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Different Cell Wall Polysaccharides are Responsible for Gravity Resistance in the 
Upper and the Basal Regions of Azuki Bean Epicotyls
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Abstract  Effects of hypergravity on growth and the levels of cell wall polysaccharides were examined along 
epicotyls of dark-grown azuki bean (Vigna angularis Ohwi et Ohashi cv. Erimowase). Elongation growth occurred 
only in the upper regions, which was suppressed by hypergravity at 300 G. The fresh weight also increased in 
the upper regions, but hypergravity increased it only slightly in the basal regions. The thickness of epicotyls 
was increased clearly in the upper regions and slightly in the basal regions by hypergravity. The levels of pectin, 
hemicellulose-I, and hemicellulose-II per unit length of epicotyl were increased by hypergravity in the upper 
regions, but not in the basal ones. Also, the levels of xyloglucans were increased by hypergravity only in the 
upper regions. On the other hand, the levels of cellulose per unit length increased from the apical to the basal 
regions, and hypergravity further increased the levels in all regions. These results suggest that cellulose, instead 
of xyloglucans, acts as anti-gravitational polysaccharides in the basal regions. Cellulose and xyloglucans may 
cooperate in resistance of whole stem organs to the gravitational force. 

Introduction
Plants have developed a capacity to resist the 

gravitational force for survival during evolution on 
land. Because the cell wall encloses the protoplasts and 
provides the cells with structural rigidity, it has been 
assumed that the cell wall plays an important role in plant 
resistance to gravity. Actually, hypergravity increased 
the cell wall rigidity in various stem organs (Hoson and 
Soga, 2003; Hoson et al., 2005). Under true microgravity 
conditions in space, the cell wall rigidity was decreased 
oppositely (Hoson et al., 2002; Soga et al., 2002). These 
results support the principal function of the cell wall in 
gravity resistance in plants.

The mechanical properties of the cell wall are 
determined by the chemical nature of cel l wall 
constituents. Hypergravity has been shown to increase 
the cell wall thickness in various materials. Hypergravity 
also caused a polymerizat ion of cer tain matr ix 
polysaccharides, such as xyloglucans in dicotyledonous 
plants and 1,3;1,4-β-glucans in monocotyledonous 
Gramineae plants (Hoson and Soga, 2003). In addition, 
hypergravity decreased xyloglucan-degrading activity in 
azuki bean epicotyls (Soga et al., 1999a) and Arabidopsis 
hypocotyls (Soga et al., 2001) and 1,3;1,4-β-glucanase 
activity in coleoptiles and mesocotyls of maize (Soga 

et al., 1999b). Thus, xyloglucans and 1,3;1,4-β-glucans 
a p p e a r t o a c t a s a n t i - g r a v i t a t i o n a l c e l l w a l l 
polysaccharides in stem organs (Hoson and Soga 2003; 
Hoson et al., 2005). The results obtained in space 
experiments support this hypothesis (Hoson et al., 
2002; Soga et al., 2002). However, the analysis of cell 
wall changes in response to altered gravity conditions 
has been limited to the growing regions, and the role 
of the cell wall in the basal supporting regions has not 
been clarified yet. In the present study, we examined 
the effects of hypergravity on growth and the levels of 
cell wall polysaccharides along epicotyls of dark-grown 
azuki bean.

Materials and Methods
Plant material and growth experiments

Seeds of azuki bean (Vigna angularis Ohwi et Ohashi 
cv. Erimowase) were soaked in running tap water at 
30˚C for 36 h, and they were allowed to germinate and 
grow on gauze spread on a plastic dish filled with water at 
25˚C in the dark. After 5 days, seedlings with an epicotyl 
with about 55 mm long were selected, and then the hook 
(5.5 mm) and the following five 10-mm regions (A to E 
from the top) in epicotyls were marked by India ink. The 
marked seedlings were exposed to basipetal hypergravity 
at 300 G with a centrifuge (H-28-F; Kokusan Co., Japan) 
for 6 h in the dark. After the incubation, the length of 
the marked regions was measured using a scale, and 
then excised. The fresh weight of the excised regions 
was measured using an electronic balance. The diameter 
(D) of the excised regions was calculated according to 
the following equation; D = 2√(fresh weight/length/π), 
assuming that the fresh weight reflects the volume of the 
excised segments. After the measurement, the segments 
were immediately boiled for 10 min in methanol and 
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then stored in fresh methanol until use. All manipulations 
were done under dim green light.
Fractionation of cell wall components

The methanol-fixed samples were rehydrated with 
deionized water, and the cell wall components were 
fractionated according to the method of Soga et al. 
(1999a). Rehydrated segments were homogenized in 
water with a mortar and a pestle, washed with water, 
acetone, a methanol : chloroform mixture (1 : 1, v/v), 
and ethanol. The cell wall material was then treated with 
2 units ml-1 porcine pancreatic α-amylase (EC 3.2.1.1; 
type I-A, Sigma, St. Louis, MO, USA) in 50 mM sodium 
acetate buffer (pH 6.5) at 37˚C for 3 h and then washed 
with deionized water. After the amylase treatment, pectic 
substances were extracted from the cell wall materials 
three times (15 min each) with 50 mM EDTA at 
95˚C. Then hemicellulose was successively extracted 
three times with 4% (w/v) KOH and 24% (w/v) KOH 
containing 0.02% NaBH4 at 25˚C. The fractions extracted 
with 4% and 24% KOH were designed as hemicellulose-I 
(HC-I) and hemicellulose-II (HC-II), respectively. HC-I 
and HC-II fractions were neutralized with acetic acid 
and then dialyzed against deionized water. The alkali-
insoluble fraction (cellulose fraction) was washed 
successively with 0.03 M acetic acid and ethanol, and 
then dried at 40˚C. The dried cellulose fraction was 
dissolved in 72% sulfuric acid for 1 h at 25˚C, and then 
diluted with a 29-fold volume of deionized water. The 
total sugar content in each fraction was determined by the 
phenol-sulfuric acid method (Dubois et al., 1956) using 
glucose as the standard. The amount of xyloglucans in 
the HC-II fraction was determined by the iodine-staining 
method (Kooiman, 1960).

Results and Discussion
In 5-day-old azuki bean epicotyls, elongation 

growth occurred only in the upper regions (hook, A, 
and B). Elongation growth of these regions for 6 h was 
suppressed by hypergravity at 300 G (Fig. 1). At 300 G, 
elongation of the upper regions was about 50% of the 
1 G control. The fresh weight of the upper regions also 
increased during 6 h incubation (Fig. 2). Hypergravity 
did not clearly affect the fresh weight of these regions. 
As a result, hypergravity caused significant lateral 
expansion of the upper regions, as shown by the increase 
in the thickness (diameter) (Fig. 3). On the other hand, 
in the basal regions (C, D, and E) elongation grown did 
not occur but the fresh weight and the thickness tended 
to slightly increase by hypergravity. Thus, the pattern 
of growth was clearly different between the upper three 
regions and the basal three ones in azuki bean epicotyls.

We examined the effects of hypergravity on the levels 
of cell wall polysaccharides along azuki bean epicotyls. 
The cell walls were fractionated into pectin, HC-I, HC-
II, and cellulose fractions, and polysaccharide levels 
in each fraction were measured. The levels of pectin, 
HC-I, or HC-II per unit length of epicotyl did not change 

during 6 h incubation (Fig. 4). Hypergravity significantly 
increased the levels of these matrix polysaccharides in 
the upper regions, but not in the basal ones. Xyloglucans 
are major constituents of HC-II and capable of cross-
linking cellulose microfibrils via hydrogen bonds to form 
the cell wall network. The levels of xyloglucans per unit 
length decreased from the apical to the basal regions 
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Fig. 1.  Effects of hypergravity on elongation growth of azuki 
bean epicotyls. Seedlings with an epicotyl with about 55 mm long 
were selected, and then the hook and the following five 10-mm 
regions (A to E from the top) in epicotyls were marked. The 
seedlings were then grown at 1 G or 300 G conditions for 6 h in 
the dark, and the length of the marked regions was measured. 
Data are means ± SE (n = 60).

Fig. 2.  Effects of hypergravity on the fresh weight of azuki bean 
epicotyls. Growth conditions are as shown in Fig. 1. Data are 
means ± SE (n = 60).
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(Table 1). Hypergravity tended to increase the levels of 
xyloglucans in the upper regions, but not in the basal 
ones. It has been shown that xyloglucans act as anti-
gravitational cell wall polysaccharides in dicotyledonous 
stem organs (Hoson and Soga, 2003; Hoson et al., 2005). 
The results obtained in the present study, however, 
suggest that xyloglucans do not always play a principal 

role in gravity resistance in the basal non-growing 
regions of stem organs.

The levels of cellulose per unit length of epicotyl 
increased clearly from the apical to the basal regions 
(Fig. 5). Also, hypergravity significantly increased the 
cellulose levels in all regions except for region C. Thus, 
cellulose, instead of xyloglucans, may be responsible 
for gravity resistance in the basal regions. Cellulose 
microfibrils are principal components determining the 
mechanical strength of the cell wall and may contribute 
to support the whole body weight in the basal regions 
against the gravitational force. Actually, the levels of 
cellulose were decreased under microgravity conditions 
in space (Cowles et al., 1984; Hoson et al., 2002; Soga 
et al., 2002). In the secondary cell wall, lignin formation 
was stimulated by hypergravity, suggesting that lignin 
also play a role in gravity resistance in the basal regions 
(Nakabayashi et al., 2006; Tamaoki et al., 2006). 

Fig. 3.  Effects of hypergravity on the diameter of azuki bean 
epicotyls. Growth conditions are as shown in Fig. 1. The 
diameter of each region was calculated with the length and the 
fresh weight, as described in Materials and Methods. Data are 
means ± SE (n = 60).
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F ig . 4 .  E f f ec t s o f hype rg rav i t y on l eve l s o f ma t r i x 
polysaccharides. Growth conditions are as shown in Fig. 1. The 
sugar contents in the pectin, hemicellulose-I, and hemicellulose-
II fractions were determined by the phenol-sulfuric acid method. 
Data are means ± SE (n = 3).

Table 1 Effects of hypergravity on xyloglucan levels in the 
hemicellulose-II fraction.

Region Xyloglucan content
Initial 1 G 300 G

Hook 2.9 3.3 4.1 (122)
A 4.8 4.2 5.2 (123)
B 4.5 3.8 4.6 (119)
C 4.0 4.2 4.1 (98)
D 4.2 3.6 4.0 (111)
E 4.0 3.5 3.6 (103)

Growth conditions are as shown in Fig. 1. The content of 
xyloglucans was determined by the iodine-staining method. 
Numbers in parentheses denote the ratio (%) of values of 300 G 
treatment to the 1 G control.
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Fig. 5.  Effects of hypergravity on cellulose levels. Growth 
conditions are as shown in Fig. 1. The sugar contents in the 
cellulose fraction were determined by the phenol-sulfuric acid 
method. Data are means ± SE (n = 3).
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Xyloglucans, cellulose, and lignin may closely cooperate 
in resistance of whole stem organs to the gravitational 
force. 

Recently, it was reported that modifications of 
xyloglucan metabolism in azuki bean epicotyls under 
hypergravity conditions were regulated by prompt 
and differential changes in expressions of xyloglucan 
endotransglucosylase/hydrolase (XTH) genes (Soga 
et al., 2007). Out of three XTH genes, the expression 
of only one gene, which is responsible for xyloglucan 
breakdown, was down-regulated by hypergravity. 
Thus, the metabolism of anti-gravitational cell wall 
polysaccharides may be regulated at the transcriptional 
level. The analysis of expression of cellulose synthase 
genes in basal stem regions under different gravity 
conditions may further clarify the mechanism of gravity 
resistance in plants.
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