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In plants, basic helix-loop-helix (bHLH) transcription factors play important roles in the control of cell elongation. Two bHLH
proteins, PACLOBTRAZOL RESISTANCE1 (PRE1) and Arabidopsis ILI1 binding bHLH1 (IBH1), antagonistically regulate cell
elongation in response to brassinosteroid and gibberellin signaling, but the detailed molecular mechanisms by which these
factors regulate cell elongation remain unclear. Here, we identify the bHLH transcriptional activators for cell elongation
(ACEs) and demonstrate that PRE1, IBH1, and the ACEs constitute a triantagonistic bHLH system that competitively regulates
cell elongation. In this system, the ACE bHLH transcription factors directly activate the expression of enzyme genes for cell
elongation by interacting with their promoter regions. IBH1 negatively regulates cell elongation by interacting with the ACEs
and thus interfering with their DNA binding. PRE1 interacts with IBH1 and counteracts the ability of IBH1 to affect ACEs.
Therefore, PRE1 restores the transcriptional activity of ACEs, resulting in induction of cell elongation. The balance of
triantagonistic bHLH proteins, ACEs, IBH1, and PRE1, might be important for determination of the size of plant cells. The
expression of IBH1 and PRE1 is regulated by brassinosteroid, gibberellins, and developmental phase dependent factors,

indicating that two phytohormones and phase-dependent signals are integrated by this triantagonistic bHLH system.

INTRODUCTION

In plants, regulation of cell elongation promotes proper growth
and development, which includes cell differentiation, organ for-
mation, patterning, and adaptation to environmental changes.
Multiple phytohormones, namely, brassinosteroids (BRs), gibber-
ellins (GAs), and auxin, positively regulate cell elongation through-
out the plant life cycle (Depuydt and Hardtke, 2011). Plants also
regulate cell elongation to respond to various environmental con-
ditions, such as in shade avoidance. Far-red light and blue light
positively and negatively regulate cell elongation, respectively
(Briggs and Huala, 1999; Stamm and Kumar, 2010). However,
the mechanism by which plants integrate multiple signals to
regulate cell elongation has not been fully characterized.

In Arabidopsis thaliana, three atypical basic helix-loop-helix
(bHLH) proteins of the PRE subfamily, PACLOBUTRAZOL
RESISTANCE1 (PRE1), PRE3/ACTIVATION-TAGGED BRI1
SUPPRESSOR1 (PRE3/ATBS1), and PRE6/KIDARI (PRE6/KDR),
positively regulate organ elongation in response to GA, BR, and
light signaling, respectively (Hyun and Lee, 2006; Lee et al.,
2006; Wang et al., 2009). PRE1 was first identified as a sup-
pressor of the dwarf phenotype of the ga2-207 mutant, which is
defective in GA biosynthesis (Lee et al., 2006). The expression of
PRET is rapidly induced by GA treatment under the control of
GIBBERELLIN INSENSITIVE, which is a negative regulator of GA
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signaling, indicating that GA regulates cell elongation by in-
ducing the expression of PRE1 (Lee et al., 2006).

By contrast, the rice (Oryza sativa) PRE1 ortholog, INCREASED
LEAF INCLINATION1 (ILIT), acts in BR signaling; for example,
ectopic expression of IL/7 induced a BR-sensitive phenotype both
in rice and Arabidopsis (Zhang et al., 2009). In Arabidopsis, the
details of the BR signaling pathway are known: the Leu-rich
repeat receptor-like kinase BRASSINOSTEROID-INSENSITIVE1
(BRI1) perceives BR at the cell surface and activates a phos-
phorylation-mediated signaling cascade (Li and Chory, 1997; Li,
2005) that activates the BRASSINAZOLE-RESISTANT1 (BZR1)
and BZR2/BES1 transcription factors (Clouse, 2011). The BZR
transcription factors regulate the expression of genes that are
involved in cell wall biosynthesis and modification, namely, XY-
LOGLUCAN ENDOTRANSGLUCOSYLASE/HYDROLASE (XTH)
and EXPANSIN (Rose et al., 2002; Li et al., 2003; Sun et al., 2010;
Yu et al., 2011). BZR1 and BES1 and their rice orthologs, OsBZR1
and OsBESH1, also activate the expression of PRE7T and ILI1, re-
spectively (Zhang et al., 2009; Sun et al., 2010).

ILI1 binding bHLH (IBH) protein and its Arabidopsis ortholog
act as negative regulators of cell elongation and induce a dwarf
phenotype when expressed ectopically (Zhang et al., 2009).
BZR1 directly represses the expression of these genes by in-
teracting with the promoter regions in the presence of BR
(Zhang et al., 2009). The ectopic expression of PRE1 sup-
pressed the dwarf phenotype induced by the ectopic expres-
sion of IBH1 (Zhang et al., 2009), showing that PRE1 inhibits the
negative activity of IBH1 on cell elongation in response to GA
and BR signaling.

PRE3/ATBS1 and PRE6/KDR, which belong to PRE sub-
family, positively regulate organ elongation and interact with
other bHLH proteins, including ATBS1-INTERACTING FACTORS
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Figure 1. Analyses of Pro35S:IBH1-SRDX Plants.

(A) to (F) Seedlings ([A] and [B]), leaves (C), siliques (D), rosette plants
(E), and roots (F) of Pro35S:IBH1-SRDX plants (IBH1sx) and wild-type
(wt) plants. Bars = 1 mm.

(AlIFs) and LONG HYPOCOTYL IN FAR-RED1 (HFR1), which
negatively regulate organ elongation (Hyun and Lee, 2006; Wang
et al., 2009). The ectopic expression of PRE6/KIDARI suppressed
the short hypocotyl phenotype induced by the ectopic expression
of HFR1 (Hyun and Lee, 2006), and the ectopic expression of
AIF1 suppressed the activity of PRE3/ATBS1 in BR-mediated
organ elongation (Wang et al., 2009). These results indicate that
PRE6/KDR and HFR1, PRE3/ATBS1 and AlFs, and PRE1 and
IBH1 may antagonistically regulate organ elongation in their re-
spective signaling pathways. Elongation of plant organs might be
regulated by a pair of bHLH proteins composed of a PRE sub-
family protein and its interacting bHLH protein, although the de-
tails of the regulatory mechanisms of cell elongation, including the
functional role of PRE subfamily genes and the interacting bHLH,
have yet to be revealed.

In this study, we show that Arabidopsis IBH1 interacts with other
bHLH proteins that directly activate enzymatic genes for cell
elongation. By interacting with these activators, IBH1 interferes
with their activity, resulting in suppression of cell elongation. Fur-
thermore, we show that IBH1 interference is interrupted by PRE1,
which restores the transcriptional activity of the bHLH activators.
We propose that cell elongation in plants is regulated by a system
of competitive activities of triantagonistic bHLH proteins, including
bHLH transcriptional activators and two atypical antagonistic
bHLH inhibitors, and that the balance of each molecule is im-
portant for determination of the size of plant cells.

RESULTS

Arabidopsis Plants That Express a Chimeric IBH1 Repressor
Are Insensitive to BRs

To identify transcription factors that regulate cell elongation in
plants, we screened our set of transgenic Arabidopsis plants
expressing chimeric repressor constructs (CRES-T lines). The
CRES-T construct contains a transcription factor fused with
the plant-specific repression domain derived from SUPERMAN
(SUPERMAN REPRESSION DOMAIN X [SRDX]; LDLDLELRLGFA;
Hiratsu et al., 2003) expressed under the control of the

(G) to (J) Micrograph of hypocotyls ([G] and [H]) and roots ([I] and [J]) of
Pro35S:IBH1-SRDX plants (IBH1sx: [G] and [I]) and of wild-type plants
([H] and [J]). Black arrowheads indicate the borders of epidermal cells as
an indication of cell size. Bars = 50 ym.

(K) Response of Pro35S:IBH1-SRDX plants to BR treatment. Length of
hypocotyls (left) and two cotyledons (right) in the presence of different
concentration of BL in 8-d-old seedlings of three independent lines of
Pro35S:I1BH1-SRDX (sx; light-blue line with triangle, blue line with X, and
purple line with X), the wild type (black line), and det2-1 (black line with
open square). Five-day-old seedlings grown on agar plates were trans-
ferred into liquid medium with or without BL and incubated for 3 d. Error
bars indicate sp.

(L) gRT-PCR analyses of the XTH4, EXP8, and EXPL2 genes in 10-d-old
seedlings of the wild type (light-blue and blue bar) and three independent
lines of Pro35S:IBH1-SRDX plants (IBH1sx; pink and red bars) with or
without BL (10~7 M for 4 h) treatment. Asterisks indicate P values below
0.01 between the wild-type control and others.
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Figure 2. Analysis of Pro35S:/IBH1 Plants.

(A) to (D) Seedlings (A), rosette plants (B), roots (C), leaves (D), and
siliques (E) of Pro35S:IBH1 (IBH10x), det2 mutant (det2), and wild-type
(wt) plants. Bar = 1 mm in (A).

(F) Length of hypocotyls of the 8-d-old seedlings of two independent
lines of Pro35S:IBH1 (pink line with triangle and red line with X), wild-type
(black line), and det2-1 (black line with open square) plants treated with
different concentrations of BL (n > 17). Five-day-old seedlings grown on
agar plates were transferred into liquid medium with or without BL and
incubated for 3 d. Error bars indicate sp.

(G) gRT-PCR analyses of XTH4, EXP8, and EXPL2 expression in two
groups of 10-d-old seedlings of wild-type (open bars) and Pro35S:IBH1
plants (IBH10x; closed bars). Ten independent transgenic seedlings were
mixed in each group. Asterisks indicate P values below 0.002 between
wild-type 1 and others.
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cauliflower mosaic virus (CaMV) 35S promoter. Fusion of
the SRDX repression domain to a transcriptional activator can
convert it into a strong repressor, which dominantly sup-
presses the expression of target genes. This overrides the
activation by endogenous and functionally redundant tran-
scription factors and results in a dominant-negative phenotype
(Hiratsu et al., 2003). By contrast, the fusion of the SRDX to a
native repressor enhances the repressive activity and induces
a similar phenotype to its ectopic expression (lkeda and Ohme-
Takagi, 2009). We found that the CRES-T line for At2g43060,
which was previously reported to be Arabidopsis IBH1 (Pro35S:
IBH1-SRDX), exhibited drastic dwarfism. Pro35S:IBH1-SRDX
plants had round-shaped, dark-green leaves and short pe-
tioles, siliques, and roots, which had few lateral roots (Figures
1A to 1F). These phenotypes were similar to that of BR-
insensitive mutants, such as bri1 (Clouse et al., 1996; Clouse,
2011). These dwarf phenotypes appear to be specific to
Pro35S:IBH1-SRDX plants because there were not observed in
the CRES-T lines for other bHLHSs, such as Pro35S:HFR1-SRDX
(see Supplemental Figure 1A online). Also similar to BR-
insensitive mutants, in the seedlings of Pro35S:IBH1-SRDX
plants, elongation of hypocotyls in continuous dark conditions
was decreased (see Supplemental Figure 1B online). Micros-
copy of hypocotyls and roots revealed that the dwarfism of
Pro35S:IBH1-SRDX plants was due to reduced cell elongation
(Figures 1G to 1J).

To determine whether the phenotypes of Pro35S:IBH1-SRDX
plants were due to loss of sensitivity to BR or to defective BR
biosynthesis, we treated seedlings with brassinolide (BL). When
treated with BL, seedlings of wild-type plants and those of the
BR biosynthesis defective mutant det2 were pale green and
had elongated hypocotyls and cotyledon petioles, although the
elongation of hypocotyls of det2 mutant plants was less than
that of the wild type (Figures 1K; see Supplemental Figure 1C
online). By contrast, seedlings of Pro35S:IBH1-SRDX plants
did not exhibit this elongation response when treated with BL,
indicating that the BR-insensitive phenotypes of Pro35S:IBH1-
SRDX plants are due to loss of sensitivity to BR (Figures 1K; see
Supplemental Figure 1C online).

Microarray analysis revealed that 13 genes for XTH and 14
genes for EXP, which are regulated by BR signaling, were
downregulated in Pro35S:IBH1-SRDX plants (see Supplemental
Table 1 online) (Sun et al., 2010; Yu et al., 2011). We confirmed
the microarray results for some selected XTH and EXP genes,
whose expression was less than fourfold in Pro35S:/IBH1-
SRDX plants when compared with wild-type plants in micro-
array analysis (see Supplemental Table 1 online). The results
of quantitative RT-PCR (gqRT-PCR) showed that EXP8 levels
were more than 20-fold lower and XTH4 and EXPL2 levels
were more than threefold lower in Pro35S:IBH1-SRDX plants
than in wild-type plants (Figure 1L). When plants were treated
with BL, the levels of expression of those genes were upre-
gulated in the wild type, but such upregulation was observed
to be slight or nonexistent in the seedlings of Pro35S:/IBH1-
SRDX plants (Figure 1L). These results confirmed that Pro35S:
IBH1-SRDX plants were insensitive to exogenous and en-
dogenous BR and showed that IBH1 regulates BR-inducible
genes.
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Figure 3. Analysis of ProlBH1:IBH1RNAi Plants.
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(A) Seven-day-old seedlings of Pro/lBH1:IBH1RNAi (IBH1RNAI) and wild-type (wt) plants under 60 pmol/s/m2. Bar = 1 mm.
(B) Analysis of length of hypocotyls of 7-d-old seedlings of two independent lines of ProlBH1:1BH1RNAi (IBH1RNAI; pink and green bar) and wild-type
(gray bar) plants under 60 pmol/s/m? and 80 umol/s/mZ2. Asterisks indicate P values below 0.05 between the wild type and others. Error bars indicate sp

(n > 89).

(C) Rosettes of ProlBH1:1BH1RNAi (IBH1RNAI) and wild-type plants. Bar = 5 cm.

(D) Leaves of 1.5-month-old Pro/BH1:I1BH1RNAi (IBH1RNAi) and wild-type plants. Bar = 1 cm.

(E) Analysis of length of leaves of two independent lines of ProlBH1:IBH1RNAi (IBH1RNAI; green bar) and wild-type (gray bar) plants. Asterisks indicate
P values below 0.05 between the wild type and others. Error bars indicate sp (n > 15).

IBH1 Acts as a Transcriptional Repressor That Negatively
Regulates BR Signaling and Cell Elongation

To further examine the function of IBH1 in BR signaling, we next
made transgenic Arabidopsis that ectopically overexpressed
IBH1 (Pro35S:IBH1) (see Supplemental Figure 2A online). Zhang
et al. (2009) reported that plants transformed with Pro35S:/1BH1
exhibited a dark-green and dwarf phenotype similar to Pro35S:
IBH1-SRDX plants. We confirmed that our Pro35S:IBH1 plants
also exhibited the phenotype and insensitivity to BR similar to
bri1, det2, and Pro35S:IBH1-SRDX plants (Figures 2A to 2F; see
Supplemental Figure 2B online; Clouse, 2011). In addition, gRT-
PCR analysis revealed that the expression of BR-inducible EXPs
and XTH4 in Pro35S:IBH1 plants was downregulated (Figure
2G). These results indicated that the visible phenotype and the
changes in gene regulation in Pro35S:IBH1 plants were similar
to those in Pro35S:IBH1-SRDX plants.

Usually, fusion of a transcriptional activator to SRDX pheno-
copies loss-of-function mutations of the transcription factor be-
cause the chimeric repressor dominantly suppresses target gene
transcription (Hiratsu et al., 2003). By contrast, fusion of a native
repressor to SRDX usually phenocopies ectopic expression of the
transcription factor (lkeda and Ohme-Takagi, 2009). The obser-
vation that Pro35S:IBH1 and Pro35S:IBH1-SRDX plants exhibit
similar phenotypes indicates that IBH1 acts as a transcriptional
repressor.

We next examined the loss-of-function phenotype of IBH1.
Because a T-DNA-tagged line for IBH1 (At2g43060) was not
available, we prepared transgenic plants that expressed an IBH1
RNA interference (RNAIi) under the control of the native IBH1
promoter (ProlBH1:IBH1RNAI). We examined two independent
RNAi lines in which the level of expression of IBH1 was

decreased to <25% of the wild type (see Supplemental Figure
3 online). These ProlBH1:IBH1RNAI plants were larger than the
wild type (Figure 3C). Detailed phenotypic analysis revealed that
the hypocotyls and leaves of ProlBH1:IBH1RNAI plants were
significantly longer than those of the wild type (Figures 3A to 3E)
and that the expression of EXP8, which was downregulated in
Pro35S:IBH1 and Pro35S:IBH1-SRDX plants, was upregulated
in ProlBH1:IBH1RNAI plants (see Supplemental Figure 3 online).
Because the phenotype of ProlBH1:IBH1RNAi was opposite
to that of Pro35S:IBH1-SRDX and Pro35S:IBH1, our results in-
dicate that IBH1 acts as a transcriptional repressor that negatively
regulates BR signaling and organ elongation in Arabidopsis.

IBH1 May Be a Non-DNA Binding Transcriptional Repressor

To shed light on the mechanism of IBH1 function in cell elon-
gation and gene expression, we next examined IBH1 for indi-
cations that it functions as a repressor. The IBH1 amino acid
sequence does not contain any motif that can be categorized as
a repression domain, such as an EAR motif, BRD, or WUS box
(Ohta et al.,, 2001; lkeda et al., 2009; Ikeda and Ohme-Takagi,
2009). Transient expression of the coding region of IBH1 fused
with the yeast GAL4 DNA binding domain (GAL4DB-IBH1)
(Figure 4A) did not repress or activate a Pro35S-GAL4:LUC re-
porter gene in Arabidopsis leaves, but the GAL4DB-IBH1-SRDX
(GAL4DB-IBH1sx) effector reduced the activity of the reporter
gene to <20% (Figures 4A and 4B). These results indicate that
Arabidopsis IBH1 does not have an active repressive activity but
may instead act as a passive repressor.

Generally, passive repressors do not have direct repressive
activity but instead may compete with other transcription factors
for binding to a cis-element. To analyze whether IBH1 binds to


http://www.plantcell.org/cgi/content/full/tpc.112.105023/DC1
http://www.plantcell.org/cgi/content/full/tpc.112.105023/DC1
http://www.plantcell.org/cgi/content/full/tpc.112.105023/DC1
http://www.plantcell.org/cgi/content/full/tpc.112.105023/DC1
http://www.plantcell.org/cgi/content/full/tpc.112.105023/DC1

A
Reporter
Gald:LUC
camv3ss’-5X GAL4-TATAJJJEVS-NOS
Effector
GaldDB

CaMVv35S-Q-{eL\KEV-ENOS
Gal4DB-IBH1

camvass-o-JYIWINEY IBH1 -NOS

Gal4DB-IBH1sx

camvass-Q-JIXEEN:Y 1BH1 [C[11}-NOS

IBH1GFP

Figure 4. Analysis of the Molecular Function of IBH1.

(A) and (B) Transient expression assays for functional analysis of IBH1.
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(A) Schematic representation of the constructs used in the transient expression analysis. The Pro35S-GAL4:LUC reporter gene (Gal4:LUC) contains the
CaMV 35S promoter, five copies (5X) of the GAL4-responsive element, a minimal TATA region (—46 to transcription starting site of the CaMV 35S
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DNA binding domain (GAL4DB; black box), named Gal4DB-IBH1 and Gal4DB-IBH1sx. Each effector construct is driven by the CaMV 35S promoter and
Q) translation enhancer sequence derived from Tobacco mosaic virus.

(B) Relative luciferase activities after cobombardment of Arabidopsis leaves with GAL4DB-fused IBH1 effectors and the GAL4:LUC reporter gene. The
relative activity due to pUC18 vector (vector) was set as 1. Error bars indicate sp (n = 3).

(C) to (F) Phenotypic analysis of Pro35S:IBH1-VP16 plants. A seedling (C), leaves (D), siliques (E), and a rosette plant (F) of Pro35S:IBH1-VP16

(AtIBH1vp) and wild-type (wt) plants. Bars = 1 mm in (C), 1 cm in (D) and (E), and 5 cm in (F).
(G) Nuclear localization of IBH1 fused with GFP (IBH1GFP; top two panels). Bottom two panels are control GFP. Bar = 100 pm.

DNA, we prepared transgenic plants that expressed IBH1 fused
with the VP16 activation domain (Pro35S:IBH1-VP16). The VP16
activator domain should activate the expression of a target gene
if it interacts with DNA through IBH1, resulting in a phenotype
opposite to Pro35S:IBH1-SRDX plants. Interestingly, however,
Pro35S:IBH1-VP16 plants exhibited a similar phenotype to that
of Pro35S:IBH1 and Pro35S:IBH1-SRDX plants, namely, round-
shaped, dark-green leaves and short hypocotyls (Figures 4C to
4F). These results indicate that the VP16 activation domain did
not affect the repressive activity of IBH1 and that IBH1 may not
bind to DNA, directly or indirectly.

Toledo-Ortiz et al. (2003) reported that the Glu-13 and Arg-17
amino acids in the basic motif of bHLH proteins are necessary
for binding to the E-box (CAGCTG) and G-box (CACGTG), which

are the typical binding sequences of bHLH proteins. Our amino
acid comparison showed that the bHLH region of IBH1 was
clearly diverged from that of typical bHLH proteins and lacks the
amino acid necessary for binding to the E-box and G-box in the
basic motif (see Supplemental Figure 4 online). These analyses
also support that IBH1 may not have DNA binding activity. One
of the typical non-DNA binding HLH proteins, human Inhibitor of
DNA binding 1 (Id-1), has been shown to inhibit the activity of other
bHLH transcription factors by heterodimerization (Ruzinova and
Benezra, 2003). Because IBH1 localizes to the nucleus, as was
shown using an IBH1-GFP (for green fluorescent protein) fusion
protein (Figure 4G), we hypothesized that IBH1 may interfere,
possibly through physical interaction, with the DNA binding ac-
tivity of other transcription factors that activate cell elongation.
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bHLH Transcription Factors That Interact with IBH1

We predicted that IBH1 interacts with, and thus interferes with,
the activity of transcription factors that activate the genes re-
quired for cell elongation. To identify those factors that interact
with IBH1, we next performed yeast two-hybrid (Y2H) screens
using our cDNA library composed of only Arabidopsis cDNAs for
transcription factors (Mitsuda et al., 2010). Among 22 positive
clones isolated, 16 encode typical bHLH transcription factors,
including bHLH049 (At1968920), bHLH074 (At1g10120), and
bHLHO77 (At3923690) (see Supplemental Table 2 online). In
addition, we found that IBH1 interacted with PRE1, confirming a
previous report that PRE1 interacts with IBH1 (Zhang et al.,
2009). We also found that IBH1 interacted with several PRE
subfamily proteins, namely, PRE3, PRE4, and PRES5, by in-
dividual Y2H assay (Figure 5A; see Supplemental Table 2,
Supplemental Figure 5, and Supplemental Data Set 1 online).
Phylogenetic analysis showed that bHLH049, bHLHO74, and
bHLHO77 are classified into the same subfamily of bHLH tran-
scription factors (Heim et al., 2003; Toledo-Ortiz et al., 2003).
We analyzed the interaction between IBH1 and each of those 12
bHLHs by individual Y2H assays and found that CRYPTO-
CHROME INTERACTING BASIC-HELIX-LOOP-HELIX1 (CIB1)
and CIB5 (Liu et al., 2008) also interacted with IBH1 in yeast, as
did bHLH049, bHLHO74, and bHLHO77 (Figure 5A). We also
analyzed the interaction of IBH1 with those bHLHSs in plant cells
using bimolecular fluorescence complementation (BiFC) in tran-
sient expression experiments using onion epidermal cells. The
BiFC analyses revealed that bHLH049, bHLH074, bHLHO077,
and CIB5 were capable of forming a heterodimer with IBH1 in
the nucleus, but CIB1 did not (Figure 5B; see Supplemental
Figure 6A online). We named bHLHO049, bHLHO074, and bHLHO77
as ACTIVATOR FOR CELL ELONGATION1 (ACE1) to ACE3 (see
Supplemental Figure 5 and Supplemental Data Set 1 online).

ACEs Act as Transcriptional Activators for Cell Elongation

To analyze the biological functions of the ACEs and CIB5 genes,
we prepared transgenic Arabidopsis plants that express chimeric
repressor constructs for each of the ACEs and CIB5 (Pro35S:
ACE1-SRDX, Pro35S:ACE2-SRDX, Pro35S:ACE3-SRDX, and
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Pro35S:CIB5-SRDX). Results showed that Pro35S:ACE1-SRDX,
Pro35S:ACE2-SRDX, and Pro35S:CIB5-SRDX transgenic plants
had dwarf stature, round-shaped, dark-green leaves and short
siliques, which was similar to the phenotypes of Pro35S:IBH1
and Pro35S:IBH1-SRDX plants; by contrast, Pro35S:ACE3-
SRDX plants had a phenotype similar to the wild type (Figures
5C and 5D).

In contrast with the chimeric repressor phenotypes, seedlings
of transgenic Arabidopsis that ectopically expressed each
ACE1-3 and CIB5 (Pro35S:ACE1, Pro35S:ACE2, Pro35S:ACE3,
and Pro35S:CIB5) had slightly but significantly longer hypo-
cotyls than wild-type plants (Figure 5F). The cotyledons of the
seedlings of Pro35S:ACE1, Pro35S:ACE2, and Pro35S:CIB5
plants were slender, pale green, and longer than the wild type,
phenotypes opposite to that of Pro35S:AtIBH1 and Pro35S:
AtIBH1-SRDX plants, and those of Pro35S:ACE3 plants were
similar or slightly shorter than those of the wild type (Figures 5E
and 5F). In rosette plants, flowers, petals, and sepals of Pro35S:
ACE1 and Pro35S:CIB5 plants were larger than the wild-type,
but Pro35S:IBH1 plants had much smaller flowers than the wild
type (Figure 5G). Detailed morphological analysis using scan-
ning electron microscopy revealed that the larger size of petals
of Pro35S:ACE1 and Pro35S:CIB5 plants was due to increased
cell length but not to increased cell number (Figures 5H and 5I).
These results indicated that ACE1, ACE2, and CIB5 act as
transcriptional activators that positively regulate cell elongation,
although the activity of ACE3 seemed to be weaker than the
others.

ACE1 Binds to the G-Box and IBH1 Inhibits Its
Binding Activity

To analyze whether IBH1 interferes with the activity of ACEs, we
performed transient expression assays using a reporter con-
struct in which four tandem repeats of CIB binding element
(CIBE), which was reported to be a binding element for CIB1 (see
Supplemental Table 3 online; Liu et al., 2008) and contains
a G-box (Liu et al., 2008), were placed upstream of a LUC re-
porter gene (CIBE4:LUC; Figure 6A). Results of transient ex-
pression assays showed that the activity of the CIBE4:LUC

Figure 5. (continued).

(A) Interaction between IBH1 and PRE subfamily, ACEs, and CIBs in Y2H assay on -L-H medium using IBH1 as bait.

(B) BiFC assay for the detection of interaction between bHLHs and IBH1 in onion epidermal cells. Percentage of cells in which bright green fluorescence
was observed in the nucleus is shown. Numbers in parentheses indicate sb (n = 100). Arrows indicate bright green fluorescence.

(C) and (D) Phenotypic analysis of Pro35S:ACE-SRDX plants and Pro35S:CIB5-SRDX plants. Seven-day-old seedlings (C) and rosette plant and leaves
(D) that ectopically expressed the chimeric repressor gene for each of the three ACEs and CIB5 (Pro35S:ACE1-SRDX; ACE1sx, Pro35S:ACE2-SRDX;
ACE2sx, Pro35S:ACE3-SRDX; ACE3sx, Pro35S:CIB5-SRDX; CIB5sx), respectively. Bar = 1 mm in (C) and 1cm in (D).

(E) to (I) Analysis of Pro35S:ACE plants.

(E) Seven-day-old seedlings that ectopically expressed each of the three ACEs and CIB5 (Pro35S:ACE1; ACE1ox, Pro35S:ACE2; ACE20x, Pro35S:
ACE3; ACE3ox, Pro35S:CIB5; CIB50x), respectively. Bar = 1 mm.

(F) Analysis of length of hypocotyls (left) and of cotyledons (right) of 7-d-old seedlings that ectopically expressed the ACEs and CIB5 and wild-type (wt)
plants. Asterisks indicate P values below 0.05 between the wild type and others. Error bars indicate sp (n > 42).

(G) and (H) Flowers (G) and electron micrographs of the abaxial sides of petals (H) of flowers of Pro35S:IBH1 (AtIBH10x), Pro35S:ACE1 (ACE10x),
Pro35S:CIB5 (CIB50x), and wild-type plants. Bar = 1 mm in (G) and 50 ym in (H).

(I) Length of cells of the top part of a petal (left panel) and number of cells in the lines of a petal from bottom to top (right panel) in Pro35S:ACE1
(ACE10x), Pro35S:CIB5 (CIB50x), Pro35S:IBH1 (IBH10x), and wild-type flowers. Asterisks indicate P values below 0.05 between the wild type and
others. Error bars indicate sp (n = 50 in left panel and 6 in right panel).
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Figure 6. IBH1 Inhibits the Binding of ACE1 to CIBE.

(A) Schematic representation of the constructs used in transient ex-
pression analysis. CIBEx4:LUC reporter gene, which contained four

reporter gene was upregulated severalfold when the Pro35S:
ACE1-VP16 (ACE1vp) effector, in which the VP16 activation
domain was fused with the C terminus of ACE1, was coex-
pressed (Figures 6A and 6B), showing that ACE1 bound to CIBE.
By contrast, when the Pro35S:IBH1-VP16 (IBH1vp) effector was
coexpressed with the CIBE4:LUC reporter gene, the reporter
gene was not activated, indicating that IBH1 did not bind to
CIBE either directly or indirectly (Figure 6B).

When the CIBE4:LUC reporter was transiently transformed
along with Pro35S:IBH1 (IBH1) and ACE1vp effectors, the
activation of the CIBE4:LUC reporter gene was suppressed to
the basal level (Figure 6C). In addition, the IBH1vp effector
was also able to suppress ACE1vp effector activation of the
CIBE4:LUC reporter gene (Figure 6C). These results indicated
that IBH1, with or without the VP16 activation domain, in-
hibited the transcriptional activation activity of the ACE1vp
effector and that IBH1 did not compete with ACE1 for binding
to CIBE but might interfere with ability of ACE1 to bind to
CIBE.

The ability of IBH1 to interfere with the DNA binding activity
of ACE1 was confirmed by electrophoresis mobility shift assay
(EMSA). EMSA results showed that ACE1 protein specifically
bound to the CIBE fragment but did not bind to a mutated CIBE
fragment (Figure 6D). When IBH1 protein was added to the ACE1-
CIBE complex mixture, the complex was destroyed in a dose-
dependent manner (Figure 6E). The EMSA data also confirmed
that IBH1 did not bind to the CIBE fragment (Figure 6E).

In addition, immunoprecipitation assays clearly showed het-
erodimer formation between ACE1 and IBH1 in Nicotiana ben-
thamiana cells (Figures 7A and 7D), confirming the Y2H assay
and BiFC assays in onion epidermal cells (Figures 5A and 5B;
see Supplemental Figure 6A online). These results indicate that
IBH1 very likely inhibits the DNA binding of ACE1 to the CIBE
fragment by forming a heterodimer with ACE1.

copies of the CIB binding element (4xCIBE; see Supplemental Table 3
online), fused upstream of the LUC gene (LUC; shown as a black box)
(Fujimoto et al., 2000) and the effector constructs for ACE1 (open box) fused
with the VP16 activation domain (vp; shown as a black box) (ACE1vp), IBH1,
IBH1 (gray box) fused with VP16 activation domain (IBH1vp), IBH1 (IBH1)
and PRE1 (PRE1), driven by the CaMV 35S promoter are shown. (),
translational enhancer sequence derived from Tobacco mosaic virus.

(B) and (C) Suppression of the activity of ACE1 by IBH1. Relative lucif-
erase activities after cobombardment of Arabidopsis leaves with
ACE1vp, IBH1, and IBH1vp effectors, respectively, and the CIBEx4:LUC
reporter gene. The relative activity due to vector control (top bar) was set
as 1. Error bars indicate sp. Asterisks indicate P values below 0.05 be-
tween vector control and others. Numbers indicate the ratio of effector
construct (1 = 0.3 pg for one experiment).

(D) and (E) IBH1 inhibited the binding of ACE1 protein to the CIBE probe.
EMSAs were performed using ACE1, IBH1, and MBP proteins, which
were produced in Escherichia coli. MBP was used as a control protein.
The CIBE probe (all lanes) was incubated with ACE1 protein (lanes 1 to 5in
[D] and lanes 1 to 5 in [E]), IBH1 (lane 2 to 4 and 6 in [E]) and MBP (lane 6
in [D] and lanes 5 and 7 in [E]). Unlabeled CIBE probe (CIBE; lanes 2 and 3
in [D]) and mutated CIBE probe (mut; lanes 4 and 5 in [D]) were used as
cold competitor DNA. Numbers indicate the ratio of protein (1 = 0.6 ug for
one lane). The arrow indicates the specific ACE1-DNA complex.
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Figure 7. PRE1 Restores Activity of ACE1 by Interfering with Negative
Activity of IBH1.
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PRE1 Interferes with the Negative Activity of IBH1 on ACE1

PRE1 was previously reported to act as a positive regulator of
plant cell elongation and to interact with IBH1 (Lee et al., 2006;
Zhang et al., 2009). We confirmed the interaction of PRE1 with
IBH1 in our Y2H and BiFC assays (Figures 5A and 5B; see
Supplemental Figure 6 online). In addition, our immunoprecipi-
tation assays showed an in vivo interaction between IBH1 and
PRE1 (Figure 7A). Then, we hypothesized that PRE1 induced cell
elongation by interfering with the negative activity of IBH1 on the
ACEs.

To test our hypothesis that PRE1 suppresses the negative
activity of IBH1 on ACEs, we performed transient expression
assays. The upregulation of the CIBE4:LUC reporter gene by
ACE1vp effector was suppressed when IBH1 was coexpressed.
However, the upregulation of CIBE4:LUC activity was restored
when PRE1 was coexpressed with IBH1 and ACE1 (Figure 7B).
Therefore, PRE1 was able to counteract the negative effect of
IBH1. These results indicate that PRE1 interfered with the neg-
ative activity of IBH1 on ACET1.

In addition, EMSA assays showed that IBH1, PRE1, or the
PRE1-IBH1 complex did not bind to the CIBE fragment and that
PRE1 protein did not supershift the ACE1-CIBE complex (Figure
7C). These results indicate that IBH1 and PRE1 do not have
DNA binding activity to CIBE fragment and PRE1 did not interact
with the ACE1-CIBE complex. Moreover, we did not detect in-
teraction between PRE1 and ACET1 in either BiFC or immuno-
precipitation assays where interaction of ACE1 and IBH1 was
clearly observed (Figure 7D; see Supplemental Figure 6B online).
These results indicate that PRE1 promotes the activation activity
of ACE1 by inhibiting the negative activity of IBH1 on ACE1.
PRE1 likely accomplishes this by interaction with IBH1, but not
by interaction with ACE1. The final result of this double inhibition
is increased expression of genes regulated by ACE1 and the
promotion of cell elongation.

(A) Coimmunoprecipitation of IBH1 with PRE1 and ACE1 in vivo. IBH1-
GFP with IBH1-Flag, PRE1-Flag, and ACE1-Flag were transiently coex-
pressed in N. benthamiana. IBH1-GFP was detected by anti-GFP and
IBH1-Flag, and PRE1-Flag and ACE1-Flag were detected by anti-Flag
antibodies. Blots are representative of multiple trials.

(B) Relative luciferase activities after cobombardment of Arabidopsis
leaves with ACE1vp, IBH1, and PRE1 effectors and the CIBEx4:LUC
reporter gene. The relative activity due to vector control (top bar) was set
as 1. Error bars indicate sp (n = 12). Asterisks indicate P values below
0.05 between vector control and others. Numbers indicate the ratio of
effector construct (1 = 0.3 pg for one experiment).

(C) EMSA performed using ACE1, IBH1, and PRE1 proteins, which were
produced in E. coli. The CIBE probe (all lanes) was incubated with ACE1
(lanes 1 and 2), IBH1 (lanes 3 and 4) and PRE1 (lanes 2, 3, and 5). Numbers
indicate the ratio of protein (1 = 0.6 pg for one lane). The arrow indicates
the specific ACE1-DNA complex. Open triangle indicates the loading well.
(D) Coimmunoprecipitation of ACE1 with PRE1 and IBH1 in vivo. ACE1-
GFP with IBH1-Flag, PRE1-Flag, and ACE1-Flag was transiently c-
expressed in N. benthamiana. ACE1-GFP was detected by anti-GFP and
IBH1-Flag, and PRE1-Flag and ACE1-Flag were detected by anti-Flag
antibodies. Blots are representative of multiple trials.
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Figure 8. Analysis of Regulation of the Promoter Activity of EXP8 by
ACE1, IBH1, and PRE1.

(A) EMSA analysis of binding of ACE1 to the promoter of EXP8. Top
panel: Gene structure of EXP8. The open box shows the coding region of
EXP8, black line shows the 5’ upstream region of EXP8, and black and
gray boxes show G-box-like motifs. Regions used as competitors are
shown by short lines marked with letters (a, b, and c). Bottom panel:
EMSA analysis using CIBE fragment as a probe, ACE1 as a protein, and
portions of EXP8 promoter as competitors. The CIBE probe was in-
cubated with ACE1 protein. Unlabeled CIBE (lane 1) and portions of the
promoter region of EXP8 (lane 3 to 8) were used as competitor DNAs.

(B) Transient assay using ProEXP8:LUC reporter gene. Top panel:
Schematic representation of the constructs used in transient expression
analysis. ProEXP8:LUC reporter gene contained ~3 kb of 5’ upstream
region of the translation initiation site of EXP8 fused upstream of LUC
(black box) and effector constructs for IBH1, ACE1, and PRE1, driven by

Two Inhibitors, IBH1 and PRE1, and One Activator, ACE1,
Regulate the Expression of EXP8

gRT-PCR analyses revealed that the expression of EXP8 was
decreased in Pro35S:IBH1-SRDX plants and Pro35S:IBH1 plants,
but it was increased in ProlBH1:1BH1RNAI plants (Figures 1L and
2G; see Supplemental Figure 3 online). To confirm whether IBH1,
ACEs, and PRE1 directly regulate the expression of EXP8, we
examined the direct binding of ACE1 to the promoter region of
EXP8 by EMSA. Competition EMSA showed that the short frag-
ments of EXP8 promoter that contain the G-box-like motif (frag-
ments a and ¢) diminished the binding of ACE1 to CIBE fragment,
but the fragment that did not contain a G-box-like element
(fragment b) did not compete (Figure 8A). Therefore, these data
showed specific binding of ACE1 to the G-box-like elements
located in the EXP8 promoter region.

Next, we performed transient expression assays using a re-
porter gene in which 3 kb of the EXP8 5’ upstream region was
placed upstream of the LUC reporter gene (ProEXP8:LUC) (Figure
8B). Transient expression assays showed that the activity of
ProEXP8:LUC increased when the Pro35S:ACE1 (ACET1) effector
was coexpressed (Figure 8B), indicating that ACE1 directly acti-
vated the expression of EXP8. Similar to the CIBE4:LUC reporter
gene, the activation activity of ACE1 on the ProEXP8:LUC re-
porter gene was suppressed when Pro35S:IBH1 (IBH1) effector
was coexpressed (Figure 8B). Moreover, the suppressive activity
of IBH1 effector was inhibited and the ProEXP8:LUC reporter
gene activity was restored when the Pro35S:PRET1 effector was
coexpressed (Figure 8B). These results indicate that the expres-
sion of EXPS8 is likely to be regulated by a triple bHLH system,
which is composed of one typical bHLH activator, ACE1, and two
non-DNA binding HLH inhibitors, IBH1 and PRE1.

BR Controls Cell Elongation via Repression of
IBH1 Expression

It was previously reported that IBH1 expression is suppressed
by BZR1 in BR signaling (Zhang et al., 2009). We confirmed that
IBH1 expression was suppressed by BL treatment and slightly
increased in det2 mutant plants, as shown previously (Figure
9A). By contrast, BL treatment did not affect the expression of
either ACE1, CIB5, or ACE2 (Figure 9A), indicating that the BR
signaling cascade may not regulate the expression of ACEs.
Zhang et al. (2009) reported that BZR1 and its homolog BES1/
BZR2 bound to the IBH1 promoter and repressed its expression.
Transient expression assays using a reporter gene in which the
IBH1 5’-upstream region was placed upstream of the LUC gene
(ProlBH1:LUC) showed that BZR1 and BES1 effectors (Pro35S:
BZR1 and Pro35S:BES1) suppressed the activity of the ProlBH1:

the CaMV 35S promoter are shown. (), translation enhancer sequence
derived from Tobacco mosaic virus. Bottom panel: Relative luciferase
activities after cobombardment of Arabidopsis leaves with ACE1, IBH1,
and PRE1 effectors, respectively, and the ProEXP8:LUC reporter gene.
The relative activity due to vector control (top bar) was set as 1. Error
bars indicate sp (n = 6). Asterisks indicate P values below 0.05 between
vector control and others. Numbers indicate the ratio of effector con-
struct (1 = 0.3 pg for one experiment).
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Figure 9. Analysis of IBH1, ACEs, CIB5, and PRE1 Expression.

(A) The expression of the ACE1, CIB5, ACE2, and IBH1 genes analyzed
by qRT-PCR in wild-type (Wt) plants with or without 10~7 M BL treatment
4 h (top panel) and the wild type and det2 mutant (bottom panel). The
level of expression of the gene for ubiquitin was used for normalization of
the results; for each gene, the expression level in wild-type plants without
BL treatment was taken as 1. Asterisks indicate P values below 0.001
between the wild-type control and others.

(B) Analysis of regulation of the promoter activity of IBH7 by BZR1 and
BES1. Top panel: Schematic representation of the constructs used in the
transient expression analysis. ProlBH1:LUC reporter gene contained
2353 bp 5’ upstream region of IBH1 from the first ATG codon fused with
the 5’ upstream of the LUC gene (black box), and the effectors for BZR1
(dark gray box) and BES1 (light gray box), driven by the CaMV 35S
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LUC reporter gene, although the repressive activity of the BES1
effector was weaker than the BZR1 effector (Figure 9B). These
results suggest that BR induces cell elongation via BZR1 re-
pression of IBH1 expression.

Expression of PRE1, IBH1, and ACEs during Development

To analyze the relationship between the expression patterns of
PRET, IBH1, and ACEs and the plant cell elongation during
development, we performed qRT-PCR analysis using RNA iso-
lated from stems, siliques, and leaves in cell-elongating and
growth-arrested phases. IBH1 expression levels were higher in
the organs in growth-arrested phases, namely, the bottom parts
of stems, and fully expanded old leaves and long siliques, where
cell elongation was arrested, than in the organs in growth phase,
namely, the top part of stems, young and small leaves, and short
siliques (Figure 9C). By contrast, the expression of PRE7T was
essentially opposite to that of IBH17. For example, the expression
of PRE1 was higher in the organs in elongating phase tissues
than in growth-arrested phase tissues (Figure 9C). These
expression patterns of IBH1 and PRET1 in stem, leaves, and
siliques were correlated with cell elongation and might be reg-
ulated by developmental factor(s). By contrast, the expression
pattern of ACEs and CIB5 do not appear to be correlated to
growth phase nor to IBH1 (see Supplemental Figure 7 online).

DISCUSSION

A Triantagonistic bHLH System Regulates Cell Elongation in
Arabidopsis Development

Multiple endogenous phytohormones and environmental con-
ditions regulate cell elongation in Arabidopsis. GA and BR play
central roles in the positive regulation of cell elongation (Depuydt
and Hardtke, 2011). Arabidopsis PRE1 promotes cell elongation
regulated by GA and BR signaling (Lee et al., 2006; Zhang et al.,
2009). IBH1, which was isolated as a PRE1 interactor, sup-
presses cell elongation under the control of BR signaling (Zhang
et al.,, 2009). Ectopically expressed /IBH1 induces dwarfism,
which can be suppressed by expression of PRET (Zhang et al.,

promoter are shown. (), translation enhancer sequence derived from
Tobacco mosaic virus. Bottom panel: Relative luciferase activities after
cobombardment of Arabidopsis leaves with BZR1 and BES1 effectors
and the ProlBH1:LUC reporter gene. The relative activity due to vector
control was set as 1. Error bars indicate spb (n = 3). Asterisks indicate
P values below 0.05 between vector control and others.

(C) gRT-PCR analysis of the expression of the IBH1 and PRE71genes in
the top and bottom part of stem, young and old leaves, and young
short siliques (1 to 2 d after flowering [DAF]) and elongated siliques (3
to 5 d after flowering). The level of expression of the gene for ubiquitin
was used for normalization of the results; for each gene, the expres-
sion level in the bottom part of the stem, old leaves, and 3 to 5 d after
flowering silique was taken as 1. Asterisks indicate P values below
0.02 between expression values for the bottom part of the stem, old
leaves, and 3 to 5 d after flowering siliques and the other counterpart
tissues.
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Figure 10. Summary of the Triantagonistic bHLH System That Regu-
lates Cell Elongation in Arabidopsis.

PRE1 (open semicircle), IBH1 (black semicircle), and ACE/CIB5 (gray
ovals) constitute a triantagonistic bHLH system that regulates cell
elongation in Arabidopsis. ACE proteins form dimers, which can bind to
the promoter cis-element and activate the transcription of genes required
for cell elongation. IBH1 inhibits cell elongation by interfering with
the formation of the ACEs DNA binding complex by forming hetero-
dimers with the ACEs. PRE1 positively regulates cell elongation by re-
covering the activity of ACEs; to do this, PRE1 suppresses the inhibitory
activity of IBH1 by forming heterodimers with IBH1. The expression
levels of IBH1 and PRE1 are regulated by BR, GA, and developmental
phase (aging).

2009). In this report, we demonstrated the mechanisms by
which IBH1 negatively and PRE1 positively regulate the elon-
gation of plant cells.

We found that IBH1 acts as a transcriptional repressor, but it
does not have an active repressive activity (Figures 1, 2, and 4).
IBH1 interacts with other typical bHLHs (ACEs and CIB5),
which act as transcriptional activators for cell elongation (Figure
5), and interferes with their transcriptional activation activities
(Figure 6). IBH1 does not bind to the G-box (Figure 6E), likely
because it lacks important amino acids necessary for G-box
and E-box binding (see Supplemental Figure 4 online), in-
dicating that it does not act by competing for a cis-activation
site. Rather, it is likely that IBH1 inhibits the CIBE binding
activity of ACEs through the formation of a heterodimer; a
similar mechanism has been shown for the human Id-1 protein
(Ruzinova and Benezra, 2003). We also revealed that PRE1
interferes with the inhibitory activity of IBH1 by forming a hetero-
dimer with IBH1 (Figures 6 to 8).

We demonstrated here that cell elongation in Arabidopsis
is regulated by a system that we call a triantagonistic bHLH
system, which is composed of a group of typical bHLH tran-
scriptional activators, ACEs and CIB5, and two atypical HLH
inhibitors, IBH1 and PRE1. In Figure 10, we summarize this
triantagonistic bHLH regulation system for cell elongation.
The bHLH transcriptional activators, ACEs and CIB5, positively
regulate cell elongation by direct activation of the expression

of the genes related for cell elongation, including EXP8 (Fig-
ure 8). IBH1 negatively regulates cell elongation by forming
heterodimers with ACEs and thus suppressing their G-box
binding activity. PRE1 positively regulates cell elongation by
forming heterodimers with IBH1 and thus suppressing IBH1
inhibition of the ACEs (Figure 10).

In this system, the balance of ACEs, IBH1, and PRE1 pro-
teins regulates cell elongation. The activation activity of ACEs
is regulated by the heterodimerization between ACEs and
IBH1, and PRE1 and IBH1, respectively. PRE1 is known to be
one of the key factors that regulate cell elongation under GA
signaling (Lee et al., 2006). The ectopic expression of PRE1
promotes cell elongation even though the endogenous GA
concentration is low, suggesting that GA promotes cell elon-
gation by inducing the expression of PRE71 (Lee et al., 2006;
Zhang et al., 2009). PRE1 induced by GA promotes cell elon-
gation by interfering with the interaction of IBH1 with ACEs
under the triantagonistic bHLH system. By contrast, BR pro-
motes cell elongation probably by repressing the expression of
IBH1 by BZR1 because ectopic expression of IBH1 induces
a BR-insensitive phenotype (Figure 2; Zhang et al., 2009). The
downregulation of IBH1 would promote the activity of ACEs
probably through enhancement of ACE DNA binding activity,
resulting in induction of cell elongation via activation of the
expression of enzymatic genes related to cell elongation. The
GA and BR signals for cell elongation might be integrated by
this triantagonistic bHLH system.

The expression patterns of IBH1 and PRE1 suggest that the
expression of these genes is also regulated by growth phase-
dependent factors (Figure 9C). Although the expression of
ACEs does not always correlate with growth phase, the highly
expressed PRET in tissues of growth phase could suppress
the inhibitory activity of IBH1 by forming a heterodimer with it
and enhancing the transcriptional activation activity of ACEs in
growth-phase elongating tissues. By contrast, in growth arrest
phase tissues, highly expressed IBH1 could inhibit activity
of ACEs by interacting with them. The cell elongation phase-
dependent signal(s) also may be integrated in this triantagonistic
bHLH system.

In this report, the expression of ACEs and CIB5 does not
appear to be clearly correlated with BR or cell elongation
phase (Figure 9A; see Supplemental Figure 7 online). Each
ACE protein might act under different signaling pathways even
though each ACE acts as a positive regulator of cell elonga-
tion. Although the activities of ACE proteins are regulated by
heterodimerization with IBH1, the expression pattern could
also be important for the regulation of cell elongation. In future
work, detailed analysis of the regulation of the expression of
each ACE will be important.

In plants, regulation of cell elongation is pivotal for normal
development and for adaptation to changing environmental
conditions. We show here that some signals, including BR, GA,
and growth phase—-dependent factors, might regulate cell elon-
gation via the triantagonistic bHLH system composed of ACEs,
IBH1, and PRE1. Further studies of the triantagonistic bHLH
systems will provide more information on plant development
and environmental adaptation.
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METHODS

Construction of Plasmids

The coding regions and the 5’-upstream regions of genes used in this
study were amplified from a cDNA library or from Arabidopsis thaliana
genomic DNA with the appropriate primers (see Supplemental Table 3
online). Constructs for overexpression, CRES-T, VP16 fusion, GFP fusion,
and Flag fusion, of each gene were based on modified vectors derived
from pGreenll0029 (Hellens et al., 2000), p35SSRDXG (Mitsuda et al.,
2006), p35SVP16 (Triezenberg et al., 1988), p35SGFP, and pGWB11
(Nakagawa et al., 2007). Preparation of the cDNA library and bait con-
struct for Y2H screening was described previously (Mitsuda et al., 2010).
Construction of the effectors and reporter plasmids for transient ex-
pression assays was also described previously (Hiratsu et al., 2002).
Effector plasmids fused with Gal4 DNA binding domain (Gal4DB) were
constructed by fusion of the yeast Gal4DB-coding region to the coding
sequence of each gene, in frame, under the control of the CaMV 35S
promoter (—800 to +8). The reporter gene 35S-Gal4-TATA-LUC-NOS was
described previously (Hiratsu et al., 2002). Synthetic sense and antisense
DNAs of CIBE (see Supplemental Table 3 online; Liu et al., 2008) were
annealed and introduced into the p790LUC vector (Fujimoto et al., 2000;
Mitsuda et al., 2010) using the appropriate restriction enzyme and used as
CIBEx4 constructs. The 5’ upstream region of 2352 bp, which extended
from the site of initiation of translation of the Arabidopsis IBH1 gene and
2714 bp, which extended from the site of initiation of translation of the
Arabidopsis EXP8 gene, were used for preparation of the ProIBH1:LUC
and ProEXP8:LUC reporter constructs, respectively. The 2352-bp 5’
upstream sequence of IBH1 was cloned into pHG8_pro-less, in which the
35S promoter and NPTII gene of pHellsgate8 (Helliwell and Waterhouse,
2003) are substituted into the multicloning site and HPT gene, respectively.
The coding sequence of IBHT was transferred into this vector by Gateway
reaction to prepare ProlBH1:IBH1RNAI. Constructs for protein production
used the pMAL-c2 (NEB) vector. cDNA fragments fused with the Flag tag
were amplified by appropriate primer sets (see Supplemental Table 3 on-
line), digested with Sall and Hindlll and cloned into pMAL-c2.

Growth and Transformation of Plants

Arabidopsis Columbia-0 was used in all experiments. Plants used for
transient expression assays and for transformation were grown in soil at
23°C with a photoperiod of 10 h/14 h and 16 h/8 h light/dark, respectively.
Transformation of Arabidopsis was performed using the floral dip method
(Clough and Bent, 1998). Seedlings used for RNA isolation were grown on
agar plates or on soil at 23°C with a photoperiod of 16 h/8 h light/dark.

Microscopy

Plant tissues were rendered transparent as described previously (Aida
et al.,, 1997). Observations were performed using the Axioskop2 Plus
system (Carl Zeiss). For scanning electron microscopy, fresh samples
were observed using a scanning electron microscope (real 3D system
model VE8800; Keyence) at an accelerating voltage of 1 or 2 kV.

BL Treatment and Measurement of Organ Length

For measurement of the length of hypocotyls and cotyledons, 7-d-old
seedlings were grown on agar plates containing Gamborg’s B5 medium at
23°C with a photoperiod of 16 h/8 h light/dark. For measurement of the
length of hypocotyls and cotyledons with and without BL treatment, 5-
d-old seedlings were transferred into liquid Gamborg’s B5 medium
containing appropriate concentrations of BL and incubated for 3 d at 23°C
with a photoperiod of 16 h/8 h light/dark. For total RNA isolation from BL-
treated plants, 10-d-old seedlings grown on agar plates were transferred
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into liquid Gamborg’s B5 medium containing the appropriate concen-
tration of BL and incubated for 4 h at 23°C under light conditions.

Fluorescence Observation

BiFC assays were performed as described previously (Bracha-Drori et al.,
2004; Walter et al., 2004). For BiFC assays, NSC and C2 vectors were
constructed by insertion of the coding sequences for amino acids 1 to 154
and 155 to 239 of enhanced yellow fluorescent protein, respectively, into
the Aor51HI site of the pUGW?2 vector (Nakagawa et al., 2007). Coding
sequences of the IBH1, PRE1, and ACE genes without the stop codon
were amplified by primer pairs with an attB1/B2 site (see Supplemental
Table 3 online) and cloned into the pDONR207 vector (Life Technologies)
by BP cloning. Cloned coding sequences were transferred into NSC or C2
vectors by LR clonase. The 35S-driven monomeric red fluorescent
protein—fused VAM3 whose gene product localizes to the vacuolar
membrane (Uemura et al., 2010) was used as a control. The fluorescence
of yellow fluorescent protein and GFP was visualized after bombardment,
and all observations by light and fluorescence microscopy were done with
the Axioskop2 Plus system (Carl Zeiss).

Transient Expression Assays

Transient expression assays were performed using expanded Arabi-
dopsis leaves of 2-month old plants, as described previously (Hiratsu
et al., 2004). After particle bombardment, the Arabidopsis leaves were
incubated at 23°C under continuous dark conditions.

Isolation of RNA and Analysis of RNA Expression

Total RNA was isolated using the RNeasy plant mini kit (Qiagen), from
more than 10 individual plants. After treatment with DNase |, cDNAs were
prepared using the PrimeScript RT reagent kit (Perfect Real Time; Takara-
Bio). gRT-PCR was performed by the SYBR green method using the ABI
7300 real-time PCR system (Life Technologies) with the appropriate
primers (see Supplemental Table 3 online). To quantify relative expression
of each gene in each sample, the standard curve was prepared by plotting
the cycle threshold value for a series of four dilutions of the standard
sample in which all the cDNA samples were mixed. All standard curves
described in this study are shown in Supplemental Figure 8 online. The
cycle threshold value for each sample was automatically calculated by the
software provided by the manufacturer. The relative level of transcript in
each sample to the standard sample was calculated using the standard
curve. The expression of each transcript was normalized against the
amount of Ubiquitin1 control transcripts in each sample. More than three
replicates were included in each experiment. Results are presented as the
mean * spb. The absence of an error bar indicates that the bar falls within
the symbol. All statistical tests were performed by two-sided Welch’s
t test in this study.

Y2H Screening

The Y2H assays were performed as described previously (Mitsuda et al.,
2010). For bait construction, IBH1cDNAs with the stop codon were
amplified by a pair of primers with an attB1/B2 site (see Supplemental
Figure 3 online) and cloned into the pDONR207 vector (Life Technologies)
by BP cloning. Cloned cDNAs were transferred into pDEST_BTM116 by
LR clonase.

Microarray Analysis

The microarray experiments were performed using the Agilent Arabi-
dopsis 3 (44k) microarray (Agilent Technologies) according to the man-
ufacturer’s instructions. Three biological replicates were tested with a
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two-color method in which wild-type RNA was labeled by Cy3 in two
replicates and labeled by Cy5 in one replicate. Spot signal values were
calculated by Feature Extraction version 9.1 software supplied by Agilent,
and this step includes dye normalization by the Lowess method
(Cleveland, 1981). We defined QC value as 1 when a spot passed the
FeatNonUnifOL filter and as 2 when the spot further passed the Feat-
PopnOL filter. We defined detection value as 1 when a spot passed the
IsPosAndSignif filter and as 2 when the spot further passed the IsWel-
IAboveBG filter. All signal values were divided by the median value among
spots with QC = 2 to make it possible to compare with other microarray
data. Spot-to-gene conversion was accomplished based on a table
provided by The Arabidopsis Information Resource (ftp://ftp.Arabidopsis.
org/homef/tair/Microarrays/Agilent/agilent_array_elements-2010-12-20.
txt). The average values were used in the genes corresponding to two or
more probes. All data was uploaded to the National Center for Bio-
technology Information Gene Expression Omnibus (http://www.ncbi.nim.
nih.gov/geo/; GSE35098).

EMSAs

Proteins were synthesized and purified using the pMAL system (NEB).
IRDye-labeled synthetic oligonucleotide (GWTT; LI-COR) was annealed
with GWTr oligonucleotide (see Supplemental Table 3 online) and was
used for DNA probe. A DNA-protein binding reaction was performed using
the Odyssey infrared EMSA kit (LI-COR). The reaction contains 0.5 ng
DNA, 10 mM Tris, 50 mM KClI, 3.5 mM DTT, 0.25% Tween 20, 1 ug poly
dl-dC, and 5% glycerol as well as the indicated amount of unlabeled
competitor or protein. The reactions were incubated at room temperature for
20 min under dark conditions and fractioned by electrophoresis in a 5% native
polyacrylamide gel containing 2.5% glycerol and Tris-borate-EDTA buffer.
The signals were detected by Odyssey infrared imaging system (LI-COR).

In Vivo Protein-Protein Interaction Assay

Transient protein coexpression using Nicotiana benthamiana and coim-
munoprecipitation was performed as described previously (Kim et al.,
2007). The immunoprecipitates were separated by SDS-PAGE (e-PAGEL;
Atto) and transferred to Polyvinylidene difluoride (PVDF) membrane (Bio-
Rad). The blots were incubated with anti-GFP antibody (1:2500; Abcam)
or anti-DYKDDDDK-HRP (1:15,000; Wako) and detected by ECL plus (GE
healthcare).

Accession Numbers

Sequence data from this article can be found in the Arabidopsis Genome
Initiative or GenBank/EMBL databases under the following accession
numbers: IBH1 (At2g43060), PRE1 (At5g39860), PRE2 (At5g15160), PRE3
(At1g74500), PRE4 (At3g47710), PRE5 (At3g28857), PRE6 (At1g26945),
ACE1 (At1968920), ACE2 (At1g10120), ACE3 (At3g23690), CIB1 (At4g34530),
CIB5 (At1926260), bHLH137 (At5g50915), AIF1 (At3g05800), AIF2 (At3g06590),
AIF3 (At3g17100), AlIF4 (At1g09250), EXP8 (At2g40610), XTH4 (At2g06850),
EXPL2 (At4g38400), UBQ (At3g52590), BZR1 (At1g75080), and BES1
(At1g19350).
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