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Abstract

Internalization of cell surface receptors, followed by either recycling back to the plasma 

membrane or degradation, is crucial for receptor homeostasis and signaling. The plant 

brassinosteroid (BR) receptor, BRASSINOSTEROID INSENSITIVE 1 (BRI1), undergoes 

constitutive cycling between the plasma membrane and the internal membranes. We show that 

protein phosphatase 2A (PP2A) dephosphorylated BRI1 and that Arabidopsis thaliana rcn1, a 

mutant for a PP2A subunit, caused an increase in BRI1 abundance and BR signaling. We report 

the identification, in A. thaliana, of a suppressor of bri1, sbi1, which caused selective 

accumulation of BR-activated BRI1, but not the BR co-receptor BAK1 (BRI1-ASSOCIATED 
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KINASE 1), in the membranous compartment. SBI1 mRNA was induced by BRs, and SBI1 
encodes a leucine carboxylmethyltransferase (LCMT) that methylated PP2A and controlled its 

membrane-associated subcellular localization. We propose that BRs increase production of SBI1, 

which methylates PP2A, thus facilitating its association with activated BRI1. This leads to 

receptor dephosphorylation and degradation, and thus to the termination of BR signaling.

INTRODUCTION

Brassinosteroids (BRs), the polyhydroxylated steroid hormones of plants, regulate almost 

every phase of plant growth and development (1, 2). In Arabidopsis thaliana, most BR 

signaling components are known, and a pathway linking steroid recognition at the cell 

surface to changes in nuclear gene expression has been proposed (3). The BR receptor BRI1 

(BRASSINOSTEROID INSENSITIVE 1), a cell surface dual-specificity receptor kinase, is 

a Toll-like receptor kinase composed of a large extra-cellular ligand-binding domain 

containing 25 leucine-rich repeats (LRRs), a transmembrane segment, and a cytoplasmic 

kinase domain (2, 4–9). Previous studies indicate that a small region embedded within 

BRI1’s LRRs binds the steroid hormone, which then induces a conformational change in the 

receptor, leading to its activation and autophosphorylation (2, 6–9). This increases the 

affinity of BRI1 for its co-receptor, BAK1 (BRI1-ASSOCIATED KINASE 1), a receptor 

kinase with five LRRs (10, 11). Extensive cross-phosphorylation events between the kinase 

domains of the receptor and the co-receptor then lead to a fully activated signaling complex 

(10–12). Although the precise order of events is not yet clear, upon BR binding, besides 

BAK1, BRI1 also phosphorylates at least two other proteins: the positive regulator BSK1 

(BR-SIGNALING KINASE 1), which may be a serine-threonine kinase, and the negative 

regulator BKI1 (BRI1 KINASE INHIBITOR 1) (13–15). Downstream from the activated 

receptor, BIN2 (BRASSINOSTEROID INSENSITIVE 2), a glycogen synthase kinase 3 

(GSK3)–related protein, negatively regulates the pathway (16), whereas BSU1 (BRI1 

SUPPRESSOR 1), a serine-threonine-tyrosine phosphatase counteracts the effects of BIN2 

(3, 17). Dephosphorylation of the related transcription factors BES1 (BRI1-EMS suppressor 

1) and BZR1 (BRASSINAZOLE-RESISTANT 1) allows them to multimerize either on their 

own or together with other transcription factors to bind target promoters (18–24). Despite 

these advances, however, little information is available regarding how activated BR signal is 

attenuated.

The receptor internalization from and the subsequent either recycling back to the cell 

surface, or trafficking to hydrolytic compartments for degradation is a major mechanism that 

controls receptor abundance and the intensity and duration of receptor signaling. Receptors 

can be internalized by either ligand-dependent or ligand-independent pathways (25–27). 

Like transforming growth factor–β (TGF-β) receptors in metazoans, BRI1 in plants is 

internalized constitutively in a ligand-independent manner (26, 28, 29). Internalization of 

receptors from the cell surface is often associated with posttranslational modifications that 

affect the binding of the receptors to their partners and allow the receptors to be recognized 

by sorting components, which determine whether the receptors are recycled back to the cell 

surface or are degraded (27, 30). Proteomic studies reveal that more than one-third of the 

almost 600 human kinases are linked to endocytosis, suggesting that kinase activities are 
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important for receptor internalization and sorting (31). For receptors with intrinsic kinase 

activity, such as the epidermal growth factor receptor (EGFR), TGF-β receptor, and BRI1, 

ligand binding leads to phosphorylation and activation of the receptors. Although the 

involvement of receptor phosphorylation in receptor internalization and sorting is supported 

by many independent studies, whether ligand-activated, phosphorylated receptors or ligand-

unbound, inactive unphosphorylated receptors are sorted for degradation is less certain (24, 

27, 30, 32–37). In addition, an alternative model proposes that dimerization rather than 

phosphorylation controls the endocytosis of receptors (37). Therefore, it is important to 

further analyze the role of phosphorylation in the control of receptor signaling and 

degradation.

In A. thaliana, a large spectrum of viable BR receptor mutants and well-established 

molecular readouts of the BR signaling pathway are available, making it a good model 

system for studying receptor signaling and degradation in plants (1, 2, 23, 24, 29). We 

investigated the mechanisms that control the abundance of BRI1 in membranous 

compartments to identify previously unknown mechanisms controlling receptor homeostasis 

that may also apply to other receptor systems. We identified a suppressor of an A. thaliana 
bri1 mutant (sbi1, suppressor of bri1) as a mutant that had increased abundance of BR-

activated, but not ligand-unoccupied and inactive, BRI1. We determined that SBI1 encoded a 

leucine carboxylmethyltransferase (LCMT), whose only known substrate is the catalytic 

subunit of protein phosphatase 2A (PP2A). BR stimulated the expression of SBI1. We show 

that SBI1 methylated PP2A, leading to an increase in the ratio of methylated to 

unmethylated PP2A that was associated with the microsomal fraction. We propose a model 

in which the SBI1 activity induced by BRs initiates a series of events to specify the 

dephosphorylation and subsequent degradation of activated BRI1, thereby reducing receptor 

abundance and BR signaling strength.

RESULTS

A bri1-5 suppressor screen identifies SBI1 as a positive regulator of BRI1 degradation

BR signaling controls plant size. Null mutations in BRI1 result in extremely dwarf plants, 

whereas overexpression of BRI1 increases plant stature, suggesting that the abundance of 

active receptor can affect BR signaling. BRI1 is a long-lived protein found in the plasma 

membrane and endosomes. The distribution of BRI1 does not change in response to ligands, 

and its total protein abundance remains relatively constant throughout rapid growth phases 

of the seedlings (8, 29). These results are consistent with the fact that the mRNA abundance 

of BRI1 is constant in the absence of BR signaling, although exogenous application of BRs 

represses BRI1 transcription (38, 39). Together, these results suggest that BRI1 is probably 

regulated by a complex mechanism that may include transcriptional and translational, as 

well as posttranslational events. A mechanism that regulates BRI1 internalization and 

degradation to offset the biosynthesis and delivery of BRI1 to the plasma membrane has 

been proposed (29). To find the mechanism that regulates BRI1 degradation, we searched for 

viable bri1 mutants that altered BRI1 protein abundance and found that a previously reported 

weak allele of BRI1, bri1-5, which encodes a functionally competent receptor with a 

mutation in one of the cysteine pairs (C69Y) in the extracellular domain (40), had reduced 
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abundance of bri1-5 protein but not transcripts (fig. S1, A and C). Expression of bri1-5::GFP 
under the control of the BRI1 promoter in bri1-5 (bri1-5;ProBRI1::bri1-5:GFP) partially 

rescued the dwarf phenotype of bri1-5 (fig. S1B) (40), indicating that bri1-5 phenotypic 

alterations were largely caused by a reduction in the amount of bri1-5 protein.

To identify the mechanism that controls BRI1 protein abundance, we performed a sensitized 

suppressor screen using the bri1-5 mutant. We screened 200,000 ethylmethane sulfonate 

(EMS)–mutagenized bri1-5 M2 seedlings germinated from M1 seeds, which were 

propagated directly from EMS-treated bri1-5 seeds (M0) (fig. S2), and identified a putative 

suppressor, sbi1, that had longer hypocotyls than those of bri1-5 seedlings (Fig. 1, A, B, and 

D). When the bri1-5 sbi1 double mutant was back-crossed to bri1-5, the resulting F1 plants 

showed bri1-5 phenotypes, and the F2 plants showed a 3:1 dwarf-to-normal phenotypic 

segregation (380:126), indicating that sbi1 is a recessive single gene mutation. The sbi1 
single mutant had longer hypocotyls and inflorescence stems than did wild-type plants (Fig. 

1, C and D) and resembled BRI1-overexpressing plants (7, 41), suggesting that SBI1 may 

inhibit BR signaling.

Semiquantitative analysis indicated that the amount of bri1-5 protein in the whole seedlings 

was increased in bri1-5 sbi1 compared to that in seedlings of bri1-5 (Fig. 2A). The amount 

of BRI1 was also increased in sbi1 seedlings compared to that in wild-type seedlings (Fig. 

2B), indicating that wild-type SBI1 decreased the abundance of wild-type BRI1. In contrast, 

the abundance of BAK1 was not increased in the sbi1 mutant (Fig. 2C), and the abundance 

of ER (ERECTA), an unrelated LRR kinase, was slightly decreased in the sbi1 mutant (Fig. 

2B). These results suggest that wild-type SBI1 specifically decreases the abundance of 

BRI1. Reverse transcription–polymerase chain reaction (RT-PCR) using total mRNAs from 

whole seedlings showed that the amounts of BRI1 and bri1-5 transcripts in either SBI1 or 

sbi1 backgrounds were similar (Fig. 2D). The Western blotting and RT-PCR data suggest 

that SBI1 mediated the increase in BRI1 and bri1-5 abundance through a posttranscriptional 

mechanism.

SBI1 inhibits the BR signaling pathway

To determine whether BR responses were altered in the sbi1 plants, we used a dose-response 

assay for the effect of brassinolide (BL, the most active BR) on hypocotyl elongation and 

root growth. In response to a concentration range of 0 to 1000 nM BL, bri1-5 sbi1 and sbi1 
showed increased hypocotyl length (Fig. 3A) and greater root growth inhibition (Fig. 3B) 

relative to bri1-5 and wild-type seedlings, respectively. BR treatment leads to the 

dephosphorylation of the BR-specific transcription factor BES1 in wild-type plants (18), but 

this dephosphorylation is compromised in bri1-116, a null allele of bri1 (Fig. 3C) (2). Thus, 

BES1 dephosphorylation is a marker for BR signaling (18, 40). BL-stimulated 

dephosphorylation of BES1 was compromised in bri1-5, and dephosphorylation of BES1 

was similar to that in wild type for both the double mutant bri1-5 sbi1 and sbi1 (Fig. 3C). A 

negative feedback mechanism (22) represses genes involved in BR biosynthesis in response 

to BR treatments or situations of enhanced BR signaling (13, 14, 42). RT-PCR analysis 

showed that the expression of CPD (CONSTITUTIVE PHOTOMORPHOGENESIS 

DWARF), a BR biosynthetic gene, was reduced in sbi1 compared to the expression of CPD 
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in wild-type plants (Fig. 3D), indicating that SBI1 normally plays a negative role in the BR 

signaling pathway.

SBI1 regulates BR-activated but not inactive BRI1

To place SBI1 in the BR signaling cascade, we crossed sbi1 to bin2-1, which is a gain-of-

function allele of the gene BIN2 encoding a negative regulator of BRI1 signaling (16). The 

bin2-1 plants have a retarded growth phenotype like that of bri1 plants. We found that sbi1 
did not rescue the growth retardation phenotype of bin2-1, indicating that sbi1 does not 

activate BR signaling downstream of BIN2 and that SBI1 may act upstream of BIN2 (Fig. 

4A, middle panel).

To investigate whether functional BRI1 proteins were required for sbi1 to enhance BR 

signaling, we crossed sbi1 with mutants carrying the null bri1-116 allele, the bri1-9 allele 

that harbors a mutation in the extracellular domain of BRI1 but otherwise encodes a 

functionally competent receptor that can be activated by BR, or the bri1-301 allele that 

encodes a protein with reduced kinase activity due to a mutation in the kinase domain (43). 

We found that sbi1 suppressed the retarded growth phenotype of bri1-9 but did not suppress 

the retarded growth phenotype of either bri1-116 or bri1-301 (Fig. 4A, left panel) (2, 43). 

Consistent with these phenotypic assays, in whole seedlings, the amount of wild-type BRI1, 

bri1-5, and bri1-9, but not the amount of bri1-301, was increased in the sbi1 background 

compared to that in the SBI1 background (Fig. 4B). Our results suggest that SBI1 regulates 

the abundance of kinase-active BRI1.

To test whether endogenous BRs were required for sbi1-dependent enhancement of BR 

signaling, we crossed sbi1 to det2 (de-etiolated 2), a weak BR biosynthetic mutant (44), and 

to cpd, a strong BR biosynthetic mutant (45). We found that sbi1 partially rescued the 

growth retardation phenotype of det2, but it had no effect on cpd (Fig. 4A, right panel). The 

BR biosynthesis inhibitor BRZ inhibited the growth of bri1-5 sbi1 and sbi1 hypocotyls in a 

concentration-dependent manner (Fig. 4C) and caused a small increase in the amount of 

wild-type BRI1 or bri1-5 protein in SBI1 plants (Fig. 4D and fig. S3), which could be due to 

a transcriptional or translational regulation of BRI1 (38, 39). However, BRZ treatment 

completely abolished the increased abundance of wild-type BRI1 or mutant bri1 proteins in 

the sbi1 mutant background compared to that in the untreated sbi1 plants (Fig. 4D and figs. 

S3 and S4). As indicated by several small-size bands that were still specifically recognized 

by the BRI1 antibodies, this effect is likely due to the increase in BRI1 degradation rather 

than a decrease in BRI1 transcription or translation (figs. S3 and S4). Our results indicate 

that the ligand must be present for the sbi1-dependent accumulation of BRI1 and bri1-5.

SBI1 encodes an LCMT

We cloned the sbi1 gene by positional cloning and identified a single G-to-A change in 

At1g02100, which encodes a putative LCMT (fig. S5). This mutation changed a glutamic 

acid to a lysine at amino acid residue 290 (E290K) (Fig. 5A and fig. S6). To confirm that we 

had identified the correct gene, we cloned the At1g02100 genomic fragment and 

transformed it into the bri1-5 sbi1 plants. Two independent transgenic lines showed 

phenotypes similar to bri1-5, confirming that At1g02100 is indeed SBI1 (Fig. 5B).
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SBI1 is coexpressed with BRI1 and CPD in most tissues; however, in mature organs, SBI1 
transcripts accumulate at higher levels than those of either BRI1 or CPD (fig. S7). We 

expressed SBI1 under its own promoter (ProSBI1::SBI1) in bri1-5 to test the in vivo 

function of SBI1. Two independent transgenic lines exhibited enhanced bri1-5 phenotypes 

with reduced apical dominance, shorter inflorescence stems and branches, and early 

senescence (Fig. 5C), suggesting that SBI1 negatively regulates plant growth. Consistent 

with these phenotypes, transcripts for CPD were increased in both transgenic lines (Fig. 5C), 

which is consistent with reduced BR signaling. Expression of ProBRI1::bri1-5:GFP in 

bri1-5 (bri1-5;ProBRI1::bri1-5:GFP) enhanced BR signaling and promoted plant growth 

(fig. S1B). We reasoned that if SBI1 negatively regulated BRI1 signaling, the expression of 

ProSBI1::SBI1 in bri1-5;ProBRI1::bri1-5:GFP plants would counteract this enhanced BR 

signaling caused by overexpressing bri1-5::GFP. In fact, we observed that the phenotype of 

the transgenic plants (bri1-5;ProBRI1::bri1-5:GFP; ProSBI1::SBI1) was similar to that of 

bri1-5 plants (Fig. 5D). These results suggest that SBI1 genetically interacts with bri1-5 (and 

BRI1) and inhibits BR signaling in vivo.

Methylation of PP2A by SBI1 controls PP2A distribution between the membrane and the 
cytosol

The phosphatase PP2A is composed of three subunits: a catalytic subunit (PP2Ac), a core 

scaffolding subunit (PP2Aa), and a regulatory subunit PP2Ab (Fig. 6A). PP2Ac subunits are 

the only known substrates of LCMTs (Fig. 6A and fig. S8) (46, 47), and reversible 

methylation of the PP2Ac is a conserved regulatory mechanism for PP2A function (46, 48). 

Methylation of the C-terminal leucine of PP2Ac enhances the affinity of the PP2A core 

enzyme consisting of PP2Aa and PP2Ac for some, but not all regulatory subunits, 

suggesting that PP2A methylation could modulate the specificity and activity of PP2A in 

vivo (46, 48). Using commercially available antibodies against methylated PP2Ac 

[PP2Ac(Me)], we detected PP2Ac(Me) in wild type, bri1-5, bri1-9, and bri1-301, but not in 

any line carrying the sbi1 mutation (Fig. 6B and fig. S9). SBI1 methylated PP2Ac in vitro 

(Fig. 6C), and expression of genomic SBI1 (ProSBI1::SBI1) in bri1-5 sbi1 rescued the 

methylation activity toward PP2Ac (Fig. 6D). Thus, PP2Acs appear to be bona fide 

substrates of SBI1, and SBI1 may regulate BRI1 through its activity toward PP2A.

Methylation of PP2A regulates its subcellular targeting and substrate specificity (46, 48). To 

determine whether SBI1 affected the subcellular localization of PP2A, we isolated the 

microsomal and cytosolic fractions from young seedlings of bri1-5 and bri1-5 sbi1 mutants. 

Most of the bri1-5 protein was found in the microsomal fraction (Fig. 6E and fig. S10). We 

found that in the absence of functional SBI1, unmethylated PP2Ac [PP2Ac(−Me)] localized 

equally to the microsomal and cytosolic fractions (Fig. 6E). In the presence of active SBI1, 

there was less PP2Ac(−Me) present in the microsomal fraction, and similar amounts of 

PP2Ac(Me) were detected in both fractions (Fig. 6E), suggesting that SBI1 reduces the 

amount of PP2Ac(−Me) in the microsomal fraction, probably by converting unmethylated, 

membrane-associated PP2Ac to PP2Ac(Me). Consistent with an activity at cellular 

membranes, SBI1::GFP partially associated with membranous compartments (fig. S11). It 

has been reported that protein carboxylmethylation is required for its efficient plasma 

membrane targeting (49), suggesting that methylation enhances protein affinity for the 
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membrane. Because SBI1 was also detected in the cytoplasm (fig. S11), it is possible that 

SBI1 methylates PP2Ac in the cytosol followed by the replacement of PP2Ac(−Me) with 

PP2Ac(Me) in the membranous compartments due to the higher affinity of PP2Ac(Me) than 

that of PP2Ac(−Me) for the membrane. These localization studies suggest that SBI1 controls 

PP2Ac localization.

PP2A dephosphorylates BRI1, which decreases BRI1 abundance, reducing the activity of 
the BR signaling pathway

To investigate the relationship between SBI1 and PP2A through genetic experiments, we 

compared the phenotypes of sbi1 and a previously characterized pp2a mutant. We observed 

that both sbi1 and a transferred DNA (T-DNA) knockout mutant of pp2aa1 named rcn1 (root 

curling with NPA, an auxin transporter inhibitor) (50) exhibited similar phenotypes: 

increased apical dominance, larger cauline leaves, fewer rosette leaves, and earlier flowering 

than wild-type plants (Fig. 7A and fig. S12), suggesting that SBI1 and PP2A are involved in 

similar biological processes.

To address PP2A function in BR signaling, we crossed rcn1 to bri1-5 and found that rcn1 
partially suppressed the bri1-5 phenotype (Fig. 7B), suggesting that a PP2A regulates BR 

signaling. However, the abundance of BRI1 and bri1-5 proteins was only slightly increased 

in rcn1 and bri1-5 rcn1 compared to that in wild type and bri1-5, respectively (Fig. 7C). 

Because reduced expression of BR biosynthesis genes, such as DWF4 and CPD, and 

increased expression of BR inactivation genes, such as BAS1, are sensitive markers for 

enhanced BR signaling (13, 14, 42), we tested these markers in the mutants. The transcripts 

of DWF4 and CPD were decreased, whereas the transcripts of BAS1 were increased in rcn1 
and bri1-5 rcn1 plants compared to wild-type and bri1-5 plants, respectively (Fig. 7D). We 

noticed that sbi1 and rcn1 exhibited similar, but not identical, phenotypes (Figs. 1C and 7B 

and fig. S12) (50). For example, double PP2Aa mutants rcn1 pp2aa2 and rcn1 pp2aa3 had 

severe dwarf phenotypes (50), whereas sbi1 had no apparent growth defect (Fig. 1C). One 

explanation for these differences may be that SBI1 affects only a subset of PP2A functions, 

such as BRI1 degradation, or that PP2A regulates multiple components in the BR signaling 

pathway. Notably, the transcripts of SBI1, but not RCN1, were increased in A. thaliana 
seedlings treated with BRs, but not in seedlings treated with other hormones (fig. S13), 

suggesting that of these two genes only SBI1 is a BR-responsive gene. Therefore, it is 

possible that only the PP2A activity that is specified by BR-dependent activity of SBI1 but 

not the overall PP2A activity regulates BR signaling pathway.

Purified Arabidopsis PP2A is not available, but PP2A is conserved in eukaryotes. Therefore, 

to determine whether BRI1 could be a substrate of PP2A, we used a purified mammalian 

PP2A consisting of the catalytic subunit PP2Ac and the scaffold subunit PP2Aa to 

dephosphorylate the BRI1 kinase domain (BRI1-KD) that had been phosphorylated in vitro. 

Half of the phosphorylated sample was treated with PP2A, and the other half was used as the 

control. In the PP2A-treated half, we detected a faster-moving band in SDS–polyacrylamide 

gel electrophoresis (SDS-PAGE) corresponding to BRI1-KD that was not detected with 

antibodies that recognize proteins that have phosphorylated threonines (Fig. 7E), indicating 

that PP2A can dephosphorylate BRI1 in vitro. However, we failed to detect an interaction 
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between PP2Ac and BRI1 in vivo by coimmunoprecipitation with antibodies that recognize 

BRI1 in wild-type plants or with antibodies that recognize green fluorescent protein (GFP) 

in plants harboring the fusion proteins BRI1::GFP or bri1-5::GFP. Substrates of PP2A 

interact with PP2Ac through the regulatory subunit PP2Ab, and the lack of a detectable 

interaction by immunoprecipitation may be because the regulatory subunit PP2Ab that 

confers substrate specificity is loosely bound to the PP2Aa and PP2Ac core (Fig. 6A) (46, 

48), as has been reported in mammalian and yeast systems (46, 48).

DISCUSSION

We report the identification of SBI1, an LCMT, and show that it plays a role in the BR 

signaling pathway through its action on PP2Ac. Methylation of PP2Ac by SBI1 leads to an 

enrichment of methylated PP2A at membranes. We propose that this relocation of 

methylated PP2A brings the active PP2A into proximity to BR-activated BRI1 and leads to 

BRI1 dephosphorylation. This dephosphorylation targets the BR-activated BRI1 pool for 

degradation, thereby inhibiting BR signaling and controlling BRI1 receptor abundance 

through a negative feedback loop (Fig. 8).

Although we could not definitely show that BRI1 was a bona fide PP2A substrate in vivo, 

several lines of evidence suggest that BRI1 is a PP2A substrate. First, SBI1 acted upstream 

of BIN2 (Fig. 4A, middle panel) and required BRI1 for its function in the BR pathway (Fig. 

4A, left panel), suggesting that SBI1 acts at the level of the receptor in the BR pathway. 

Second, kinase activity of BRI1 (or mutants thereof) was required for sbi1-dependent BRI1 

or bri1 accumulation, suggesting that SBI1 targets active BRI1 (Fig. 4B). Third, ligands that 

directly bind and activate BRI1 were required for the increased accumulation of active BRI1 

or bri1 in sbi1 (Fig. 4D), supporting the idea that the effect of SBI1 on BR signaling depends 

on BRI1 activation (Fig. 4, B and D). Fourth, the amount of the bri1-301 protein that lacks 

kinase activity was not increased in the sbi1 background (Fig. 4B), indicating that 

unphosphorylated BRI1 is not a target for SBI1 regulation. Furthermore, we did not detect a 

change in the basal amounts of BRI1 or bri1 in plants with the sbi1 mutation in the absence 

of BRs (Fig. 4D and fig. S3). In addition, SBI1 did not alter the abundance of the BR co-

receptor BAK1 (Fig. 2C). Together, our results suggest that SBI1 promotes the 

dephosphorylation of BRI1 or bri1 (deactivation of BR-activated and autophosphorylated 

BRI1 or bri1) rather than affects unphosphorylated BRI1 or bri1. Consistent with this 

dephosphorylation model, PP2A, the only known substrate of LCMTs such as SBI1, 

completely dephosphorylated phosphothreonine residues on BRI1 in vitro, and the reduction 

of PP2A activity (in rcn1 mutant plants) promoted BRI1 accumulation and BR signaling, 

suggesting that PP2A inhibits the BR signaling pathway by degrading BRI1 (Fig. 7).

In our model, unbound BRI1 constitutively cycles between the plasma membrane and the 

internal membranes (Fig. 8A), but dephosphorylation of ligand-activated BRI1 at internal 

membranes results in receptor degradation (Fig. 8B). This suggests that the cell can 

recognize the difference between unphosphorylated BRI1 that has not been activated and 

BRI1 that has been dephosphorylated subsequent to activation. Our model bears some 

commonalities with the proposed mechanisms for the down-regulation of EGFRs and TGF-β 

receptors. The relationship of EGFR phosphorylation to its cellular trafficking remains an 
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area of study, with some reports showing that activation of tyrosine kinase activity of the 

EGFR leads to receptor signaling and recycling and that inactive unphosphorylated receptors 

are destined for degradation (27, 30–32). Others show the opposite or no effect of 

phosphorylation on EGFR trafficking and stability (32, 35–37). In some of the studies that 

report a role for phosphorylation in EGFR trafficking, ligand-activated EGFRs with 

phosphorylated serines or threonines are selected for endocytosis and degradation (33, 34). 

Similar to BRI1, PP2A can dephosphorylate an activated EGFR (51); however, whether and 

how PP2A activity affects EGFR degradation is not known (27, 30, 32, 46, 48, 51).

Like BRI1, TGF-β receptor molecules are constitutively internalized and recycled in a 

ligand-independent manner, and TGF-β receptor degradation is enhanced by ligand binding 

(26, 52). In addition, phosphatase inhibitors can decrease the binding of TGF-β in the 

plasma membrane. Furthermore, TGF-β receptors directly interact with the regulatory 

PP2Ab subunits (52), suggesting that PP2A may play a role in the regulation of TGF-β 

receptor degradation (26). Our results are consistent with the involvement of receptor serine-

threonine kinase activity in the control of receptor degradation, although the detailed 

mechanisms may be different. Our model indicates that neither the phosphorylated receptors 

nor the unphosphorylated ones are destined for degradation; rather, the receptors 

phosphorylated first and dephosphorylated subsequently are marked for degradation. 

Therefore, BRI1 down-regulation seems to share some, but not all, aspects of mechanisms 

that control EGFR and TGF-β receptor down-regulation. Our work thus provides a 

conceptual framework for further study of cell surface receptor kinases in eukaryotes, but it 

remains to be tested how widespread this mechanism is among plants and metazoans.

In animals, PP2A activity accounts for most serine-threonine phosphatase activity in cells, 

and its substrates are diverse (46, 48). Plant genomes are predicted to have a greater number 

of PP2Aa and PP2Ac subunits than are predicted for animals; thus, the potential for a role 

for PP2A in many plant signaling pathways exists (46, 47). KAPP, a protein phosphatase 2C 

(PP2C), interacts with many Arabidopsis receptor kinases; however, KAPP mutant 

phenotypes are weak, and convincing in vivo data for KAPP function in the regulation of 

BRI1 or other kinases have not been obtained (53–55). Thus, KAPP does not appear to be a 

major regulator of the other more than 600 predicted receptor kinases in Arabidopsis (5).

Little is known about the function of PP2As in plant signaling. A PP2A plays a role in 

localizing the PIN auxin transporters in the plasma membrane, and the plasma membrane–

associated receptor kinase phototropin 2 (phot2) has been identified as a PP2A substrate (56, 

57). It is now key to test whether other plant receptor kinases are also the substrates of 

PP2A, as well as the role of methylation in regulating substrate specificity in plants.

MATERIALS AND METHODS

Plant material handling and growth conditions

A. thaliana ecotype Wassilewskija-2 (Ws) was used as wild-type controls. rcn1 (Ws) and cpd 
(45) were obtained from the Arabidopsis Biological Research Center at Ohio State 

University. Mutant bri1-5 is in the Ws background and was provided by F. Tax (58). 

bri1-301 is in the Col background and was a gift from J. Li (43). Seeds were germinated on 
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either ½ Murashige & Skoog (MS) medium plus 1% sucrose then transferred to the soil or 

directly in soil. Plants were grown under long daylight conditions (16-hour light/8-hour dark 

cycles) or continuous light. Images of seedlings or plants were taken at specified 

developmental stages. Seedlings for measuring BR-dependent responses were germinated on 

½ MS medium with or without BL (CIDtech Research Inc.) or BRZ in the dark or in the 

light.

Isolation of suppressor and cloning of the mutated gene

Mutagenesis on bri1-5 seeds was performed as previously described (18, 58). EMS 

mutagenized seeds of bri1-5 (M0) were grown in the greenhouse in 20 flats with about 1000 

plants in each flat to propagate M1 seeds, which germinated to produce M2 seedlings. The 

screen is outlined in fig. S2. Suppressor bri1-5 sbi1 was crossed to Col, and bri1-5–like 

seedlings with shorter hypocotyls were selected in the segregating F2 population and grown 

in the greenhouse to obtain F3 seeds. These F2 plants were further genotyped to identify 

bri1-5 homozygous individuals. To map the mutated locus, we screened for seedlings with 

long hypocotyls in the F3 generation. The Monsanto Arabidopsis Polymorphism database 

(http://www.arabidopsis.org/browse/Cereon/index.jsp) was used for designing simple 

sequence length polymorphisms (SSLPs), cleaved amplified polymorphic sequences 

(CAPSs), and derived cleaved amplified polymorphic sequence (dCAPS) markers for fine-

mapping of 4000 chromosomes in 2000 plants. The final 54-kb fragment was sequenced to 

identify the mutated gene (Fig. 5).

Gene expression, plasmid constructs, and transgenic plants

The construct ProBRI1::bri1-5:GFP was generated from pPZP212-ProBRI1::BRI1:GFP (41) 

by site-directed mutagenesis with a Stratagene QuikChange II XL kit. SBI1 or sbi1 
complementary DNA (cDNA) was amplified by RT-PCR using Pfu DNA polymerase 

(Stratagene) with the first-strand cDNA generated from wild-type or sbi1 RNAs. SBI1 and 

sbi1 cDNA was cloned into the binary vector CHF3:GFP or pGEX-5X (18). A SBI1 
genomic fragment containing 1.5 kb of promoter and 300 base pairs (bp) downstream of the 

stop codon was amplified from genomic DNA purified from wild-type plants by PCR and 

cloned into a PCambia vector. All clones were confirmed by DNA sequencing. The resulting 

constructs were first transformed into Agrobacterium tumefaciens, strain GV3101, followed 

by plant transformation with the floral dip method (59). Transformed seeds were germinated 

and selected on ½ MS medium containing kanamycin (50 mg/liter).

In vitro methylation of PP2Ac by recombinant SBI1

Following the manufacturer’s instruction (GE Healthcare), we purified glutathione S-

transferase (GST)–SBI1 and GST-sbi1 proteins from BL21 strain transformed with 

pGEX::SBI1 and pGEX::sbi1, respectively. Plant seedlings (200 mg) of sbi1 mutant were 

homogenized in 0.5 ml of lysis buffer [2.5% glycerol, 50 mM tris (pH 7.5), 150 mM NaCl, 5 

mM MgCl2, 0.5% Triton X-100, and protease inhibitor] on ice. The mixture was then 

transferred to a microfuge tube and centrifuged at 12,000g at 4°C for 10 min to remove the 

debris. The supernatant was transferred to a new tube and 4 mg of AdoMet (A7007, Sigma) 

was added to the supernatant. The supernatant was partitioned into two aliquots; each was 

mixed with 5 μg of either GST-SBI1 or GST-sbi1 proteins. After 30 min of incubation in RT, 
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the reactions were terminated by adding 10 volumes of ethanol and stored in −80°C for 2 

hours to precipitate the proteins. Protein pellets were obtained by centrifugation at 12,000g 
at 4°C for 10 min to remove the supernatant and were resuspended in 0.1 ml of SDS running 

buffer. The proteins were then resolved by SDS-PAGE, followed by Western blot detection 

with antibodies that recognized methylated PP2Ac.

Western blot analysis of plant proteins

Microsomal and cytosolic fractions were purified as previously described (6). Crude protein 

extracts were obtained directly from seedlings with or without BL treatment for 1 hour. The 

protein extracts were then resolved in SDS-PAGE. Western blot detection was performed 

with the specified antibodies. Antibodies for BRI1 and BES1 were provided by Y. Yin (18) 

and antibodies for ER were a gift from K. Torii (60). Y. Jaillais provided the antibody that 

recognizes BAK1. Antibodies that recognize actin were purchased from Santa Cruz 

Biotechnology. Other antibodies were purchased from Millipore.

Transcript analysis by RT-PCR

Total mRNAs were isolated from whole plant seedlings with RNeasy Plant Mini kit (Qiagen, 

#74904). The mRNA concentration was estimated by spectrophotometer. First-strand cDNA 

was synthesized from 2 μg of total RNA with SuperScript II RT (Invitrogen) following the 

manufacturer’s instruction. The cDNA was then amplified by PCR with gene-specific 

primers for bri1-5, BRI1, SBI1, CPD, DWF4, BAS1, and ACT2 at an annealing temperature 

of 55°C for 30 cycles (42). Primers used for RT-PCR are listed in Table 1.

Dephosphorylation of BRI1 by PP2A

The construct of GST:BRI1 kinase domain (GST–BRI1-KD) was previously described (18) 

and the resulting fusion protein was purified with glutathione agarose beads. The purified 

GST–BRI1-KD attached to the agarose beads was phosphorylated in a kinase buffer [20 mM 

tris (pH 7.5), 100 mM NaCl, and 12 mM MgCl2] with 1 mM of adenosine 5′-triphosphate 

(ATP) for 1 hour at 37°C. The beads were washed with TBS (tris-buffered saline) buffer (pH 

7.5), and then divided into two parts; one with 0.2 U of purified PP2A (Millipore) and the 

other without PP2A. After incubation at 37°C for 1 hour, the reactions were stopped by 

adding 2 × SDS sample buffer and the samples were boiled for 5 min. Proteins were 

resolved by SDS-PAGE and transferred to nitrocellulose membrane, which was first stained 

with amido black, and then blotted with antibodies that recognize phosphorylated threonine 

residues to allow detection of phosphorylation differences in BRI1.

To coimmunoprecipitate PP2A with BRI1 or bri1-5, we used a MAC Epitope Tag Protein 

Isolation kit (Miltenyi Biotec) for GFP or BRI1 following the manufacturer’s instructions 

with the addition of protease inhibitors (Qiagen) and phosphatase inhibitor cocktail (Sigma). 

BRI1 or bri1-5 was immunoprecipitated with antibodies that recognize BRI1 from extracts 

of 10- or 14-day-old seedlings of WT and bri1-5, respectively, whereas BRI1-GFP or 

bri1-5–GFP was immunoprecipitated with antibodies that recognize GFP from the extracts 

of 10- or 14-day-old seedlings of ProBRI1::BRI1:GFP or ProBRI1::bri1-5:GFP, 

respectively, followed by Western blot analysis with antibody that recognizes BRI1 (18) and 

antibodies that recognize PP2Ac (Millipore).
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BFA treatment and confocal microscopy

Five-day-old Arabidopsis seedlings were treated with 10 μM FM4-64 (Invitrogen) with or 

without 50 μM BFA (Sigma) for 30 min. Confocal microscopy was performed on detached 

roots from treated seedlings with a Zeiss LSM 5 Pascal or a Zeiss LSM 510 META. GFP 

and FM4-64 were excited with 488- and 543-nm laser lines, respectively, and detected with 

BP505-530 and LP560 emission filters, respectively. The resulting images were processed 

with Zeiss LSM software and Adobe Photoshop.

Data processing

Bands in Western blots and gels from RT-PCR experiments, as well as the length of 

hypocotyls and roots, were measured on images with Scion software followed by a 

validation with ImageJ. For Western blot and transcripts, the integrated density was 

calculated for each band. The relative integrated density was calculated as a ratio of each 

measurement to a common data point of each protein or gene, and was shown near the band 

in the blot or gel. Each experiment was repeated at least three times and the one that best 

represents all different trials was shown. Hypocotyl and root length was measured on the 

scanned images of A. thaliana seedlings with Scion software. Where appropriate, t test was 

performed to determine the level of significance, and SE was included in each experiment as 

an error bar.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
sbi1 suppressed bri1-5 phenotypes and promoted plant growth in Arabidopsis. (A) 

Hypocotyls of 5-day-old seedlings grown in the dark. Ws is the wild-type (WT) plant. (B) 

Quantitation of hypocotyl length of 5-day-old seedlings grown in the dark. Error bars 

represent SE. *P = 0.01; bri1-5 sbi1 hypocotyls were significantly longer than bri1-5 
hypocotyls (n > 20 seedlings). (C) Six-week-old plants. WT plants are Ws. (D) Quantitative 

measurements of hypocotyls from 8-day-old seedlings grown in continuous light. Error bars 

represent SE. *P = 0.01; sbi1 and bri1-5 sbi1 hypocotyls were significantly longer than WT 

(Ws) and bri1-5, respectively (n > 10 seedlings).
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Fig. 2. 
The abundance of BRI1 is increased in sbi1 plants. (A) Semi-quantitative Western blot 

analysis of a series of twofold dilutions from the extract of bri1-5 sbi1 plants reveals that the 

abundance of bri1-5 was increased compared to that in extracts from bri1-5 plants. Actin 

served as the loading control. Extracts were prepared from 14-day-old seedlings. Blot shown 

is representative of three experiments. (B) Protein abundance was detected by Western 

blotting with specific antibodies against BRI1, the receptor kinase ERECTA (ER), and actin 

in WT and sbi1 protein extracts. Actin and ER served as controls. WT plants are Ws. 

Extracts were prepared from 14-day-old seedlings. Blot shown is representative of three 

experiments. (C) BAK1 was detected by Western blotting with antibodies against the kinase 

domain of BAK1. Actin served as the loading control. Extracts were prepared from 14-day-

old seedlings. The numbers below each band represent the relative band intensities, where 

the lowest density sample in each row is set to 1. Blot shown is representative of four 

experiments. (D) WT (Ws), sbi1, bri1-5, and bri1-5 sbi1 plants have similar amounts of 

bri1-5 mRNAs as shown by RT-PCR. Actin2 was used as an internal control. BRI1/bri1 

indicates either the WT or the mutant protein. Relative integrated density is shown below 
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each band, where the lowest-density sample in each row is set to 1. Blot shown is 

representative of three experiments.
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Fig. 3. 
SBI1 inhibits the BR signaling pathway. (A) Hypocotyl lengths of 8-day-old bri1-5, bri1-5 
sbi1, WT (Ws), and sbi1 seedlings grown in continuous light with specified concentrations 

of BL. Error bars represent SE (n > 12 seedlings). (B) Root length of 8-day-old bri1-5, 

bri1-5 sbi1, Ws, and sbi1 seedlings grown in continuous light with specified amount of BL. 

Error bars represent SE (n > 12 seedlings). (C) Phosphorylated BES1 (BES1-p) and 

nonphosphorylated BES1 were detected with BES1 antibodies in extracts of 14-day-old 

seedlings of the indicated genotypes. Where indicated, the plants were treated with 1 μM BL 

for 1 hour before preparation of the extracts. Actin served as the loading control. Blot shown 

is representative of three experiments. bri-116 is a null allele. (D) RT-PCR for CPD was 

performed with mRNAs from bri1-5, bri1-5 sbi1, WT (Ws), and sbi1. Actin2 served as an 

internal control. mRNA was obtained from 14-day-old seedlings. Blot shown is 

representative of three experiments.
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Fig. 4. 
sbi1-dependent regulation requires ligand-activated BRI1. (A) Five-week-old plants of the 

indicated genotypes of BR-responsive mutants and BR biosynthetic mutants in the sbi1 
mutant and WT SBI1 background are shown. (B) BRI1 and bri1 were detected by Western 

blotting. Extracts of WT (Ws), sbi1, bri1-5, bri1-5 sbi1, bri1-9, bri1-9 sbi1, bri1-301, and 

bri1-301 sbi1 were from 14-day-old seedlings. Rubisco served as the loading control. 

Relative integrated density is shown above or below each band where the density of WT 

sample in each row is set to 1. Blot shown is representative of three experiments. (C) 

Hypocotyl length of 8-day-old bri1-5, bri1-5 sbi1, WT (Ws), and sbi1 seedlings grown in 

continuous light with the specified amount of BRZ. Error bars represent SE (n > 12 

seedlings). (D) BRI1 and bri1 were detected by Western blotting. Extracts of sbi1, bri1-5, 

and bri1-5 sbi1 were from seedlings grown in the ½ MS medium with or without 10 μM 

BRZ for 2 weeks. Rubisco served as the loading control. Relative integrated density was 

shown above or below each band where the lowest-density sample in each row is set to 1. 

Blot shown is representative of three experiments.
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Fig. 5. 
SBI1 encodes an LCMT that methylates and regulates PP2A. (A) Amino acid sequence of 

SBI1; the E290K mutation is indicated. Abbreviations for the amino acids are as follows: A, 

Ala; C, Cys; D, Asp; E, Glu; F, Phe; G, Gly; H, His; I, Ile; K, Lys; L, Leu; M, Met; N, Asn; 

P, Pro; Q, Gln; R, Arg; S, Ser; T, Thr; V, Val; W, Trp; and Y, Tyr. (B) Complementation of 

bri1-5 sbi1 with a genomic SBI1 fragment (ProSBI1::SBI1). Two independent transgenic 

lines (#1 and #2) are shown. (C) Two independent transgenic lines (#A and #B) 

overexpressing ProSBI1::SBI1 in bri1-5 are shown. The abundance of the indicated 

transcripts from 14-day-old seedlings was detected by RT-PCR. Relative integrated density 

is shown above each band where the density of bri1-5 sample in each row is set to 1. Blot 

shown is representative of three experiments. (D) Three-week-old seedlings of the indicated 

genotypes. ProSBI1::SBI1 was overexpressed in bri1-5 transgenics with 

ProBRI1::bri1-5:GFP fusion gene (bri1-5 and GFP fusion gene under BRI1 promoter).
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Fig. 6. 
SBI1 methylates PP2A to control its distribution between the membrane and the cytosol. (A) 

Diagram of the structure and regulation of PP2A. PP2A consists of scaffold subunit A 

(PP2Aa), regulatory subunit B (PP2Ab), and catalytic subunit C (PP2Ac) and is regulated by 

reversible methylation. LCMT methylates PP2Ac, whereas PME1 (PP2A methylesterase) 

demethylates PP2Ac. Methylation of PP2Ac affects PP2A substrate selectivity by PP2Ab 

(46, 48). (B) Western blot analysis with antibodies specific for methylated PP2Ac 

[PP2Ac(Me)] and unmethylated PP2Ac [PP2Ac(−Me)]. Total PP2Ac was detected with 

antibodies for unmethylated PP2Ac after removal of the methyl group from the PP2Ac that 

was bound to the nitrocellular membrane by a 30-min treatment with 0.2 N sodium 

hydroxide. Samples were prepared from 14-day-old seedlings. Blot shown is representative 

of five experiments. (C) Extracts of 14-day-old seedlings of the indicated genotypes were 

incubated with or without recombinant WT SBI1 or mutant sbi1 proteins and methylated 

PP2Ac was detected by Western blotting. Actin served as the loading control. Blot shown is 

representative of three experiments. (D) Western blot analysis for PP2Ac(Me) and 

PP2Ac(−Me) of extracts of 14-day-old seedlings of the indicated genotypes. The two 

transgenic lines of ProSBI1::SBI1 in sbi1 bri1-5 are the same as those shown in Fig. 5B. (E) 

The abundance of the indicated proteins in microsomal and cytosolic fractions of extracts of 

14-day-old seedlings of the indicated genotypes was detected by Western blotting. 

Nonspecific bands were used as loading controls. Relative integrated density was shown 

above each band where the sample with the lowest detectable density in each row is set to 1. 

Blot shown is representative of three experiments.
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Fig. 7. 
PP2A reduces BR signaling and dephosphorylates BRI1 in vitro. (A) Both PP2Aa mutant 

rcn1 (pp2aa1) and sbi1 plants (5-week-old) have early flowering phenotypes. Number of 

rosette leaves (n) produced before bolting in WT (Ws), rcn1 (pp2aa1), and sbi1 plants is 

shown. Error bars represent SE. *P = 0.01. The number of rosette leaves in both rcn1 and 

sbi1 was significantly different from that of WT plants (n > 14). (B) Partial suppression of 

bri1-5 phenotypes by rcn1 shown by 2-month-old plants. (C) BRI1 or bri1-5 was detected 

by Western blotting of extracts of 14-day-old plant seedlings of the indicated genotypes. 

Wild-type (WT) is Ws. Relative integrated density was shown below each band where the 

lowest density sample in each row is set to 1. Blot shown is representative of three 

experiments. (D) The abundance of transcripts or proteins for the BR biosynthesis genes 

(DWF4 and CPD) and a BR inactivation gene (BAS1) was detected by RT-PCR of extracts 

of 14-day-old plant seedlings of the indicated genotypes. Relative integrated density was 

shown below each band where the visible band with lowest density in each row is set to 1. 

Blot shown is representative of three experiments. (E) In vitro dephosphorylation of the 

kinase domain of BRI1 (BRI1-KD) with human PP2A. Protein blot stained with amido 

black (upper panel); Western blot with antibody against phosphothreonines (α-P-Thr) (lower 

panel). BRI1-KD-P, phosphorylated BRI1-KD.
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Fig. 8. 
A working model for a negative feedback mechanism that controls BRI1 abundance and BR 

signaling. (A) In the absence of BRs, inactive BRI1 molecules are constitutively internalized 

and recycled between the endosomes and the plasma membrane. (B) Binding of BRs by 

BRI1 at the cell surface leads to BRI1 activation and phosphorylation. Activated BRI1 

initiates the BR signaling cascade, including the induction of SBI1 transcription. SBI1 

methylates and targets PP2A to the endosomes, which in turn dephosphorylates BRI1. 

Dephosphorylated BRI1 molecules are then degraded (possibly in the vacuole), thus 

terminating BR signaling. A question mark represents a process that is postulated to occur, 

but has not been shown. Our model indicates BR signaling is initiated from the cell surface, 

but this model would not exclude the possibility that BR signaling can be initiated from 

intra-cellular membranous compartments. For simplicity, other components of the pathway, 

such as BAK1, BSK1, BKI1, BIN2, BES1, BZR1, and BSU1, are not shown.
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Table 1

Primers used for RT-PCR.

Gene name Locus Primer sequences

DWF4 At3g50660 5′-TACCTCTTCTTCTTCTCCCATCGC-3′

5′-CGAGAAACCCTAATAGGCAAACCG-3′

CPD At5g05690 5′-TCCTCCTCCTCTCTTCCATCGCCG-3′

5′-ACGGCGCTTCACGAAGATCGGGTA-3′

BAS1 At2g26710 5′-GCTCTCCTTTTTGTGTTTTCTCTCT-3′

5′-AGTCCGGAACAAATTTTTGACCGTT-3′

SBI1 At1g02100 5′-ATGGCGGAATCTCGCAGCAA-3′

5′-CAGGTGATGACGCTGATGA-3′

BRI1 or bri1 At4g39400 5′-GGTAGAGAGATGAGGAAGAGA-3′

5′-CTCATAATTTTCCTTCAGGAACTTC-3′

ACT2 At5g09810 5′-TTCCGCTCTTTCTTTCCAAGCTCA-3′

5′-AAGAGGCATCAATTCGATCACTCA-3′
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