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Abstract The relation between orientation of cortical

microtubules and the transcript levels of a 65 kDa microtu-

bule-associated protein (VaMAP65-1) was investigated

along epicotyls of azuki bean (Vigna angularis) seedlings. In

addition, the effects of 1-aminocyclopropane-1-carboxylic

acid (ACC), the immediate precursor of ethylene, and hy-

pergravity, a gravitational force exceeding 1g, on the relation

were examined. The percentage of cells with longitudinal

microtubule increased, whereas that with transverse micro-

tubules decreased from the apical to the basal regions of

epicotyls. The transcript levels of VaMAP65-1 decreased

toward the basal region. ACC induced reorientation of cor-

tical microtubules from transverse to longitudinal directions

and down-regulation of VaMAP65-1 expression. Hypergra-

vity also induced reorientation of cortical microtubules and

down-regulation of the expression. Strong correlations were

observed between the percentage of cells with longitudinal

or transverse microtubules and the transcript levels of Va-

MAP65-1. These results suggest that down-regulation of

VaMAP65-1 expression is at least partly involved in the

regulation of the orientation of cortical microtubules in azuki

bean epicotyls.
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Abbreviations

ACC 1-Aminocyclopropane-1-carboxylic acid

PBS Phosphate-buffered saline

RT-PCR Reverse transcription-PCR

VaMAP65-1 Vigna angularis microtubule-associated

protein 65-1

Introduction

Plant cells have organized microtubule arrays, which are

essential for cell polarization and cell division. Cortical

microtubules, a characteristic structure of interphase cells,

are assumed to be responsible for anisotropic expansion of

plant cells by directing the orientation of cellulose micro-

fibrils (Giddings and Staehelin 1991; Shibaoka 1994; Ba-

skin 2001; Wasteneys 2004). For example, elongating cells

in the apical region of stems have predominantly trans-

versely oriented cortical microtubules, whereas lateral

expanding cells in basal region of stems have predominantly

longitudinally oriented cortical microtubules. In addition,

the orientation of cortical microtubules is controlled by

various factors, such as plant hormones and environmental

stimuli. Longitudinal cortical microtubules are predominant

in the presence of ethylene, which promotes lateral growth

in shoots (Steen and Chadwick 1981). On the contrary,

transverse cortical microtubules are predominant in the

presence of gibberellins, which promote elongation growth
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of shoots (Shibaoka 1974). Hypergravity, which suppresses

elongation growth and promotes lateral growth in stems,

induced reorientation of cortical microtubules from trans-

verse to longitudinal directions (Soga et al. 2006).

Microtubule-associated proteins (MAPs) play a variety

of roles in organization of microtubules. c-Tubulin com-

plex proteins (GCPs) containing c-tubulin, GCP2 and

GCP3 are required for microtubule nucleation and proper

organization of cortical microtubules (Murata et al. 2005;

Pastuglia et al. 2006; Erhardt et al. 2002). Katanin has

microtubule-severing activity and is involved in the reori-

entation of cortical microtubules (Burk et al. 2001; Bou-

quin et al. 2003). Recently, we revealed that the transcript

levels of c-tubulin complex (VaTUG and VaGCP3) and

katanin (VaKTN1) genes were transiently increased during

reorientation of cortical microtubules by ACC or hyper-

gravity in azuki bean epicotyls (Soga et al. 2008, 2009,

2010). Thus, both nucleation and severing of cortical

microtubules are assumed to be regulated at the transcrip-

tional levels of c-tubulin complex and katanin genes during

reorientation of cortical microtubules.

Jiang and Sonobe (1993) isolated 65 kDa family of

proteins referred to as 65 kDa MAP (MAP65) from

tobacco cells. MAP65 proteins are required for bundling of

microtubules by forming cross-bridges between adjacent

microtubules. It has also been shown that the contents of

MAP65 protein in upper region of azuki bean epicotyls,

which have predominantly transverse cortical microtu-

bules, are higher than those in basal region of epicotyls,

which have predominantly longitudinal cortical microtu-

bules (Sawano et al. 2000). However, the mechanism

regulating the levels of MAP65 protein has not yet been

elucidated. One important regulating step of the levels of

MAP65 protein may be the transcriptional levels of MAP65

gene during reorientation of microtubules. To confirm this

point, we investigated relation between the orientation of

cortical microtubules and the transcript levels of MAP65

(VaMAP65-1) gene along epicotyls of azuki bean seed-

lings. We also examined effects of ethylene (ACC) and

hypergravity on the relation in azuki bean epicotyls.

Materials and methods

Plant material

Seeds of azuki bean (Vigna angularis Ohwi et Ohashi cv.

Erimowase) were soaked in running tap water for 1 day at

30�C and allowed to germinate on gauze spread on a

plastic dish filled with water at 25�C in the dark. Five -

days later, seedlings with epicotyls 30–35 mm in length

were selected, and used for measurement of the orienta-

tion of cortical microtubules and gene expression. For

ACC treatment, a 10 mm upper region (3–13 mm below

the hook) was marked with India ink. The marked seed-

lings were transplanted into a plastic vessel (80 mm in

diameter, 100 mm in height) containing 15 ml of 5 mM

MES-KOH buffer (pH 6.0) with or without ACC, and

then incubated at 25�C in the dark. For hypergravity

treatment, the marked seedlings were transplanted into

test tubes (16 mm in diameter, 100 mm in length) con-

taining 1.5 ml of 1 mM MES-KOH buffer (pH 6.0), and

then exposed to basipetal hypergravity with a centrifuge

(H-28-F, Kokusan Co., Tokyo, Japan) at 25�C in the dark.

The magnitude of acceleration was regulated by changing

the speed of rotation. The seedlings for 1g controls were

placed on top of spinning centrifuge during incubation.

All manipulations were done under dim green light (ca.

0.09 lmol m-2 s-1 at handling level).

Orientation of cortical microtubules

The orientation of cortical microtubules was analyzed by

immunofluorescence microscopy. The excised segments of

azuki bean epicotyls were immediately fixed with 4% (w/v)

paraformaldehyde in a buffer [50 mM PIPES, 5 mM

EGTA, 2 mM MgSO4, 0.5% (v/v) TritonX-100, 1% (v/v)

glycerol, pH 7.3] at 25�C for 1 h after infiltration with a

vacuum pump for 10 min. Then the air pressure was

restored, and the samples were washed four times (15 min

each) with phosphate-buffered saline (PBS) at 25�C. The

segments were cut at the middle and the epidermal strips

were peeled from either apical or basal end to middle. The

specimens were treated with a detergent solution [1% (v/v)

Nonidet P-40 in PBS] for 0.5 h, and then washed four times

(15 min each) with PBS. They were incubated in a

blocking solution [1% (w/v) bovine serum albumin in PBS]

at 37�C and washed with PBS. These specimens were

treated with FITC-conjugated monoclonal antibodies

against a- and b-tubulin (F2168 and F2043, Sigma) diluted

1:100 (v/v) in PBS at 37�C for 20 min, and washed with

PBS. They were then mounted on a slide glass and covered

with a PBS solution containing 90% (v/v) glycerol. The

specimens were observed under a fluorescence microscope

(Axio Imager. A1, Carl Zeiss, Göttingen, Germany), and

the images were processed with image processing software

programs attached to VB-7000 (Keyence, Osaka, Japan).

The orientation of cortical microtubules adjacent to the

outer tangential wall of each epidermal cell was deter-

mined. In most cells, the orientation of cortical microtu-

bules was uniform, although it varied with the cell. Thus,

we recorded the orientation of cortical microtubules in each

cell. We determined the frequency of cells with cortical

microtubules within a range of 90–70� (transverse), 70–20�
(oblique), 20–0� (longitudinal) to the longitudinal cell axis,

and in a variety of directions (random).
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Transcript levels of VaMAP65-1

The epidermal tissues were collected from the excised

segments, and then immediately frozen with liquid nitrogen

and kept at -80�C until use. The frozen epidermal strips

(fresh weight: ca. 100 mg) were homogenized in a mortar

with a pestle. Total RNA was prepared using RNeasy Plant

Mini Kit (Qiagen, Valencia, CA, USA), including a DNA

elimination step (RNase-Free DNase Set, Qiagen). Single

strand cDNA was obtained from 2 lg of total RNA using

High Capacity cDNA Reverse Transcription Kit (Applied

Biosystems, Foster City, CA, USA) with a random hexa-

mer primer. One lL of the reaction mixture (total volume:

20 lL) was used subsequently for PCR. Real time RT-PCR

was performed with the Applied Biosystems 7500 Real

Time PCR System with Power SYBR Green PCR Master

Mix (Applied Biosystems) according to the manufacturer’s

instructions. All data were normalized with respect to 18S

rRNA, which was measured as an internal standard.

Primers were designed by the Primer Express program

(Applied Biosystems) and had the following sequences: for

VaMAP65-1 (AB624333) (forward, 50-GAAGCAAACGG

AGCTTGAAGA-30; reverse, 50-TTCTCCCGTGCAGCAT

CTG-30) and for 18S rRNA for normalization (forward,

50-AGTCATCAGCTCGCGTTGAC-30; reverse, 50-TCAA

TCGGTAGGAGCGACG-30). Concentrations of primers

were 50 nM. Double-strand cDNA was generated by initial

treatment with 50�C for 2 min and 95�C for 10 min fol-

lowed by PCR (95�C for 15 s, 60�C for 1 min) for 40 cycles.

We determined the nucleotide sequence of the RT-PCR

products, and confirmed the specificity of the primers.

Results

Spatial changes along epicotyls

The orientation of cortical microtubules adjacent to the

outer tangential wall in epidermal cells of epicotyls was

analyzed by immunofluorescence microscopy. In the upper

region of epicotyls, 4 types of cells, transverse, oblique,

longitudinal and random, were observed, and the percent-

age of each type was 11.0, 16.7, 69.3 and 3.0%, respec-

tively. Namely, cells having transverse microtubules were

predominant in the upper region of epicotyls. The ratio of

four types of cells varied along epicotyls. The percentage

of cells with transverse microtubules decreased from the

apical to the basal regions, while that of cells with longi-

tudinal microtubules increased (Fig. 1). Cells having

transverse microtubules were not observed in the basal

region of epicotyls.

For the analysis of the transcript levels of MAP65, we

cloned partial cDNA of MAP65 from azuki bean epicotyls

based on the conserved regions found in common with

Arabidopsis (At5g55230) and tobacco (AJ289862,

AJ289863 and AJ289864). The cloned cDNA was desig-

nated VaMAP65-1 (AB624333). Figure 2 shows the tran-

script levels of VaMAP65-1 along epicotyls. The

VaMAP65-1 gene was expressed in all regions. However,

the level of VaMAP65-1 significantly decreased from the

apical to the basal regions.

ACC-induced changes

Figure 3 shows orientation of cortical microtubules in epi-

dermal cells of upper region of epicotyls after a 5-h treat-

ment with ACC at different concentrations. In the absence

of ACC, no clear changes in microtubule orientation were

observed during incubation (Fig. 3). With increasing con-

centration of ACC, the percentage of cells with transverse

microtubules was decreased, while that of cells with lon-

gitudinal microtubules was increased in a 5-h treatment

(Fig. 3). In the presence of 10-6 M ACC, the percentages of

cells with longitudinal, oblique and transverse microtubules

were almost the same. Cells having longitudinal microtu-

bules were predominant in the epicotyls treated with ACC
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Fig. 1 Changes in the orientation of cortical microtubules along

epicotyls of azuki bean seedlings. Seedlings with epicotyls 30–35 mm

in length were selected, and epicotyls were divided at 10-mm interval

from the region 3 mm below the hook. The orientation of cortical

microtubules of adjacent to the outer tangential wall of epidermal

cells was analyzed by immunofluorescence microscopy. The percent-

age of cells with microtubules within a range of 90–70� (transverse),

70–20� (oblique), 20–0� (longitudinal) to the longitudinal cell axis,

and in various directions (random) was calculated for 300 cells from

20 segments. Experiments were repeated three times. Values are

mean ± SE (n = 3)
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more than 10-5 M. The percentage of cells with longitu-

dinal or transverse microtubules showed significant corre-

lations with the logarithm of the concentration of ACC

(R = 0.98 and -0.99). The level of VaMAP65-1 signifi-

cantly decreased with increasing concentration of ACC

(Fig. 6). The expression of VaMAP65-1 showed a signifi-

cant correlation with the logarithm of the concentration of

ACC (R = -0.97).

Hypergravity-induced changes

The orientation of cortical microtubules in epidermal cells

of upper region of epicotyls grown under different gravi-

tational conditions was analyzed. Cells having transverse

microtubules were predominant in the epicotyls under

1g conditions (Fig. 5). With increasing accelerations, the

percentage of cells with transverse microtubules was

decreased, while that of cells with longitudinal

0
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Fig. 2 Changes in the expression of VaMAP65-1 gene along

epicotyls of azuki bean seedlings. Epicotyls were divided into three

regions as shown in Fig. 1. The expression of VaMAP65-1 gene in

epidermal tissues of the region was determined by a real time RT-

PCR. The values were compensated with levels of 18S rRNA as an

internal standard, and expressed as percentage of levels of upper

region. Values are mean ± SE (n = 3)
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Fig. 3 Effects of ACC on the orientation of cortical microtubules in

azuki bean epicotyls. A 10 mm upper region was marked with India

ink, and the seedlings were treated with 5 mM MES-KOH buffer (pH

6.0) containing different concentrations of ACC for 5 h at 25�C in the

dark. The percentage of microtubule orientation was calculated as

indicated in Fig. 1. Values are mean ± SE (n = 3)
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Fig. 4 Effects of ACC on the expression of VaMAP65-1 gene in

azuki bean epicotyls. Azuki bean seedlings were treated with ACC for

5 h as in Fig. 3. The expression of VaMAP65-1 gene was determined

as indicated in Fig. 2. The values were expressed as percentage of

initial level. Values are mean ± SE (n = 3)
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Fig. 5 Effects of hypergravity on the orientation of cortical micro-

tubules in azuki bean epicotyls. A 10 mm upper region was marked

with India ink, and the seedlings were kept under basipetal

hypergravity conditions of different doses for 5 h at 25�C in the

dark. The percentage of microtubule orientation was calculated as

indicated in Fig. 1. Values are mean ± SE (n = 3)
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microtubules was increased in a 5-h treatment (Fig. 5). The

percentage of cells with longitudinal or transverse micro-

tubules showed significant correlations with the logarithm

of the magnitude of the gravity (R = 0.99 and -0.99).

Hypergravity at 30g or more was required to significantly

decrease in VaMAP65-1 expression (Fig. 6). The expres-

sion of VaMAP65-1 showed a significant correlation with

the logarithm of the magnitude of gravity (R = -0.99).

Temporal changes after ACC and hypergravity

treatments

The time-course changes in the orientation of cortical

microtubules and the transcript levels of VaMAP65-1 in

epidermal cells by ACC and hypergravity treatments were

examined. The orientation of cortical microtubules did not

change during incubation in the control seedlings (Fig. 7).

The percentage of cells with transverse microtubules

decreased, whereas that with longitudinal microtubules

increased in 10-5 M ACC- or 300g-treated seedlings

(Fig. 7). The reorientation of microtubules from transverse

to longitudinal directions was detected already at 1 h after

start of ACC or hypergravity treatment. Figure 8 shows the

time-course changes in the transcript levels of VaMAP65-1.

In the control seedlings, the expression levels of Va-

MAP65-1 was almost constant during incubation. By con-

trast, both ACC and hypergravity decreased the expression

levels of VaMAP65-1. A significant decrease in the

expression levels of VaMAP65-1 was detected at 2 h after

start of ACC and hypergravity treatments.

Discussion

Orientation of cortical microtubules is assumed to be

responsible for determination of the direction of cell

expansion (Giddings and Staehelin 1991; Shibaoka 1994;

Baskin 2001; Wasteneys 2004). It is generally accepted

that cortical microtubule arrays are essential for regulation

of the orientation of cellulose microfibrils in the innermost

layer of the cell wall, although some other mechanisms

may also be involved (Baskin 2001; Wasteneys 2004). In

5-day-old azuki bean seedlings, elongation growth occur-

red only in the upper region of epicotyls. Cells having
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Fig. 6 Effects of hypergravity on the expression of VaMAP65-1 gene

in azuki bean epicotyls. Azuki bean seedlings were treated with

hypergravity for 5 h as in Fig. 5. The expression of VaMAP65-1 gene

was determined as indicated in Fig. 2. The values were expressed as

percentage of initial level. Values are mean ± SE (n = 3)
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Fig. 7 Time-course changes in the orientation of cortical microtu-

bules in ACC- or hypergravity-treated azuki bean epicotyls. For ACC

treatment, azuki bean seedlings with marked epicotyls were grown in

the presence of 10-5 M ACC at 25�C in the dark. For hypergravity

treatment, the marked seedlings were kept under basipetal hypergra-

vity at 300g at 25�C in the dark. The percentage of microtubule

orientation was calculated as indicated in Fig. 1. Values are

mean ± SE (n = 3)
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transverse microtubules were predominant in the upper

region of epicotyls, whereas cells having longitudinal

microtubules were predominant in the basal region of ep-

icotyls (Fig. 1). It has also been shown that the ratio of

transverse microtubules in upper regions of azuki bean

epicotyls which have high activity of elongation growth is

higher than that in basal regions of epicotyls which have

low activity of elongation growth (Sawano et al. 2000).

Both ACC and hypergravity suppressed elongation growth

and promoted lateral growth in azuki bean epicotyls (Soga

et al. 2006, 2010). In the present study, reorientation of

cortical microtubules from transverse to longitudinal

directions was induced by ACC and hypergravity treat-

ments (Figs. 3, 5, 7). Taken together, these results support

the hypothesis that orientation of cortical microtubules is

responsible for anisotropic expansion of plant cells.

In the plant cells, microtubules including cortical

microtubules in interphase are usually bundled by forming

cross-bridges between adjacent microtubules (Sonobe et al.

2001). MAP65 has been biochemically identified as a

cross-bridge factor of microtubules from tobacco BY-2

cells (Jiang and Sonobe 1993). It has been shown that the

protein contents of MAP65 decreased along epicotyls of

azuki bean seedlings (Sawano et al. 2000). The transcript

levels of VaMAP65-1 gene decreased along epicotyls of

azuki bean seedlings (Fig. 2). Thus, the protein contents of

MAP65 are assumed to be regulated at the transcriptional

levels of MAP65 gene. Sasabe et al. (2006) showed that

activity of microtubule bundling is regulated by phos-

phorylation of MAP65 during cytokinesis in tobacco cells.

These findings suggest that changes in the levels of MAP65

and modification of phosphorylation of MAP65 are coop-

eratively involved in the regulation of the activity of

microtubule bundling in planta.

Sawano et al. (2000) reported that the protein levels of

MAP65 showed good parallelism with the orientation of

cortical microtubules in azuki bean epicotyls. Namely, the

protein levels of MAP65 in rapidly elongating regions of

epicotyls which have predominantly transverse cortical

microtubules are higher than those in non-elongating

regions which have predominantly longitudinal cortical

microtubules. Thus, levels of MAP65 may be involved in

the regulation of orientation of cortical microtubules,

which change direction of cell expansion. In the present

study, we revealed that the expression level of VaMAP65-1

in upper region of epicotyls which have predominantly

transverse cortical microtubules was higher than that in

basal region which have predominantly longitudinal corti-

cal microtubules (Figs. 1, 2). By increasing concentration

of ACC, reorientation of cortical microtubules from

transverse to longitudinal directions and down-regulation

of VaMAP65-1 expression were induced (Figs. 3, 4).

Reorientation of cortical microtubules and down-regulation

of the expression were also induced by increasing the

magnitude of gravity (Figs. 5, 6). These results indicate

that the decrease in the transcript levels of VaMAP65-1 is

accompanied by reorientation of cortical microtubules

from transverse to longitudinal directions. We found high

correlations between the percentage of cells with longitu-

dinal or transverse microtubules and the transcript levels of

VaMAP65-1 (Fig. 9), when calculating with the whole set

of data. However, results of the time-course analysis

showed that reorientation of cortical microtubules slightly
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Fig. 8 Time-course changes in the expression of VaMAP65-1 gene in

ACC- or hypergravity-treated azuki bean epicotyls. Azuki bean

seedlings were treated with ACC or hypergravity as in Fig. 7. The

expression of VaMAP65-1 gene was determined as indicated in

Fig. 2. The values were expressed as percentage of initial level.

Values are mean ± SE (n = 3)
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preceded the decrease in the transcript levels of VaMAP65-

1 (Figs. 7, 8). Thus, the down-regulation of VaMAP65-1

transcript may not be directly involved in initiation of

reorientation of cortical microtubules. Instead, the decrease

in microtubule bundling activity via degradation and/or

modification of phosphorylation of MAP65 protein might

induce reorientation of cortical microtubules from trans-

verse to longitudinal directions. The expression of MAP65

gene was then down-regulated, and the resultant decrease

in levels of MAP65 protein may be involved in the main-

tenance of longitudinal microtubule orientation. These

possibilities need to be examined in the future. Taken

together, present results suggest that changes in the protein

levels of MAP65 via modification of expression of MAP65

gene are one of the mechanisms for the regulation of ori-

entation of cortical microtubules.

We have analyzed expression profiles of a-and b-tubulin,

component of microtubules, and MAPs such as c-tubulin

complex proteins and katanin during reorientation of cortical

microtubules. Hypergravity, which induces reorientation of

cortical microtubules from transverse to longitudinal direc-

tions, increased the transcript levels of a-and b-tubulin genes

(Matsumoto et al. 2007). The transcript levels of genes

encoding c-tubulin complex, which is involved in the

nucleation of microtubules, were increased transiently under

hypergravity conditions (Soga et al. 2008). When cortical

microtubules were reoriented by hypergravity, the transcript

levels of katanin, microtubule-severing protein, also

increased transiently (Soga et al. 2009). ACC, which induces

reorientation of cortical microtubules from transverse to

longitudinal directions, also increased the transcript levels of

c-tubulin complex and katanin transiently (Soga et al. 2010).

In the present study, transcript levels of MAP65 gene

decreased during reorientation of cortical microtubules

(Figs. 1–8). These findings indicate that transcription of

genes encoding tubulin and MAPs is regulated dynamically

during reorientation of cortical microtubules. These results

also suggest that tubulin genes are inappropriate as a con-

stitutive standard in the study of gene expression, even

though they have been often used.

In seedlings treated with ACC, the immediate precursor

of ethylene, the production of ethylene is increased

resulting in induction of the ethylene responses. Therefore,

ACC is widely used in place of ethylene, although the

kinetics of the response to ACC is different from that to

ethylene (Zhang and Wen 2010). Effects of ethylene are

similar to those of hypergravity. Both ethylene (ACC) and

hypergravity suppressed elongation growth and promoted

lateral growth of azuki bean epicotyls (Soga et al. 2006,

2010). In addition, reorientation of cortical microtubules

from transverse to longitudinal directions was induced by

ACC and hypergravity (Figs. 3, 5, 7). Similar changes in

the transcript levels of MAPs such as MAP65, c-tubulin

complex and katanin were observed in ACC- and hyper-

gravity-treated seedlings (Figs. 4, 6, 8; Soga et al. 2008,

2009, 2010). Thus, ethylene might be involved in the signal

transduction of hypergravity-induced responses. However,

an ethylene-resistant mutant etr1-1 of Arabidopsis modi-

fied growth anisotropy in response to magnitude of gravi-

tational force as in wild-type plants (Soga et al. 2002).

These results suggest ethylene and hypergravity act inde-

pendently in reorientation of cortical microtubules.
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