011), we analyzed the sequences of CBF1 and CBF2

promoter regions and found several putative BRRE and E-box

motifs (Figure 5A). To confirm the previous ChIP-on-chip data,

we performed a ChIP assay using 35S:BZR1-Myc plants to

examine the abundance of BZR1 protein at the regulatory ele-

ments of theCBF1andCBF2promoters by real-timeqPCR.Chro-

matin immunoprecipitated with the anti-Myc antibody was clearly

enriched in the P1 fragment inCBF1 and the P2 fragment inCBF2,

respectively (Figure 5B).Weakbindingof BZR1with theP2andP3

fragments in CBF1 and the P1 fragment in CBF2 were also

observed (Figure 5B), while no obvious binding was detected in

the region without binding motif or using wild-type plants as

experimental materials. These results suggest that BZR1 binds

to the promoter regions of CBF1 and CBF2 genes in vivo.

Next, we performed an electrophoretic mobility shift assay

(EMSA) to test whether BZR1 bound directly to the promoters

of CBF1 and CBF2 in vitro. The recombinant BZR1 protein was

expressed fused with a maltose-binding protein (MBP) in

Escherichia coli and purified. We found that the MBP-BZR1

fusion protein could bind to the promoters of CBF1 and CBF2

genes, and no binding was observed in the control MBP protein

(Figure 5C). In addition, the binding was dramatically reduced

by the addition of increasing amounts of cold competitors with

the same promoter sequences, whereas no obvious effect was

detected when adding the mutated DNA probes (Figure 5C).

Similar results can be obtained when using MBP-BES1 fusion

protein in this experiment (Supplemental Figure 5A). Therefore,

BZR1 binds to the promoters of CBF1 and CBF2 genes in vitro

as well. Taken together, these data collectively suggest that

BZR1 binds directly to the promoters of CBF1 and CBF2 genes.
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Figure 4. Analysis of BZR1 Target Genes.
(A) Functional categorization analysis of BZR1 candidate target genes.

(B) Venn diagram showing overlapping target genes of BZR1 and BES1 in plant response to cold stress. The shared targets are listed in Supplemental

Table 1.

See also Supplemental Figure 4 and Supplemental Table 1.
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BZR1 Positively Regulates the Expression of CBFs

As BZR1 can bind to the promoters of CBF1 and CBF2 genes,

we performed transient transactivation assays in Arabidopsis

protoplasts to test how BZR1 regulates the expression of CBF1

and CBF2. The promoters of CBF1 and CBF2 were fused

to the b-glucuronidase gene (GUS) as reporters. The BZR1

effector construct was expressed under the super promoter

while the empty vector was used as a control, and they were

co-transformed with the reporter constructs into protoplasts of

Arabidopsis. The expression of CBF1 and CBF2 was higher in

protoplasts that were co-transformed with BZR1 than that in con-

trol protoplasts (Figure 5D). Similar results were obtained when

using BES1 effector construct (Supplemental Figure 5B). These

results demonstrate that BZR1 and BES1 transactivate the

expression of CBF1 and CBF2 in Arabidopsis.

To confirm that BZR1 is involved in the regulation of CBF expres-

sion, we examined the expression of CBF genes in bzr1-1D.

The expression of CBFs was substantially elevated in bzr1-1D

mutant compared with the wild-type under cold treatment

(Figure 6A). Accordingly, cold induction of RD29A, KIN1, and

COR47 genes, which are CBF target genes, was also higher in

bzr1-1D than in wild-type (Figure 6B).

BZR1 Acts Upstream of CBF Genes

Toexplore thegenetic interactionofBZR1andCBFs,wegenerated

bzr1-1D cbfs-1 quadruple mutant by crossing bzr1-1D mutant

with cbfs-1 triple mutant generated by CRISPR (Jia et al.,

2016). Consistent with previous studies, the cbfs-1 mutant

showed slight but not significant freezing sensitivity under non-

acclimation conditions (Jia et al., 2016; Zhao et al., 2016).

The non-acclimated bzr1-1D cbfs-1 showed mildly decreased

freezing tolerance compared with bzr1-1D (Figure 6C–6E). Under

cold-acclimated conditions the cbfs-1 mutant was hypersensitive

to freezing stress, which is consistent with the previous study (Jia

et al., 2016). The bzr1-1D cbfs-1 quadruple mutant displayed

dramatically decreased freezing sensitivity compared with the

wild-type Col-0 and bzr1-1D, and largely behaved like the cbfs-1
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mutant, albeit with slightly more enhanced freezing tolerance

(Figure 6C–6E). Consistently, the expression of CBF target genes,

such as RD29A and KIN1, was similar in the cbfs-1 and bzr1-1D

cbfs-1 mutants, and was lower than that in the wild-type plants

under cold treatment (Supplemental Figure 6). These results

suggest that BZR1 acts upstream of CBFs to at least partially

regulate the expression of CBF genes and acquired freezing

tolerance; however, the basal freezing tolerance of bzr1-F1D is

largely independent of the CBF pathway.

BIN2 Negatively Regulates the Expression of CBFs

BIN2 and its homologs BIL1 and BIL2 act as key negative regula-

tors of BZR1 in BR signaling (He et al., 2002; Yan et al., 2009). We

found that BIN2 regulated the phosphorylation status of BZR1 in

response to cold as it does in BR signaling (Figure 3C–3E). To

determine whether plant response to cold mediated by BIN2

and its homologs is dependent on the CBF pathway, we

examined the expression of CBF genes in the bin2-3 bil1 bil2

triple mutant with cold treatment by real-time qPCR. The cold

induction of CBF genes in the bin2-3 bil1 bil2 triple mutant was

significantly higher than that in the wild-type (Figure 7A).

Moreover, the expression levels of cold-induced CBF regulons,

including KIN1, COR47, and RD29A, in the bin2-3 bil1 bil2 triple

mutant were also higher than that in the wild-type (Figure 7B).

These results suggest that BIN2 and its homologs negatively

regulate the expression of CBFs and their target genes under

cold stress.

Identification of Cold-Regulated BZR1-Dependent
Genes

Given that the cbfs-1 triple mutant partially rescues the enhanced

freezing tolerance of bzr1-1D under acclimated conditions

(Figure 6C–6E), we hypothesized that BZR1 might also regulate

other factors uncoupled with CBFs in response to cold stress. To

further identify new factors that BZR1 might regulate in response

to cold stress, we performed transcriptome profiling of wild-type

Col-0 and bzr1-1D. Two-week-old seedlings treated with or

without cold for 3 h and 24 h were used. Total RNAs were isolated



Figure 5. BZR1 Binds to the Promoters of
CBF1 and CBF2.
(A)Schematics showing the promoter structures of

CBF1 and CBF2 genes. The upstream regions and

part of coding regions are shown with a white box

and black box, respectively. The solid arrowheads

indicate the sites containing E box and the hollow

arrowheads indicate the sites containing BRRE in

the CBF1 and CBF2 promoters. Hatched boxes

represent the fragments amplified in the ChIP

assay.

(B)ChIP assay of BZR1 binding to the promoters of

CBF1 and CBF2 genes. Chromatin from Col and

35S:BZR1-Myc seedlings were immunoprecipi-

tated with anti-Myc antibody or without antibody.

The amounts of the indicated DNA in the immune

complex were tested by real-time qPCR, and a

Tubulin2 fragment was amplified as control. The

Relative Enrichment was calculated as Input%

(indicated DNA)/Input% (control). The data are the

mean values of three technical replicates ± SD

from one experiment. At least three independent

experiments were performed with similar results.

(C) EMSA assay of BZR1 binding to the promoters

of CBF1 and CBF2 genes. Biotin-labeled frag-

ments representing parts of CBF1 and CBF2

promoters that contain an E box were incubated

with MBP or MBP-BZR1 protein. Competitor

or mutated competitor fragments were added in

1003 or 3003 excess to analyze the specificity of

binding.

(D) GUS transactivation assays in Arabidopsis

protoplasts. The promoters of CBF1 (left) or CBF2

(right) fused to the GUS gene as reporters that

were transiently expressed in protoplasts either

with effector BZR1 or with vector as control at

22�C for 16 h and then were treated at 22�C or 4�C
for another 3 h.

See also Supplemental Figure 5.
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and used for RNA deep sequencing on an Illumina Hiseq platform.

The 125-bp trimmed paired-end reads with high quality were

generated andmapped to theArabidopsis genome (TAIR10) using

TopHat with default settings. RNA-seq data were collected from

two independent experiments (each sample with 4.0 G clean

data) anddifferential geneexpressionsanalysiswasperformedus-

ing Cufflinks. RNA-seq analyses revealed that 1987 genes were

induced while 1124 genes were repressed (using both P value

of <0.05 and 1.5-fold as a cutoff) inwild-typeCol-0 after cold treat-

ment for 3 h (Figure 8A). We compared the cold-regulated tran-

scriptome (cold treated for 3 h versus untreated Col-0) and

BZR1-regulated transcriptome (bzr1-1D versus Col-0 without

cold treatment). At a 1.5-fold cutoff, 604 genes (P < 0.05)

were identified as BZR1-induced while 1765 genes (P <

0.05) were BZR1-repressed based on transcriptome profiling
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(Figure 8A). We found that 122 out of 1765

BZR1-repressed genes (�7%) and 15 out of

604 BZR1-induced genes (�2%) were

induced and repressed by cold treatment,

respectively (Figure 8A; Supplemental

Tables 3 and 4). Moreover, 149 out of 604

BZR1-induced genes (�25%) and 160 out
of 1765 BZR1-repressed genes (�9%) were also induced and

repressed by cold treatment (Figure 8A; Supplemental Tables 5

and 6). These data indicate that some COR genes are regulated

in bzr1-1D at permissive temperature. These BZR1-regulated

COR genesmight contribute to the enhanced basal freezing toler-

ance of bzr1-1Dmutant under non-acclimated conditions.

In the differentially expressed genes of wild-type and bzr1-1D at

permissive temperature, 604 bzr1-1D induced genes (using both

P < 0.05 and 1.5-fold change), 20 genes were also CBF-induced

(Supplemental Figure 7 and Supplemental Table 7) (Zhao et al.,

2016). Meanwhile, 14 genes were CBF-repressed genes out of

the 1765 bzr1-1D repressed genes (using both P < 0.05 and

1.5-fold change) (Supplemental Figure 7 and Supplemental

Table 8) (Zhao et al., 2016). After cold treatment (4�C) for 3 h,
545–559, April 2017 ª The Author 2017. 551



Figure 6. Genetic Interaction of BZR1 and CBF Genes.
(A and B) Expression ofCBF genes (A) and CBF target genes (B) in the bzr1-1Dmutant under cold stress. The 2-week-old plants grown on 1/2 MS plates

at 22�C were treated at 4�C for the indicated time. Total RNAs were extracted and subjected to real-time qPCR analysis. The expression levels of the

(legend continued on next page)
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Figure 7. Expression of CBF Genes and CBF Target Genes in the bin2-3 bil1 bil2 Mutant.
Expression of CBF genes (A) and CBF target genes (B) in the bin2-3 bil1 bil2 mutant under cold stress. The 2-week-old plants grown on 1/2 MS plates

at 22�C were treated at 4�C for the indicated time. Total RNAs were extracted and subjected to real-time qPCR analysis. Data are mean of three

replicates ±SD. *P < 0.05, **P < 0.01 (t-test) indicate a significant difference betweenmutants with thewild-type (WT) plants. Similar results were obtained

from three independent experiments.
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26 bzr1-1D induced and 11 bzr1-1D repressed genes (using

both P < 0.05 and 1.5-fold change) were also CBF-induced

and -repressed genes (Supplemental Figure 7; Supplemental

Tables 9 and 10) (Zhao et al., 2016). Also, 15 bzr1-1D-induced

and seven bzr1-1D-repressed genes (using both P < 0.05

and 1.5-fold change) were also CBF-induced and -repressed

genes after cold treatment for 24 h (Supplemental Figure 7;

Supplemental Tables 11 and 12) (Zhao et al., 2016). Taken

together, these data suggest that BZR1 does regulate plant

freezing tolerance, at least partially through regulating the

expression of CBFs.

Besides the CBF pathway bywhich BZR1modulatesArabidopsis-

acquired freezing tolerance, we were interested in those CBF-

independent genes that were regulated by BZR1 during cold

response. As previous studies indicated thatBZR1plays dual roles

in regulating transcription (He et al., 2005), theseCBF-independent

genes were divided into four groups (using both P < 0.05 and

1.5-fold change, all of the four groups exclude CBF-dependent

genes): group I includes 20 cold- and BZR1-induced genes

(cold-induced genes with higher level in bzr1-1D than in wild-

type under cold treatment for 0 and 3 h) (Figure 8B and

Supplemental Table 13); group II includes 81 cold-induced and
genes in the wild-type (WT) at 22�C were set as 1.0. Data are mean of three re

between mutants and the WT plants.

(C–E) Freezing phenotypes (C), survival rates (D), and electrolyte leakag

acclimated conditions. The WT and bzr1-1D cbfs-1 quadruple mutants w

gradient temperatures for non-acclimated (NA) and acclimated plants (CA;

and represented by ‘‘CK’’. At least three plates were treated in each treatme

(E), data are mean of three replicates ± SD. Similar results were obtained

See also Supplemental Figure 6.
BZR1-repressed genes (cold-induced genes with lower level in

bzr1-1D than in wild-type under cold treatment for 0 and 3 h)

(Figure 8B and Supplemental Table 14); group III includes

81 cold- and BZR1-repressed genes (cold-repressed genes with

lower level in bzr1-1D than in wild-type under cold treatment

for 0 and 3 h) (Figure 8B and Supplemental Table 15); group IV

includes seven cold-repressed and BZR1-induced genes (cold-

repressed genes with higher level in bzr1-1D than in wild-type un-

der cold treatment for 0 and 3 h) (Figure 8B and Supplemental

Table 16). The four group genes were further analyzed using

the gene ontology (GO) enrichment toolkit agriGO (P < 0.05)

(Du et al., 2010). We found that, in terms of biological process

category, there were enrichments for response to stimulus and

programmed cell death, especially response to stress and

defense (Supplemental Figure 8). These results suggest that

BZR1 serves as a mediator of the crosstalk in defense response

and other stress signaling to regulate plant response to cold

stress.

Among these genes, some are involved in stress response,

including PYL6, WRKY6, SAG21, SOC1, JMT, and ESM1

(Robatzek and Somssich, 2001, 2002; Seo et al., 2001; Zhang

et al., 2006; Cipollini, 2007; Salleh et al., 2012), and were
plicates ± SD. *P < 0.05, **P < 0.01 (t-test) indicate a significant difference

e (E) of bzr1-1D cbfs-1 quadruple mutant under non-acclimated and

ere grown on 1/2 MS plates at 22�C for 2 weeks and then treated at

3 days at 4�C). Plants without freezing treatment were used as control,

nt. The representative pictures were taken after recovery (C). In (D) and

from three independent experiments.

Molecular Plant 10, 545–559, April 2017 ª The Author 2017. 553



Figure 8. Transcriptome Profiling Analyses
Identify Cold-Regulated BZR1-Dependent
Genes.
(A) Venn diagrams indicating the number and

overlap of genes with higher level in bzr1-1D

than Col-0 with or without cold treatment for 3 h

(represented by bzr1-1Dc/WTc Induced Genes

or bzr1-1Dw/WTw Induced Genes, respectively),

genes induced by cold treatment for 3 h in Col-0

(WTc/WTw Induced Genes), and genes regulated

by CBFs (CBF Regulated Genes) (I); the number

and overlap of genes with lower level in bzr1-1D

than Col-0 with or without cold treatment for 3 h

(represented by bzr1-1Dc/WTc Repressed Genes

or bzr1-1Dw/WTw Repressed Genes, respec-

tively) and genes induced by cold treatment for 3 h

in Col-0 and genes regulated by CBFs (II); the

number and overlap of genes with lower level in

bzr1-1D than Col-0 with or without cold treatment

for 3 h, genes repressed by cold treatment for 3 h

in Col-0 (WTc/WTw Repressed Genes), and genes

regulated by CBFs (III); the number of genes and

overlap with higher level in bzr1-1D than Col-0

with or without cold treatment for 3 h and

genes repressed by cold treatment for 3 h in Col-0

and genes regulated by CBFs (IV).

(B) Heatmap representing fold change (log2) in

transcription level for genes belonging to indicated

groups branded with red bold numbers in (A).

(C) Expression of PYL6, WRKY6, SAG21, SOC1,

JMT, and ESM1 genes in the wild-type (WT) plants

under cold stress. The 2-week-old WT plants

grown on 1/2 MS plates at 22�C were treated at

4�C for 0, 3, 6, and 12 h. Total RNAs were ex-

tracted and subjected to real-time qPCR analysis.

The expression levels of the genes in the WT at

22�C were set as 1.0. Data are mean ± SD of three

technical replicates. *P < 0.05 and **P < 0.01

(t-test) indicate a significant difference between

mutants and the WT plants. Similar results were

obtained from three biological replicates.

See also Supplemental Figures 7–9 and

Supplemental Tables 3–16.
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selected to perform real-time qPCR analysis. Consistent with the

RNA-seq data, the expression of PYL6, WRKY6, and SAG21,

belonging to group I, was upregulated in the bzr1-1D mutant

compared with the wild-type with or without cold treatment.

The basal and cold-induced expression of SOC1, which belongs

to group II, was consistently lower in the bzr1-1D mutant than in

the wild-type. Meanwhile, the basal and cold-repressed level of

JMT and ESM1, belonging to group III, was consistently lower

in the bzr1-1D mutant than in the wild-type (Figure 8C). These

results suggest that BZR1 also regulates COR genes

uncoupled with CBFs to modulate plant response to cold stress.

To further examine whether the above genes are direct

targets of BZR1, we performed a ChIP assay using 35S:
554 Molecular Plant 10, 545–559, April 2017 ª The Author 2017.
BZR1-Myc plants. BZR1 was found to bind

to the promoters of these CBF-independent

COR genes, such as WRKY6, PYL6,

SOC1, SAG21, and JMT (Figure 9A and

9B; Supplemental Figure 9A). WRKY6,
SOC1, and JMT were further selected to perform EMSA

assays, and the results showed that BZR1 specifically bound to

the promoters of these genes (Figure 9C and Supplemental

Figure 9B). These results suggest that some CBF-independent

COR genes are directly regulated by BZR1.
WRKY6 Positively Regulates Freezing Tolerance

To investigate the function of CBF-independentCOR genes regu-

lated by BZR1 in freezing tolerance, we chose WRKY6 as a

representative for further study. Two T-DNA insertion lines of

WRKY6, wrky6-1, and wrky6-2 (Huang et al., 2016), were

collected to perform freezing tolerance assays. Both wrky6

alleles showed decreased freezing tolerance compared with the



Figure 9. WRKY6 Positively Regulates Plant
Freezing Tolerance.
(A) Schematics showing the promoter structures

of WRKY6 genes. The upstream regions and part

of coding regions are shown with a white box and

black box, respectively. The solid arrowheads

indicate the sites containing E box in the WRKY6

promoters. Hatched boxes represent the frag-

ments amplified in the ChIP assay.

(B) ChIP assay of BZR1 binding to the promoters

ofWRKY6 genes. Chromatin from 35S:BZR1-Myc

seedlings were immunoprecipitated with anti-Myc

antibody or without antibody. The amounts of the

indicated DNA in the immune complexwere tested

by real-time qPCR, and a Tubulin2 fragment was

amplified as control. The Relative Enrichment was

calculated as Input% (indicated DNA)/Input%

(control). The data are the mean values of three

technical replicates ± SD from one experiment.

*P < 0.05 and **P < 0.01 (t-test) indicate a signifi-

cant difference. At least three independent ex-

periments were performed with similar results.

(C) EMSA assay of BZR1 binding to the promoters

of WRKY6 genes. Biotin-labeled fragments rep-

resenting parts of WRKY6 that contain an E box

were incubated with MBP or MBP-BZR1 protein.

Competitor or mutated competitor fragments

were added in 1003 or 3003 excess to analyze

the specificity of binding.

(D–F) Freezing phenotypes (D), survival rates

(E), and electrolyte leakage (F) of wrky6 mutants.

The wild-type (WT),wrky6-1, andwrky6-2mutants

were grown on 1/2 MS plates at 22�C for 2 weeks

and then treated at �4�C for 0.5 h for non-

acclimated plants (NA) and at �6�C for 1 h for

acclimated plants (CA; 3 days at 4�C). Plants

without freezing treatment were used as control,

and represented by ‘‘CK’’. In (E) and (F), the data

are the mean ± SD of three replicates. *P < 0.05

and **P < 0.01 (t-test) indicate a significant differ-

ence between mutants and WT. At least three in-

dependent experiments were done with similar

results.
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wild-type plants under both non-acclimated and acclimated

conditions (Figure 9C and 9D). Consistently, electrolyte leakage

was obviously higher in the wrky6 mutants than in wild-type

plants following freezing treatment under both conditions

(Figure 9E). These results demonstrate that WRKY6 acts as a

direct target of BZR1 to regulate plant freezing tolerance.

DISCUSSION

The critical components of BR signaling modulate a variety

of plant growth and development processes as well as stress

responses (He et al., 1991; Kamuro and Takatsuto, 1991; Qu

et al., 2011; Choudhary et al., 2012; Eremina et al., 2016; Zhang

et al., 2016). Nevertheless, whether these components are

involved in regulating plant cold responses remains obscure.

A recent study found that the BR-controlled transcription

factor CESTA plays an important role in BR-improved plant

freezing tolerance (Eremina et al., 2016). In this study we

revealed that BZR1, a central transcription factor in BR

signaling, positively regulates cold responses in Arabidopsis.
Cold treatment induced the accumulation of dephosphorylated

BZR1, which is the active form (He et al., 2002). Consistent with

this result, the gain-of-function mutant bzr1-1D displayed

enhanced freezing tolerance compared with the wild-type.

Furthermore, biochemical and genetic data showed that BZR1

acts upstream of CBF1 and CBF2 to partially regulate their

expression, which in turn induce the expression of CBF

regulons. In addition, by RNA-seq analysis and further

investigation we showed that BZR1 can also modulate expres-

sion of CBF-independent COR genes, including WRKY6, PYL6,

SOC1, SAG21, and JMT. These results demonstrate that BZR1

positively regulates cold responses in CBF-dependent and

CBF-independent manners (Figure 10).

In BR signaling, the protein level and phosphorylation status of

BZR1 are dependent on BIN2, a central kinase that negatively

regulates BR signaling (He et al., 2002; Kim and Wang, 2010;

Ryu et al., 2010). In the absence of BRs, active BIN2

phosphorylates BZR1 to promote its degradation. However,

in the presence of BRs, BIN2 is degraded by the 26S
Molecular Plant 10, 545–559, April 2017 ª The Author 2017. 555



Figure 10. The Proposed Model for BZR1 Modulating Freezing
Tolerance in Arabidopsis.
Cold induces the accumulation of dephosphorylated BZR1, and activation

of BZR1 induces the expression of CBF1/2 and CBF-independent genes

by binding to the conserved E-box/BRRE motifs of their promoters, while

BIN2 negatively regulates plant response to cold stress by inhibiting cold-

induced dephosphorylated BZR1 protein. BZR1 also directly regulates

some COR genes, including WRKY6, SAG21, and SOC1, which are in-

dependent of CBFs, to modulate plant freezing tolerance.
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proteasome pathway, resulting in the accumulation of actively

dephosphorylated BZR1 (He et al., 2002; Wang et al., 2002;

Yan et al., 2009; Zhu et al., 2013). In this study, the

triple mutant of BIN2 with its homologs, bin2-3 bil1 bil2, had

increased freezing tolerance while the BIN2-overexpressing

plants displayed decreased freezing tolerance. Moreover, the

protein level of dephosphorylated BZR1 was higher in bin2-3

bil1 bil2 and lower in the BIN2-overexpressing plants when

compared with the wild-type under cold treatment. The ratio of

dephosphorylated versus phosphorylated BZR1 increased

more in bin2-3 bil1 bil2 than that in wild-type, and increased

less in BIN2-overexpressing plants than in the wild-type during

cold treatment. These data demonstrate that BIN2 negatively

regulates BZR1 in response to cold, and the level of cold-

induced dephosphorylated BZR1 is associated with the freezing

tolerance phenotypes. Consistent with these results, the expres-

sion of CBFs and their regulons was upregulated in bin2-3 bil1

bil2. Therefore, we conclude that cold induces the accumulation

of dephosphorylated BZR1, and activation of BZR1 directly

induces the expression of CBFs as well as some other stress-

related genes uncoupled from CBFs, while BIN2 negatively

regulates plant cold response by inhibition of the cold-induced

dephosphorylated BZR1 proteins. These findings thus uncover

an important role of the transcription factor BZR1 in modulating

cold signaling to promote plant freezing tolerance.

In BR signaling, BIN2 protein kinase activity has been shown to

be inhibited by BR (He et al., 2002). A recent study has shown

that the cold-activated protein kinase OST1/SnRK2.6 acts

upstream of the CBF-CORmodule to phosphorylate and stabilize

ICE1 (Ding et al., 2015). In the present study, the gene expression
556 Molecular Plant 10, 545–559, April 2017 ª The Author 2017.
and protein level of BIN2 were not obviously altered under cold

treatment. However, whether the kinase activity of BIN2 is

regulated by cold, which results in cold-induced dephosphoryla-

tion of BZR1, remains unknown and needs further study. TheCBF

genes are positively regulated by ICE1/2 and CAMTA1-3, and

negatively regulated by PIF4/7, MYB15, and EIN3 (Chinnusamy

et al., 2003; Agarwal et al., 2006; Doherty et al., 2009; Fursova

et al., 2009; Lee and Thomashow, 2012; Shi et al., 2012).

Therefore, the expression of CBF genes is mediated by multiple

transcription factors. BZR1 was shown to cooperate directly

with PIF4 and transcriptionally repress positive regulators of

photomorphogenesis (Oh et al., 2012). In addition, BZR1 and

PIF4 are phosphorylation targets of BIN2, which marks these

two transcription regulators for proteasome degradation and

shapes diurnal hypocotyl growth (He et al., 2002; Bernardo-

Garcia et al., 2014). Nevertheless, PIF4 represses the

expression of CBF genes by binding to the E-box (CANNTG)

motifs (Lee and Thomashow, 2012). Further studies are needed

to investigate how BZR1, PIF4, and other transcription factors

cooperate to regulate the expression of the CBF genes during

cold acclimation.

It is noteworthy that the gain of BZR1 function also affects the

expression of a number of COR genes uncoupled with CBFs un-

der cold stress. TheGO results suggest that theseCOR genes are

enriched for response to stress. Several genes involved in stress,

including PYL6, WRKY6, SAG21, SOC1, JMT, and ESM1, are

confirmed to be regulated by BZR1. ChIP and EMSA assays

further confirmed that BZR1 directly regulates some of them. Pre-

vious studies showed that SOC1 plays a negative role in regu-

lating plant responses to cold stress (Seo et al., 2009). WRKY6,

SAG21, JMT, and ESM1 are involved in defense responses

(Robatzek and Somssich, 2001, 2002; Seo et al., 2001; Zhang

et al., 2006; Cipollini, 2007; Salleh et al., 2012). PYL6 and

WRKY6 play positive roles in the ABA signaling pathway

(Aleman et al., 2016; Huang et al., 2016). Here we showed that

the wrky6 mutants display decreased freezing tolerance. These

data suggest that some CBF-independent COR genes modu-

lated by BZR1 play important roles in BZR1-regulated plant

freezing tolerance. Thus, BZR1 might serve as a mediator of the

crosstalk in cold and other signaling pathways. It will be inter-

esting to further dissect the mechanism by which BZR1 regulates

plant response to cold stress.

METHODS

Plant Material and Growth Conditions

Arabidopsis thaliana plants were grown under a 16-h light/8-h dark photo-

period at 21� ± 2�C on 0.8% agar plates containing half-strength Mura-

shige and Skoog medium (1/2 MS). The mutants bzr1-1D (Wang et al.,

2002), bes1-D (Yin et al., 2002), bin2-3 bil1 bil2 (Cai et al., 2014), bin2-3

(Yan et al., 2009), cbfs-1 (Jia et al., 2016), wrky6-1, and wrky6-2 (Huang

et al., 2016) were used in this study. Super:BIN2-MYC and 35S:BZR1-

7MYC-6His transgenic plants were generated in the Col background

through Agrobacterium-mediated transformation by the floral dip method

(Clough and Bent, 1998).

Freezing Assay

Freezing tolerance assays were performed as described by Shi et al.

(2012) with minor modifications. Arabidopsis seedlings were grown

at 22�C on 1/2 MS plates containing 0.8% agar for 2 weeks,

then treated with or without cold acclimation at 4�C for 3 days
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before being used in the freezing assay in a freezing chamber

(RuMED4001). The freezing program began at 1�C and dropped 1�C
per hour until it reached the temperature described in figure legends.

After freezing treatment, the seedlings were shifted to 4�C and

stored under dark condition for 12 h before they were transferred to

normal conditions for 4 days. After recovery, seedlings that could still

grow new leaves were counted as survivors and the survival rates

were measured.

Electrolyte Leakage Assay

Electrolyte leakage assays were performed as described by Shi et al.

(2012). After the freezing experiment, seedlings were placed into 15-ml

tubes containing 8 ml of deionized water, whose electrical conductivity

(EC) was S0, and shaken for 15 min at 22�C before their EC were

measured, giving S1. After detecting S1, the samples were boiled for at

least 15 min and shaken at 22�C for another 20 min before their EC

were measured again, giving S2. The electrolyte leakage was calculated

as: (S1 � S0)/(S2 � S0).

RNA Extraction and RT–PCR

Total RNAs from 2-week-old plants were extracted using an RNAprep

pure Plant Kit (Tiangen), followed with reverse transcription using

HiScript II Q RT SuperMix (Vazyme). Real-time quantitative PCR (qPCR)

was performedwith SYBRGreen PCRMasterMix kit (Takara). The relative

expression levels were calculated as described previously (Huang et al.,

2010), and the specific primers used are listed in Supplemental Table 2.

Immunoblot Assay

Immunoblot assays were performed as previously described (Shi et al.,

2012). Two-week-old seedlings treated as described in figure legends

were used to extract total protein. Anti-Myc (Sigma-Aldrich) was used to

immunoblot BIN2-Myc protein. BZR1 protein was immunoblotted with

Anti-BZR1, which was made by Shanghai Youke Biotechnology Cooper-

ation. The Anti-BZR1 serum was obtained by immunizing rabbits with a

His-BZR1 fusion protein expressed in E. coli, encompassing BZR1 pep-

tide (130–308 amino acids).

Purification of Recombinant Proteins

BZR1 or BES1 cDNA was PCR-amplified and cloned into the pMAL-c2

vector and then transformed into E. coli (BL21). The primer sequences

used for plasmid construction are listed in Supplemental Table 2.

The proteins were expressed at 37�C for 3 h using 0.5 mM isopropyl

b-D-1-thiogalactopyranoside, and purified using Amylose Resin (New

England Biolabs).

EMSA Assay

EMSA was performed using the LightShift Chemiluminescent EMSA Kit

(Pierce) according to the manufacturer’s instructions with minor modifica-

tions. In brief, 2 mg of purified fusion protein MBP-BZR1, MBP-BES1, or

MBP protein were added to the binding reaction. The binding reaction oc-

curs at 25�C for 15 min in a thermal cycler (Bio-Rad). The biotin-labeled

probes used in this assay were synthesized (Invitrogen), and the se-

quences are listed in Supplemental Table 2.

ChIP Assay

ChIP was performed as previously described with some modifications

(Gendrel et al., 2005). In brief, 2-week-old 35S:BZR1-7Myc-6His or Col

seedlings grown under 22�C on 1/2 MS were fixed within 1% formalde-

hyde solution for 10 min by vacuum and then stopped by adding 2 M

glycine (final concentration to 0.125 M) under vacuum conditions for

5 min. The chromatin was then isolated and sonicated. The DNA frag-

ments combinedwith BZR1 protein were co-immunoprecipitated by using

anti-Myc antibody (Sigma-Aldrich), and the enriched DNA fragments were

quantified by real-time qPCR using the primers listed in Supplemental

Table 2.
Transient Transactivation Assay

The 1.8-kb and 1.9-kb fragments upstream of the CBF1 and CBF2

genes were PCR-amplified and cloned into the pCAMBIA1381 vector,

respectively, to generate CBF1/2:GUS. cDNA of BZR1 or BES1 was

cloned into the pSuper-Myc vector to generate Super:BZR1/BES1-Myc.

The primer sequences used for plasmid construction are listed in

Supplemental Table 2. The pCBF1/2:GUS and 35S:LUC was co-

transformed with Super:Myc, Super:BZR1-Myc, or Super:BZR1-Myc

into Arabidopsis protoplast, and then expressed for 16 h in the dark.

35S:LUC was used as an internal control. GUS and luciferase activities

were measured as described (Shi et al., 2012), and relative GUS activity

(GUS/Luc) was calculated to determine activities of the CBF1/2

promoters.

RNA-Seq Assay

Arabidopsis seedlings were grown under 22�C on 1/2 MS plates contain-

ing 0.8% agar for 2 weeks, then treated with or without cold acclimation

at 4�C for 3 h or 24 h. Total RNAs were isolated and used for RNA

deep sequencing on an Illumina Hiseq platform. The 125-bp trimmed

paired-end reads with high quality were generated and mapped to the

Arabidopsis genome (TAIR10) using TopHat with default settings. RNA-

seq data were collected from two independent experiments (each sample

with 4.0 G clean data) and differential gene expression analysis was per-

formed using Cufflinks. Reads per kilobase of transcript per million reads

mapped was used to indicate the gene expression level. Differentially ex-

pressed genes were selected by the comparison of gene expression

levels of two corresponding samples, respectively (using Student’s

t-test with P < 0.05 and 1.5-fold change). Venn diagram indicated four

groups of CBF-independent COR genes regulated by BZR1. We then

drew the heatmaps based on the multiplied relative expression levels us-

ing MeV 4.9.0.
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