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Abstract Brassinosteroids (BRs) are plant steroidal hormones

that regulate a wide range of developmental processes. Most

BR mutants display impaired growth and responses to

developmental and environmental stimuli. Here, we found a

BR-deficient mutant det2-1 that displayed exceedingly short

roots and agravitropic growth, which were not present in

other BR mutants. By back-crossing det2-1 with the wild

type, we isolated a secondary mutation named det2-1

phenotype modifier 1 (dpm1) and demonstrated that those

aberrant phenotypes in the original det2-1 were independent

of the BR deficiency. Phenotypic analysis showed that

impaired root growth of dpm1 appeared in BR-deficient

condition, but not in a normal condition. In the light

condition, the mutant showed enhanced shoot growth which

was suppressed in the det2-1 background. Starch granules in

the columella cells of the root tip were highly accumulated

and expanded in dpm1. Agravitropic roots and the expanded

starch granules of dpm1 could not be recovered by BR.

Taken together, these results suggest that DPM1 is required

for gravitropic growth, and that its functions on root and

shoot growth are BR-dependent.
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Introduction

Brassinosteroids (BRs) are plant growth regulators that

control various aspects of plant growth and development. BR

has its own signaling machinery of which core components,

from the membrane-localized BRI1 receptor to nuclear

transcription factors BZR1/BZR2, have been completely

characterized (Wang et al. 2001; He et al. 2005; Yin et al. 2005;

Kim et al. 2009). Using this signaling machinery, BR transduces

internal and external signals to the growth and developmental

processes in plants. BRs manipulate many physiological

processes such as tissue elongation, seed germination, vascular

differentiation, flowering and photomorphogenesis by directly

regulating cell proliferation and expansion or by interacting

with other signaling pathways (Chory et al. 1991; Steber and

McCourt 2001; Caño-Delgado et al. 2004; Domagalska et al.

2007; Park et al. 2010; González-García et al. 2011; Oh et al.

2012; Bai et al. 2012). BR-insensitive and -biosynthetic

mutants show growth defects in overall plant developmental

stages resulting in dwarf phenotypes (Chory et al. 1991;

Clouse et al. 1996; Azpiroz et al. 1998; Li et al. 2001).

Exogenous application of BRs has been performed to

study the physiological functions of this growth regulator.

One of these functions is the effect of BR on the root growth.

At low concentrations, exogenous applications of BR have

been known to promote root growth by promoting cell

elongation. However, the root growth was inhibited when a

high concentration of BR was applied, suggesting that the

effect of BR on root elongation is highly dependent on the

concentration of BR applied (Müssig et al. 2003; Kim et al.

2007). The application of BR biosynthetic inhibitors resulted

in the inhibition of the root elongation along with reduced

shoot size, demonstrating that endogenous BR is required for

normal root growth (Asami and Yoshida 1999; Tanaka et al.

2003; Hartwig et al. 2012). 

In addition to promoting root elongation, BR has positive

effects on the root gravitropic response. Root gravitropism

consists of two major steps. The first step is the gravity sensing
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process, which is mediated by starch-enriched amyloplasts in

columella cells (Morita 2010). The second step is differential

growth, which is mediated by differential auxin distribution

(Boonsirichai et al. 2002). In contrast to the effect on the

shoot gravitropic response (Vandenbussche et al. 2011, 2013),

BR stimulates gravitropic curvature of the roots (Kim et al.

2000; Li et al. 2005; Kim et al. 2007). This stimulation is

mediated by BR promotion of polar auxin transport (Li et al.

2005). It has been suggested that the effects of BR on the

gravitropic response are distinct from its effect on the root

elongation (Kim et al. 2007).

The det2-1 mutant has been generated by ethyl methane-

sulfonate mutagenesis and identified by the screening of

plants showing a de-etiolated morphology when grown in the

dark (Chory et al. 1991). Biochemical analysis demonstrated

that det2-1 has defects in the BR biosynthetic pathway

(Fujioka et al. 1997). Since the functions of DET2 in the BR

biosynthetic pathway have been elucidated, the det2-1

mutant has been used extensively in the BR research field.

Typically, det2-1 displays small, dark green leaves and

prolonged vegetative growth phase compared to the wild

type. In addition, it shows reduced root growth and gravitropic

response (Chory et al. 1991; Li et al. 2005). These phenotypes

can be rescued by the exogenous application of BR,

demonstrating BR is involved in these processes.

In this report, we show that the original det2-1 mutant has

a secondary modifier in addition to the DET2 locus. We

isolated the mutation and found that it caused short and

agravitropic roots, as well as an enriched and expanded domain

of starch granules in the root caps of the original det2-1.

However, the isolated mutant plant showed normal root

growth, but enhanced hypocotyl and petiole elongation, which

were not shown in the original det2-1. These results suggest

that the mutation affects the root and the shoot growth in a BR-

dependent manner, and influences the gravitropic response and

differentiation of the columella cells of the root. 

Results

det2-1 Shows Short and Agravitropic Roots Independent of

BR Deficiency

BR is known to be required for normal root growth and

promotes root elongation at a certain concentration (Hacham

et al. 2011; Kim et al. 2007; Müssig et al. 2003). The BR-

deficient mutant det2-1 shows growth defects of the entire

organ and failure of etiolation (Chory et al. 1991; Fujioka et

al. 1997). Grown in the light conditions, det2-1 and other BR

mutants such as bri1-116 and dwf4 showed shorter roots than

those of the wild type (Fig. 1A). However, the reduced root

growth of det2-1 was more severe than those of bri1-116 and

dwf4 (Fig. 1A). The size of the vegetative leaves of det2-1

was smaller than that of wild type but larger than those of

bri1-116 and dwf4 (Fig. 1B). These results indicate that the

deficiency of active BR signaling in det2-1 is not as great as

the deficiencies in bri1-116 and dwf4, and the strong root

growth reduction of det2-1 is not only due to the low level

of BR. This suggests that the short root phenotype of det2-

1 is partially independent of BR deficiency and signaling. 

In addition to the root growth, the root of det2-1 was grown

agravitropically (Fig. 2A). To test whether this abnormal

gravity response was due to the absence of functional DET2,

a transgenic plant expressing exogenous DET2 in det2-1

under the control of the CaMV 35S promoter (35S-DET2/

det2-1) was generated. The 35S-DET2/det2-1 plant rescued

the shoot dwarfism and slightly restored the root growth

defect of det2-1 (Fig. 2A and Supplement Fig. 1). However,

the 35S-DET2/det2-1 failed to rescue the agravitropism of

the root (Fig. 2A). To test whether BR deficiency in det2-1

causes the agravitropic response, a det2-1 seedling was

grown on the media containing brassinolide (BL), the most

Fig. 1. Phenotypic differences between det2-1 and other BR mutants.
(A) Twelve d-old and (B) 5 weeks-old the wild type (WT) and
homozygous bri1-116, dwf4 and det2-1. Seedlings were grown on
vertical plates under continuous light and transferred to soil. Scale
bar = 10 mm. 
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bioactive BR. Although the shoot dwarf phenotype was

recovered by the exogenous application of BL, BL failed to

rescue the agravitropic growth of det2-1 (Fig. 2B). In

addition, dwf4 and bri1-116 showed normal gravitropic root

growth (Fig. 2C). A BR biosynthetic inhibitor, brassinazole

(BRZ), was applied to reduce the endogenous level of BRs

(Asami and Yoshida 1999). BRZ treatment caused root

growth inhibition, but not agravitropic growth in the wild

type (Fig. 2D). These results suggest that the severe root

growth defect and the agravitropic response of det2-1 are

partially independent of the functions of BR. 

Auxin is a major plant hormone that regulates growth and

the gravitropic response of roots (Fu and Harberd 2003;

Swarup et al. 2001; Kim et al. 2007). We speculated that the

phenotypes of det2-1 are related to auxin. To test this

hypothesis, indole-3-acetic acid (IAA) was administered to

det2-1. The exogenous application of IAA could not rescue

the short and the agravitropic roots of det2-1 (Fig. 2D). To

test whether det2-1 has a defect in an auxin transporter, a

lipophilic auxin, 1-naphthaleneacetic acid (1-NAA), which

does not require auxin transporters for its action, was

administered to det2-1. Similar to IAA, 1-NAA could not

rescue the agravitropism of det2-1 (Fig. 2D). These results

suggest that the root growth defect and the agravitropic

phenotypes of det2-1 are not due to a deficiency in auxin or

its transporters.

Secondary Mutation in det2-1 Affects Root Growth and

Gravitropism

The BR-independent root growth and gravitropic phenotype

of det2-1 led us to speculate on the presence of a second

modifier in det2-1. To test whether det2-1 has an additional

mutation in the genome, we backcrossed det2-1 with a wild

type plant. All of the resulting F1 seedlings grown on

vertical plates showed wild type-like root and shoot

phenotypes with normal gravitropic growth (Fig. 3A). After

the self-pollination of the F1 plants, we generated F2 plants.

Interestingly, the resulting F2 seedlings showed four distinctly

segregated phenotypes (Fig. 3B and Supplement Fig. 2).

Some of the wild type-like plants grew in random directions,

which was rarely seen in the F1 seedlings, indicating that this

phenotype is recessive. In det2-1-like dwarf plants, some

seedlings showed normal gravitropic growth and longer

roots than those of other det2-1-like dwarf seedlings. We

separated seedlings into four types, the wild type, the

segregated wild type showing agravitropic roots, the original

det2-1 and the segregated det2-1 showing partly rescued root

growth with normal gravitropism. Here, we named the

segregated det2-1 as sdet2 and the segregated wild type-like

Fig. 2. The agravitropic growth of det2-1 is independent of BR deficiency. (A) Nine d-old the wild type, 35S-DET2/det2-1 and det2-1.
(B) Five d-old WT and det2-1 seedlings grown on medium containing 10 nM BL. (C) Five d-old WT, dwf4 and bri1-116. Homozygous
seedlings are indicated by “v”. (D) Seven d-old WT and det2-1 seedling grown on media containing 2 µM of BRZ, 0.1 µM IAA or 1 µM
1-NAA. (A-D) Seedlings were grown on vertical plates under continuous light.
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agravitropic plant as det2-1 phenotype modifier 1, or dpm1.

In F2 generation, the segregation ratios of the wild type to

dpm1 and sdet2 to the original det2-1 show a Mendelian

segregation pattern (Fig. 3C and Supplement Fig. 2). In

addition, the ratio of the normal to dwarf plants is 2.72:1.

These results suggest that dpm1 mutation and the dwarfism

caused by det2-1 are recessive traits and monogenic. 

dpm1 is Hypersensitive to BR Deficiency Causing Root

Growth Reduction

To study physiological functions of the mutants in detail, we

analyzed phenotypes of homozygous dpm1 and sdet2 in the

F3 generation. To check whether the short root phenotype of

the original det2-1 is caused by the dpm1 mutation, the root

length of sdet2 was measured and compared with the

original det2-1. The root of sdet2 was shorter than that of the

wild type, indicating that BR deficiency causes root growth

reduction (Figs. 4A and 4B). However, the root of sdet2 was

significantly longer than that of the original det2-1 and

similar to other BR mutants, demonstrating that the exaggerated

short root of the original det2-1 is caused by the dpm1

mutation (Figs. 4A and 4B and Fig. 1A). Interestingly,

although the root growth defect of the original det2-1 was

caused by the dpm1 mutation, no significant differences in

the root length between dpm1 and the wild type were

observed (Figs. 4A and 4B). This reveals that dpm1 is

hypersensitive to the BR-deficient condition with respect to

root elongation. The petiole and hypocotyl of dpm1 were

longer than those of the wild type (Fig. 4A). However, the

phenotypes were suppressed in the original det2-1 mutant,

suggesting that the enhanced shoot growth of dpm1 is

dependent on BR. 

It has been reported that dark-grown det2-1 has de-

etiolated phenotypes such as a shortened hypocotyl and

opened cotyledon (Chory et al. 1991). To see whether the

dpm1 mutation affects the de-etiolated phenotypes of the

original det2-1, sdet2 and dpm1 plants were grown in the

dark along with the wild type and the original det2-1. sdet2

displayed the same normal de-etiolated phenotypes as the

original det2-1, except for the root length (Fig. 4C). In the

dark, the hypocotyl length of dpm1 was comparable to that

of the wild type (Figs. 4C and 4D).

To determine whether dpm1 displays enhanced root growth

reduction under BR-deficient conditions, dpm1 seedlings

were grown on a medium containing propiconazole (PPZ), a

BR biosynthetic inhibitor (Sekimata et al. 2002; Hartwig et

al. 2012), and their root growth was observed and compared

with those of the wild type. PPZ treatment inhibited the root

growth in both the wild type and dpm1 (Fig. 5). However,

the roots of dpm1 were much shorter than those of the wild

type when grown on a medium containing PPZ, indicating

that dpm1 is hypersensitive to PPZ (Fig. 5). These results

suggest that dpm1 is a conditional mutant of which root

growth is synergistically retarded when the endogenous BR

level is low.

Fig. 3. The original det2-1 has a secondary modifier that is a recessive
trait. The original det2-1 was backcrossed with Col-0 WT. The
resulting F1 plants were used to generate F2 plants by self-
pollination. Seven d-old (A) F1 and (B, C) F2 seedlings grown on
vertical plate under continuous light. (B) Representatives of the
original det2-1, sdet2 and dpm1 are indicated by asterisk, opened
circle and triangle, respectively. (C) Segregation ratio of WT,
dpm1, sdet2 and det2-1in F2 generation. Seedlings excluding non-
germinated seeds were segregated based on the phenotypes.
Average ratio to det2-1 was calculated from two biological repeats
with standard error.

Fig. 4. Comparison of the original det2-1, sdet2 and dpm1 with the
wild type. Phenotypes of (A, B) light-grown and (C, D) dark-grown
the wild type, det2-1, sdet2 and dpm1. Seedlings were grown under
continuous light for 7 d. (A, C) Seedlings representing each genotype
are shown. Bars = 10 mm. (B) Primary root length of light-grown
seedlings. Two biological repeats showed similar results. Error
bars mean standard error (n ≥ 16). (D) Hypocotyl length of dark-
grown seedlings. Two biological repeats showed similar results.
Error bars mean standard error (n ≥ 15).
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DPM1 is Required for the Gravitropism and Differentiation

of Statolith-producing Cells

To verify whether dpm1 gives rise to the agravitropic roots

of the original det2-1, the growth phenotypes of the wild

type, the original det2-1, sdet2 and dpm1 were observed.

When grown in the light on a vertical plate, the roots of

dpm1 and the original det2-1 grew in random directions, but

the roots of the wild type and sdet2 grew downward,

demonstrating that the agravitropic roots of the original det2-

1 resulted from the dpm1 mutation (Fig. 6). To test whether

the agravitropic roots of dpm1 are affected by BR or auxin

treatment, dpm1 was grown on media containing BL or IAA.

Neither BL nor IAA could rescue the agravitropic root of

dpm1, similar to the original det2-1 (Fig. 6 and Figs. 2B and

2D). Similar to the light-grown seedlings, dark-grown dpm1

seedlings displayed agravitropic growth (Supplement Fig. 3).

The first step of gravitropic response is the gravity

sensing, the site of which is mainly located in the columella

tissue of the root cap (Hashiguchi et al., 2013). In this step,

amyloplasts in the columella cells function as statoliths to

sense gravity. To check whether dpm1 disrupts the gravity

sensing machinery, we checked the organization of the

statoliths in the dpm1 root tips by Lugol staining. The

statoliths were localized in the basal sides of the columella

cells in the wild type (Fig. 7). In contrast, the statoliths of

dpm1 and the original det2-1 displayed expanded domains

from the columella cells to the lateral side of root cap (Fig.

7). In addition, the mutants were highly accumulated and

filled with starch granules, so the pattern of statoliths localized

to the lower sides of cells was rarely observed. Although the

content of the statoliths in the tips of the sdet2 roots was

higher than in the wild type, this pattern of statoliths

observed in dpm1 and the original det2-1 was not present in

sdet2 (Fig. 7). In addition to the content and distribution of

statoliths, the shapes of the root tips of dpm1 and the original

det2-1 were different from those of the wild type (Fig. 7).

The tips of dpm1 and the original det2-1 roots were round in

shape, as compared to those of the wild type. However, this

root tip shape was not displayed in sdet2. PPZ treatment

induced the accumulation of statoliths in the root tips of the

wild type (Fig. 8). BR treatment reduced the statolith content

in columella cells of the wild type, suggesting that BR

inhibits starch granule accumulation in the columella cells

(Fig. 8). However, neither BR nor PPZ affected the expanded

Fig. 5. Effects of dpm1 on root growth are dependent on BR
deficiency. The wild type (WT) and dpm1 seedlings were grown
on media containing without (black column) or with (white
column) 2 µM PPZ. Seven d after planting, the length of primary
roots were measured. Three biological repeats showed similar
results. Asterisk shows significant differences between the WT
and dpm1 treated with PPZ by t-test (P<0.001). Error bars mean
standard error (n ≥ 8).

Fig. 6. Effects of BR and auxin on agravitropic growth of dpm1. The wild type (WT), det2-1, sdet2 and dpm1 seedlings were grown on
media containing without or with 1 nM BL or 10 nM IAA. Four d after planting, photographs of seedlings were taken. Bars = 10 mm.
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pattern of statoliths in columella cells and the round shapes

of root tips of dpm1 (Fig. 8). These results indicate that dpm1

has defects in the gravitropic response and the organization

of statoliths that are independent of BR.

Discussion

Secondary mutations have been reported in other mutants such

as ctr1-1 and phyB-1 (Fukaki et al. 1997; Shin et al. 2013).

These secondary mutations impede accurate understanding of

the biological processes in which the mutations affect. By

comparing the phenotypes of BR mutants, we found that the

original det2-1 mutant has a recessive secondary phenotypic

modifier (dpm1), which caused strong root growth inhibition,

agravitropic root growth and accumulated starch granules in

the columella cells of the original det2-1, and those phenotypes

are not related to BR deficiency. Without dpm1, sdet2

showed slightly reduced root elongation, normal gravitropic

root growth, dwarf shoots, dark green leaves and a de-etiolated

phenotype (Fig. 4). Thus, these phenotypes that appeared in

sdet2 might be caused solely by det2-1 mutation.

The generation of secondary modifiers has been used to

identify novel factors that have functional relationships with

the original mutants in forward genetics studies (Yin et al.

2002; Silverstone et al. 1997). The dpm1 mutant that we

isolated from the original det2-1 displayed normal root

elongation compared to the wild type (Figs. 4A and 4B).

However, when dpm1 was presented in a det2-1 background

(in case of the original det2-1) or grown in a medium

containing a BR biosynthetic inhibitor, the root was much

shorter than that of wild type (Figs. 4B and 5). This suggests

that DPM1 has positive roles in the root growth and the

influences of its deficiency on root growth are enhanced in

BR-deficient conditions. One of the possible mechanisms

Fig. 7. Starch granule accumulation in the root caps of wild type
(WT), det2-1, sdet2 and dpm1. Starch granules in columella cells
were stained using Lugol solution. Twelve d-old seedlings were
used for Lugol staining. Stained root tips were treated with chloral
hydrate prior to observation under differential interference contrast
(DIC) microscope.

Fig. 8. Effect of BR on starch granule accumulation in the root cap of dpm1. The wild type (A-C) and dpm1(D-F) seedlings were grown
on control media (A, D) or media containing 2 µM of PPZ (B, E) or 0.1 µM of BL (C, F) for 9 d. Seedlings were stained with Lugol
solution. Stained root tips were treated with chloral hydrate prior to observation under DIC microscope.
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that would explain this result is that the positive function of

DPM1 on root growth is only activated in BR-deficient

conditions. Under normal conditions, BR might repress

DPM1’s function on root growth. Another possibility is that

DPM1 has homologs that are functionally redundant to dpm1

and BR is required for the activation of the redundant

function of the homologs. 

It is known that BR promotes not only root elongation but

also gravitropic response. Our results show that the synergistic

effect between det2-1 and dpm1 mutation is mainly occurred

in roots. It is possible that DPM1 may specifically function

in BR-mediated root development. In particular, agravitropic

roots were shown regardless of BR deficiency while short

roots of dpm1 was observed only in BR deficient condition

(Fig. 2D and Fig. 6) . Thus, it seems that the function of

DPM1 is closely linked to root growth, but not gravitropic

response, regulated by BR signaling. 

We isolated dpm1 from the original det2-1 by crossing

with the wild type. The segregation ratios of dpm1 to the

wild type and det2-1 are close to 1:3 and 3:1, respectively

(Fig. 3C). This means dpm1 mutation displays single

recessive trait following Mendelian segregation ratio and is

not linked to det2-1 mutation. These results suggest that the

mutation is not located on chromosome 2 on which DET2 is

located.

A notable phenotype of dpm1 is agravitropic growth.

When grown on a vertical plate, dpm1 seedlings grew in

random directions (Fig. 6 and Supplemental Fig. 2). This

abnormal growth was independent of light conditions. Auxin

is a major hormone that regulates the gravitropic response.

Many of auxin’s transport and signaling mutants are reported

as agravitropic mutants. AUX1 is an auxin influx carrier, and

its mutation causes agravitropic growth. The agravitropic

growth of the aux1 mutant is rescued by 1-NAA treatment

(Swarup et al. 2001). However, agravitropic root growth

caused by dpm1 was not rescued by 1-NAA treatment (Fig.

2D). Some of the AUX/IAA mutants such as axr2 and axr3

also show agravitropic root growth, but the phenotypes of

axr2 and axr3 are different from that of dpm1 (Leyser et al.

1996; Timpte et al. 1994). For instance, axr2-1 and axr3-1

display reduced hypocotyl elongation in the dark while dpm1

showed no significant differences (Fig. 4C and 4D) In

addition, dpm1 was sensitive to 1-NAA for auxin-induced

root growth inhibition (Fig. 2D). Therefore, it seems that

dpm1 has a mutation that is different from known agravitropic

auxin mutants and is independent of auxin transport and

signaling. However, given that many auxin-related mutants

display abnormal columella layer as well as agravitropic

response, possible relationship between DPM1 and auxin in

root development should be further investigated.

As dpm1 has disorganized and accumulated statolith contents

(Fig. 7), agravitropic growth of dpm1 might be due to disruption

of the gravity sensing step or an early phase of gravity signal

transduction in the mutant. ARG1 and its homolog are

known to function in gravity signaling pathway (Fukaki et al.

1997; Guan et al. 2003). Modifier screening of arg1 mutant

that enhance the gravitropic defect of the mutant identified

that mar1 and mar2, components of the translocon of outer

membrane of chloroplasts (TOCs) complex, play a role in

gravity signaling pathway (Stanga et al. 2009). Although

arg1, mar1 and mar2 single mutants showed normal gravitropic

growth, mar1-1 arg1-2 and mar2-1 arg1-2 double mutants

displayed agravitropic growth similar to dpm1 (Fig. 6). In

addition to agravitropic growth, morphologies of their root

tips are analogous with dpm1 (Fig. 7 and 8D). Therefore, it is

likely that dpm1 is a mutant of which gene encodes a key

signaling component of ARG1 and TOC complex-mediated

gravity signal transduction rather than ARG1, MAR1 or

MAR2 itself. Identification of DPM1 using map-based

cloning and genetic interaction with mutants showing

agravitropic response will shed light on the understanding of

gravity signal transduction pathway and the root physiology

regulated by BR and/or auxin.

Materials and methods

Plant materials and Growth Conditions

Arabidopsis thaliana ecotype Columbia-0 was used as the wild type
in this study. Surface sterilized seeds were incubated at 4°C for 2 d. Seeds
were then planted on 0.8% agar (Phytoblend, Caissons labs) containing
0.5 × Murashige and Skoog (MS)-salt medium (PhytoTechnology
Laboratories) and 1% (w/v) sucrose. Seedlings were grown in the
growth chamber under continuous light at 22±1°C. For etiolated
conditions, plates were wrapped with aluminum foil and incubated in
the growth chamber. Soil-grown plants were grown in a greenhouse
with a 16-h light/8-h dark cycle at 22-24°C.

For hormones and inhibitor treatment, seeds were germinated and
grown on hormone- or inhibitor-containing medium. For root and
hypocotyl length measurements, plates with 7-d-old seedlings were
photographed.

Construction of 35S-DET2/det2-1

DET2 ORF was amplified as a SmaI-SacI fragment by PCR using
forward primer (5'-CCCCGGGAGTTGATTCTGCCCTTATTAG-3')
and reverse primer (5'-CGAGCTCAACTTTCTCAATTCTCAG-
TACAC-3'). PCR products were inserted into a pGEM-T Easy vector
(Promega) for sequencing. Sequence confirmed DET2 fragments
were cloned into corresponding site of pBI121 expression vector
(Clontech). The construct was introduced into Agrobacterium
tumefaciens strain GV3101 (pMP90). The construct was transformed
into det2-1 plant by the floral dip method (Clough and Bent 1998).
Transformants were selected in kanamycin-containing LB medium. 

To confirm overexpression of DET2, total RNA was extracted from
seedlings of selected plants using TRI reagent (Sigma) according to the
manufacturer’s manual. First-strand cDNAs were synthesized using
M-MLV reverse transcriptase (Promega). cDNAs were amplified
using same primers used for the cloning. As a loading control, UBQ5
cDNA was amplified using a forward primer (5'-GACCATAACC-
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CTTGAGGTTGAATC-3') and a reverse primer (5'-AGAGAG-
AAAGAGAAGGATCGATC-3'). 

Lugol Staining

Seedlings were grown in vertical plates. The root segment are stained
in Lugol solution (Sigma). Stained roots were washed with water and
cleared with chloral hydrate solution (chloral hydrate/glycerol/water
= 8:1:3) prior to observation under differential interference contrast
(DIC) microscopy using a Leica DC 500 microscope. 

Acknowledgments

This work was supported by the Young Investigator Research
Program of Chung-Ang University 2010 year and the Chung-Ang
University Research Scholarship Grants in 2012. We thank Tae-Wuk
Kim (Hanyang University, Seoul, Korea) for helpful suggestions.

Authors’ Contributions

CHP and SKK designed the experiments and wrote the manuscript.
CHP analyzed data. CHP, JHY, JEL and MKK constructed and
generated the transgenic plant. CHP, MSJ, SCP and SKK revised the
manuscript. All authors have agreed to the contents of the manuscript
and declare no conflicting interests.

Supporting Information

Fig. S1. The dwarf phenotype of det2-1 is rescued by ectopic
expression of DET2.
Fig. S2. Segregation of dpm1 and sdet2 in F2 generation. 
Fig. S3. Agravitropic growth of dpm1 in the dark.

References

Asami T, Yoshida S (1999) Brassinosteroid biosynthesis inhibitors.
Trends Plant Sci 4:348−353

Azpiroz R, Wu Y, LoCascio JC, Feldmann KA (1998) An Arabidopsis
brassinosteroid-dependent mutant is blocked in cell elongation.
Plant Cell 10:219−230

Bai M-Y, Shang JX, Oh E, Fan M, Bai Y, Zentella R, Sun T-p, Wang
ZY (2012) Brassinosteroid, gibberellin and phytochrome impinge
on a common transcription module in Arabidopsis. Nat Cell Biol
14:810−817

Boonsirichai K, Guan C, Chen R, Masson PH (2002) ROOT
GRAVITROPISM: An experimental tool to investigate basic
cellular and molecular processes underlying mechanosensing
and signal transmission in plants. Annu Rev Plant Biol 53:421−
447

Caño-Delgado A, Yin Y, Yu C, Vafeados D, Mora-Garcia S, Cheng
JC, Nam KH, Li J, Chory J (2004) BRL1 and BRL3 are novel
brassinosteroid receptors that function in vascular differentiation
in Arabidopsis. Development 131:5341−5351

Chory J, Nagpal P, Peto CA (1991) Phenotypic and genetic analysis
of det2, a new mutant that affects light-regulated seedling
development in Arabidopsis. Plant Cell 3:445−459

Clough SJ, Bent AF (1998) Floral dip: a simplified method for
Agrobacterium-mediated transformation of Arabidopsis thaliana.

Plant J 16:735−743
Clouse SD, Langford M, McMorris TC (1996) A brassinosteroid-

insensitive mutant in Arabidopsis thaliana exhibits multiple
defects in growth and development. Plant Physiol 111:671−678

Domagalska MA, Schomburg FM, Amasino RM, Vierstra RD, Nagy
F, Davis SJ (2007) Attenuation of brassinosteroid signaling
enhances FLC expression and delays flowering. Development
134:2841−2850

Fu X, Harberd NP (2003) Auxin promotes Arabidopsis root growth
by modulating gibberellin response. Nature 421:740−743

Fujioka S, Li J, Choi YH, Seto H, Takatsuto S, Noguchi T, Watanabe
T, Kuriyama H, Yokota T, Chory J, Sakurai A (1997) The
Arabidopsis deetiolated2 mutant is blocked early in brassinosteroid
biosynthesis. Plant Cell 9:1951−1962

Fukaki H, Fujisawa H, Tasaka M (1997) The RHG gene is involved
in root and hypocotyl gravitropism in Arabidopsis thaliana.
Plant Cell Physiol 38:804−810

González-García M-P, Vilarrasa-Blasi J, Zhiponova M, Divol F,
Mora-García S, Russinova E, Caño-Delgado AI (2011)
Brassinosteroids control meristem size by promoting cell cycle
progression in Arabidopsis roots. Development 138:849−859

Guan C, Rosen ES, Boonsirichai K, Poff KL, Masson PH (2003) The
ARG1-LIKE2 gene of Arabidopsis functions in a gravity signal
transduction pathway that is genetically distinct from the PGM
pathway. Plant Physiol 133:100−112

Hacham Y, Holland N, Butterfield C, Ubeda-Tomas S, Bennett MJ,
Chory J, Savaldi-Goldstein S (2011) Brassinosteroid perception
in the epidermis controls root meristem size. Development
138:839−848

Hartwig T, Corvalan C, Best NB, Budka JS, Zhu J-Y, Choe S, Schulz
B. 2012. Propiconazole is a specific and accessible brassinosteroid
(BR) biosynthesis inhibitor for Arabidopsis and Maize. PLoS
One 7:e36625

Hashiguchi Y, Tasaka M, Morita MT (2013) Mechanism of higher
plant gravity sensing. Am J Bot 100:91−100

He JX, Gendron JM, Sun Y, Gampala SSL, Gendron N, Sun CQ,
Wang ZY (2005) BZR1 is a transcriptional repressor with dual
roles in brassinosteroid homeostasis and growth responses.
Science 307:1634−1638

Kim SK, Chang SC, Lee EJ, Chung WS, Kim YS, Hwang S, Lee JS
(2000) Involvement of brassinosteroids in the gravitropic response of
primary root of Maize. Plant Physiol 123:997−1004

Kim TW, Guan S, Sun Y, Deng Z, Tang W, Shang JX, Sun Y, Burlingame
AL, Wang ZY (2009) Brassinosteroid signal transduction from cell-
surface receptor kinases to nuclear transcription factors. Nat Cell
Biol 11:1254−1260

Kim TW, Lee SM, Joo SH, Yun HS, Lee YEW, Kaufman PB,
Kirakosyan ARA, Kim SH, Nam KH, Lee JS, Chang SC, Kim
SK (2007) Elongation and gravitropic responses of Arabidopsis
roots are regulated by brassinolide and IAA. Plant Cell Environ
30:679−689

Leyser HMO, Pickett FB, Dharmasiri S, Estelle M (1996) Mutations
in the AXR3 gene of Arabidopsis result in altered auxin response
including ectopic expression from the SAUR-AC1 promoter.
Plant J 10:403−413

Li J, Nam KH, Vafeados D, Chory J (2001) BIN2, a new brassinosteroid-
insensitive locus in Arabidopsis. Plant Physiol 127:14−22

Li L, Xu J, Xu Z-H, Xue HW (2005) Brassinosteroids stimulate plant
tropisms through modulation of polar auxin transport in Brassica
and Arabidopsis. Plant Cell 17:2738−2753

Morita MT (2010) Directional gravity sensing in gravitropism. Annu
Rev Plant Biol 61:705−720

Müssig C, Shin G-H, Altmann T (2003) Brassinosteroids promote
root growth in Arabidopsis. Plant Physiol 133:1261−1271

Oh E, Zhu JY, Wang ZY (2012) Interaction between BZR1 and PIF4
integrates brassinosteroid and environmental responses. Nat Cell



J. Plant Biol. (2014) 57:255-263  263

Biol 14:802−809
Park CH, Kim TW, Son S-H, Hwang JY, Lee SC, Chang SC, Kim

SH, Kim SW, Kim SK (2010) Brassinosteroids control AtEXPA5
gene expression in Arabidopsis thaliana. Phytochemistry 71:380−
387

Sekimata K, Han SY, Yoneyama K, Takeuchi Y, Yoshida S, Asami T
(2002) A specific and potent inhibitor of brassinosteroid
biosynthesis possessing a dioxolane ring. J Agric Food Chem
50:3486−3490

Shin K, Lee R-A, Lee I, Lee S, Park S, Soh MS (2013) Genetic
identification of a second site modifier of ctr1-1 that controls
ethylene-responsive and gravitropic root growth in Arabidopsis
thaliana. Mol Cells 36:88−96

Silverstone AL, Mak PYA, Martinez EC, Sun T-p (1997) The new
RGA locus encodes a negative regulator of gibberellin response
in Arabidopsis thaliana. Genetics 146:1087−1099

Stanga JP, Boonsirichai K, Sedbrook JC, Otegui MS, Masson PH
(2009) A role for the TOC complex in Arabidopsis root
gravitropism. Plant Physiol 149:1896−1905

Steber CM, McCourt P (2001) A role for brassinosteroids in
germination in Arabidopsis. Plant Physiol 125:763−769

Swarup R, Friml JÌ, Marchant A, Ljung K, Sandberg G, Palme K,
Bennett M (2001) Localization of the auxin permease AUX1
suggests two functionally distinct hormone transport pathways
operate in the Arabidopsis root apex. Genes Dev 15:2648−2653

Tanaka K, Nakamura Y, Asami T, Yoshida S, Matsuo T, Okamoto S
(2003) Physiological roles of brassinosteroids in early growth of
Arabidopsis: Brassinosteroids have a synergistic relationship
with gibberellin as well as auxin in light-grown hypocotyl
elongation. J Plant Growth Regul 22:259−271

Timpte C, Wilson AK, Estelle M (1994) The axr2-1 mutation of
Arabidopsis thaliana is a gain-of-function mutation that disrupts
an early step in auxin response. Genetics 138:1239−1249

Vandenbussche F, Callebert P, Zadnikova P, Benkova E, Van Der
Straeten D (2013) Brassinosteroid control of shoot gravitropism
interacts with ethylene and depends on auxin signaling components.
Am J Bot 100:215−225

Vandenbussche F, Suslov D, De Grauwe L, Leroux O, Vissenberg K,
Van Der Straeten D (2011) The role of brassinosteroids in shoot
gravitropism. Plant Physiol 156:1331−1336

Wang ZY, Seto H, Fujioka S, Yoshida S, Chory J (2001) BRI1 is a
critical component of a plasma-membrane receptor for plant
steroids. Nature 410:380−383

Yin Y, Vafeados D, Tao Y, Yoshida S, Asami T, Chory J (2005) A new
class of transcription factors mediates brassinosteroid-regulated
gene expression in Arabidopsis. Cell 120:249−259

Yin Y, Wang ZY, Mora-García S, Li J, Yoshida S, Asami T, Chory J
(2002) BES1 accumulates in the nucleus in response to
brassinosteroids to regulate gene expression and promote stem
elongation. Cell 109:181−191



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (Color Management Off)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth 8
  /ColorImageDownsampleThreshold 1.33333
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth 8
  /GrayImageDownsampleThreshold 1.33333
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 150
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.33333
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /DetectCurves 0.000000
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /PreserveDICMYKValues true
  /PreserveFlatness true
  /CropColorImages true
  /ColorImageMinResolution 290
  /ColorImageMinResolutionPolicy /Warning
  /ColorImageMinDownsampleDepth 1
  /CropGrayImages true
  /GrayImageMinResolution 290
  /GrayImageMinResolutionPolicy /Warning
  /GrayImageMinDownsampleDepth 2
  /CropMonoImages true
  /MonoImageMinResolution 800
  /MonoImageMinResolutionPolicy /Warning
  /CheckCompliance [
    /None
  ]
  /PDFXOutputConditionIdentifier ()
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [300 300]
  /PageSize [2834.646 2834.646]
>> setpagedevice


