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SUMMARY 

87 

Acid pH, like indole-3-acetic acid (IAA), induced a decrease in the mass
average molecular weight (MW) of xyloglucans in the hemicellulose fraction ' 
When it induced cell wall loosening and cell extension of epicotyl segments 
of light-grown Vigna angulari8 Ohwi et Ohashi cv. Takara seedlings. The 
effect of acid pH on the xyloglucan appeared without a lag period and the 
molecular weight decreased linearly with time in acidic pH solution. This 
effect of acid pH on the xyloglucan was completely reversed by subsequent 
treatment with neutral pH solution. These findings are consistent with the 
acid-growth theory of auxin action and provide further evidence that the 
decrease in the mass-average MW of the cell wall xyloglucans is involved in 
the critical process responsible for the auxin-induced cell extension growth. 

INTRODUCTION 

Auxin has been shown to induce changes in the mechanical properties 
of the cell wall, Le., cell wall loosening, and thereby induces cell extension 
growth in plant tissues [1,2]. To understand the chemical basis underlying 
the auxin-induced changes in the mechanical property of the cell wall, the 
turnover of and structural changes in hemicellulosic polysaccharides of the 
cell wall during auxin-induced wall loosening have been investigated [2,3] . 
Recently, we studied the effect of auxin on the MW ' distribution of cell 
wall xyloglucans and demonstrated that auxin induces a decrease in the 
average MW of cell wall xyloglucans [41. This line of evidence suggests that 

Abbreviations: lAA, indole-a-acetic acid; MW, molecular weight ; TOl minimum .tress 
relaxation time. 
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a decrease in the MW of xyloglucans is involved in the process responsible 
for cell wall loosening and therefore cell extension growth. 

To explain the mechanism of auxin action on cell extension growth, 
the acid-growth theory has been proposed [5-8]. This theory postulates 
that auxin activates hydrogen ion pumps in the plasma membrane to cause 
hydrogen ion secretion into the wall compartment 'and thereby acidifies 
the cell wall. The acidification of the cell wall, in tum, directly or indirectly 
causes cell wall modifications leading to cell wall loosening and therefore 
to cell extension growth [9]. If this theory is true, the treatment of plant 
tissues with acid pH should result in the same cell wall modification as 
that caused. by auxin application. We have now examined whether acid 
pH causes a decrease in the MW of the cell wall xyloglucans in azuki bean 
epicotyl segments and found that acid pH does cause a decrease in the MW 
of xyloglucans, similar to cell wall changes caused by auxin. 

MATERIALS AND METHODS 

Preparation of plant materials 
Seeds of azuki bean (Vigna angulariB Ohwi et Ohashi cv. Takara) were 

soaked overnight in running water at 25-30°C, then grown in moistened 
vermiculite under white fluorescent lamps (10 J m-2 S-I) at 25°C for 6 days. 
Plants with the epicotyl between 8 and 10 cm long were selected and 15-mm 
segments were excised from the epicotyls between 5 mm and 20 mm below 
the first leaves and kept in water. To facilitate the penetration of hydrogen 
ions into the tissue, the epidennis of the middle part of these excised 
segments was cut with three longitudinal slits (4 mm long) using a razor 
blade and kept in water for 2 h. The slit 15-mm segments were then cut to 
a length of 10 mm. 

Treatment with acid pH and auxin 
Groups of 100 slit 10-mm segments were incubated under white fluores

cent lamps (10 J m-2 S-I) at 25°C in a petri dish (10 mm in diameter) 
containing 20 ml of test solution. The test solution consisted of either 
10 mM K-citrate buffer at pH 6.5 (for control treatment), 10 mM K-citrate 
buffer at pH 4.0 (for acid pH treatment) or 10 mM K-citrate buffer with 
1(}4 M IAA at pH 6.5 (for auxin treatment). At the end of the incubation, 
we measured the segment length under a binocular microscope equipped· 
with a micrometer. Immediately after this measurement, the segments were 
killed by boiling in methanol for 5 min then stored in fresh methanol. 

Preparation of hemicellulose 
The preparation of cell wall material, extraction of hemicellulose and its 

gel penneation chromatography were carried out as previously described 
(4]. Methanol-boiled segments were homogenized in ice-cold water, washed 
successively with ice-cold water, acetone and a methanol/chloroform mix-



89 

ture (1: 1, v/v), and finally air-dried at 40°C [4]. The dried cell wall materia!: 
was treated with pancreatic a-amylase (10 units) at 37°C for 3 h to remove 
starch [4]. After the a-amylase treatment, the cell Will material was extracted 
four times with 20 mM ammonium oxalate-oxalic acid buffer solution 
(pH 4.0) at 70°C for 1 h each to remove pectic polysaccharides. 

After the pectin fraction had been removed, the residue was extracted 
three times with 24% KOH solution for 24 h at 25°C to obtain hemicellulose. 
The alkali extracts were combined and acidified with one-third volume of 
glacial acetic acid in an ice-c<?ld water bath, and then dialyzed overnight 
against pure water using Cellophane Tubing Seamless (18/32 inch, Union 
Carbide Co., U.S.A.). After trace amounts of impurity in the dialyzate were 
removed by centrifugation at 30 000 X g for 40 min, the dialyzate was 
lyophilized to obtain hemicellulose powder. 

Gel permeation chromatography 
The lyophilized powder of the hemicellulose (approx. 5 mg derived 

from 100 segments) was dissolved in 1 ml of 0.1 M NaOH solution. The 
insoluble impurity in the solution, if any, was removed by centrifugation 
at 1000 X g for 30 min. The supernatant was applied to a Sepharose CL-4B 
column (80 X 1.5 cm), which had been equilibrated with 0.1 M NaOH 
solution, and eluted with the same solution at a flow rate of approx. 15 ml/h 
(hydrostatic pressure: 55-60 cm). Fractions of 2.3 ml each were collected. 
The xyloglucan content in the eluate was determined by the iodine staining 
reaction [10] with a slight modification (4). 

Calculation of mass-average MW of xyiogiucans 
Mass-average MW of xyloglucans was estimated from their gel permeation 

chromatogram on the Sepharose CL-4B column using a calibration curve 
derived from authentic dextrans purchased from Pharmacia Fine Chemicals 
and Sigma Chemical Co., Ltd. The mass-average MW of the xyloglucan was 
estimated with the following formula: mass-average MW = 'E-Mjwj/'E-wj 
where w· is the xyloglucan content and Mj is the MW of the ith fraction 
estimated from the calibration curve derived from the authentic dextrans. 

Measurement of mechanical properties of the cell wall 
At the end of the incubation, the epidermis of the 10-mm segment was 

peeled off with forceps in three strips. The epidermal strips were immedi
ately boiled in methanol, rehydrated, treated with Pronase-P then stored 
in methanol [11]. The mechanical property of the epidermal strip was 
measured by stress relaxation analysis [11] . The epidermal strip was fixed 
between the upper and lower clamps (distance: 5 mm) of an Instron 
tensile-tester (Model TM-M). The specimen was then stretched by lowering 
the lower clamp (lowering rate: 20 mm/min). After the specimen had 
received an initial stress of 5 g, the lower clamp was stopped, and the 
relaxation process of the stress was automatically recorded for 5 s with a 
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Hitac 10-II minicomputer. The To-value of the wall specimen was estimated 
from the relaxation curve using the equation based on a Maxwell viscoelastic 
model according to the method developed by Yamamoto et al. [12]. 

RESULTS 

Epidermis-slit epicotyl segments were incubated in neutral buffer solution 
(pH 6.5), acidic buffer solution (pH 4.0) or neutral buffer solution contain
ing lAA. Table I shows that while neutral buffer treatment did not cause 
extension growth of the segments, acidic buffer treatment, as well as IAA 
treatment, induced extension growth. Stress relaxation analysis of the 
epidermal cell wall showed that both acidic buffer and IAA treatment 
caused a decrease in the To-value of the cell wall, indicating that both 
treatments caused cell wall loosening. 

To examine the MW distribution of xyloglucans in cell walls of segments 
which had been incubated in: (1) neutral buffer, (2) acidic buffer and (3) 
IAA solution, we extracted the hemicellulose fraction from each group. 
The hemicellulose was chromatographed on Sepharose CL-4B column and 
the xyloglucan content in the eluate was determined (Figs. 1 and 2). The 
data clearly showed that treatment with acid pH, as well as IAA, caused 
a shift of the MW distribution of the cell wall xyloglucans from higher 
to lower MW. To express numerically the xyloglucan MW, its mass-average 
MW was calculated from the gel chromatogram of the xyloglucans (see 
Materials and Methods). Table II indicates that both agents significantly 
decreased the average MW of xyloglucans in azuki bean cell walls. 

Next, we studied the kinetics of the acid pH-induced changes in the MW 
of xyloglucans. Figure 3 shows that acid pH caused a decrease in the mass
average MW of xyloglucans linearly with the treatment time to zero time, 
which suggests that acid pH rapidly caused the decrease in the MW. 

TABLE I 

EFFECT OF ACID pH AND AUXIN ON CELL ELONGATION AND THE 
MECHANICAL PROPERTY OF CELL WALLS 

Slit segments, 10 mm long, were incubated for 3 h in: (1) 10 mM K·citrate buffer at 
pH 6.5, (2) 10 mM K'citrate buffer at pH 4.0 or (3) 10 mM K'citrate buffer with 10- 4 M 
IAA at pH 6.5. At the end of the incubation, segment lengths were measured and the 
epidermis of the segments was peeled off with forceps, boiled in methanol then lubjected 
to streu relaxation analysis. Mean values with standard errors are shown. "'Significantly 
different from pH 6.5 treatment at the 0.1 % level (n = 20). 

Treatment Elongation To (ms) 
(mm) 

pH 6.5 0.02 ± 0.03 14.6:t 1.6 
pH 4.0 0.57 ± 0.06'" 6.5 ± 0.9'" 
pH 6.5 + IAA 1.60:t. 0.06'" 6.4:t 0.7'" 
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Figs. 1 and 2. Gel permeation chromatograms of the hemicellulose fraction on Sepharose 
CL-4B column. SHtsegmenta, 10 mmlong, were incubated for 3 h in: (1) K-citrate buffer at 
pli 6.5 (0--0), (2) K-citrate buffer at pH 4.0 (e_) or (3) K-citrate buffer contain
ing 10-' M lAA at pH 6.5 (.--.). After the incubation, the hemicellulose fraction was 
extracted from each group of .egments and chromatographed on the SepharOie CL-4B 
column and then the xyloglucan content in the eluate was determined by the iodine 
staining reaction, and expressed as percent of the total xyloglucans recovered in the 
whole eluate. 

TABLE II 
EFFECT OF ACID pH AND AUXIN ON MASS-AVERAGE MW OF XYLOGLUCANS 

Slitsegments, 10 mm long, were incubated for 3 h in: (1) 10 rnM K'citrate buffer at 
pli 6.5, (2) 10 mM K-citrate buffer at pH 4.0 or (3) 10 mM K-citrate buffer with 10-' M 
IAA at pH 6.5. After incubation, hemicellulose fraction was extracted and chroma to
graphed on Sepharose CL-4B column, and the mass-average MW was calculated. a and b 
are significantly different from each other at the 0.1 % level. n indicates the number of 
independent determinations. 

Treatment M8B8-average MW n 
(10' mean t S.E.) 

Initial 121 t 1.70 3 
pH 6.5 125 t 2.60 7 
pH 4.0 91 :!: 3.0b 3 
pH 6.5 + IAA 99:!:2.1 b 5 
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Fig. 3. Time course changes in the mau-average MW of xyloglucans during treatment 
with acid pH. Slit selMents, 10 mm long, were incubated in K-citrate buffer at pH 6.5 
(0 --0) or at pH 4.0 (.-_) for 1 -3 h. After the incubation, the hemicellulose 
fraction wu extracted from each group of segments and cbromatograpbed on Sepharose 
CL·4B column, then the m8BB-average MW was calculated. The arrow in the figure indi
cates the time when segments which had been treated with acidic buffer at pH 4.0 were 
transferred to the neutral buffer solution (pH 6.5). 

Figure 3 also shows that when the epicotyl segments were first treated 
with acid pH then transferred to neutral buffer solution, the effect of the 
acid pH was almost completely reversed by the subsequent 1-h treatment 
with neutral buffer solution. 

DISCUSSION 

What changes in cell wall structure are responsible for auxin-induced cell 
wall loosening and hence cell extension growth, remains controversial. 
Structural changes in xyloglucans may be involved in auxin-induced cell 
wall loosening [4,13--15]. This possibility was first suggested by the fact 
that auxin induced a release of water-soluble xyloglucans in pea epicotyl 
tissues [13--15]. Xyloglucans have been shown to be present both in 
monocots [16] and dicots [17,18] and comprise the largest part of the 
hemicellulosic fraction of dicot cell walls [19,20]. Our recent study using 
gel permeation chromatography showed that auxin induces a decrease in 
the mass-average MW of cell wall xyloglucans when it induces cell extension 
growth in azuki bean epicotyl segments [4]. The data presented here clearly 
show that acid pH mimics the auxin effect of decreasing the mass-average 
MW of xyloglucans. Thus, this finding offers evidence in favor of the acid 



growth theory; auxin induces acidification of cell walls and thereby causes 
a decrease in the mass-average MW of cell wall xyloglucans which leads to 
cell wall loosening and therefore cell extension growth. 

There are two possible explanations for the MW changes in xyloglucans. 
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One is breakage of glucosidic linkages in xyloglucan molecules (a chemical 
process). The second explanation postulates that xyloglucans exist as a 
complex composed of several xyloglucan molecules and possibly other 
polymers and that disaggregation of the complex by breaking of the physical 
interactions such as hydrogen bonding and entangling among the molecules, 
results in a decrease in the apparent MW of the xyloglucan complex (a 
physical process). The fact that the acid pH-induced decrease in the MW is 
rapidly reversed by the subsequent -treatment with neutral pH (Fig. 3) seems 
to favor the latter possibility, i.e., participation of physical processes. How
ever, the fact that the acid- and lAA-induced structural.changes in the azuki 
bean xyloglucan are resistant to exposure to 24% KOH solution is hard to 
explain by the physical process hypothesis and supports the participation 
of breakage of glucosidic linkages in xyloglucans. If splitting and jointing 
of polysaccharide molecules alternate in the metabolism of wall polysac
charides, the rapid reversible changes in the MW may be explained by the 
chemical process. Furthermore, in pea epicotyl segments, auxin and acid 
pH cause a release of water-soluble xyloglucans presumably due to degrada
tion of the cell wall xyloglucans [13-16,20,21). These facts favor the 
hYpothesis that breakage of glucosidiC linkages is involved in the MW changes 
in the cell wall xyloglucans. 

Recent work by Bates and Ray [22] has shown the occurrence of a pH-
dependent binding reaction between water-insoluble wall components 
(possibly including wall xyloglucans) and water-soluble polysaccharides 
composed of galactose, arabinose and uronic acid: the binding ability of the 
soluble polysaccharide to the cell wall components is high at pH 4.0, but 
is reduced at pH 7.0. The hemicellulose fraction that we used in the present 
experiment contained arabinogalactans, r:nannans and xylans in addition to 
xyloglucans [4]. Furthermore, we have shown that auxin induces a decrease 
in the amount of polysaccharides composed of galactose, arabinose and 
uronic acid [4] . This line of evidence seems to suggest the possibility that 
xyloglucans are linked to arabinogalactans and polyuronide and that at 
lower pH these linkages are split, producing smaller xyloglucan molecules. 
To examine this possibility, we tried to separate arabinogalactans and 
xyloglucans. We fractionated the hemicellulose fraction into HC-l and 
-2 fractions, which were obtained by subsequent extraction of the pectin
extracted cell wall with 4% and 24% KOH solutions, respectively. The 
HC-l fraction contained xylans and arabinogalactans, whereas HC-2 
contained mostly- xyloglucans and mannans and a minor amount of arabino
galactans. The HC-2 fraction prepared from ±lAA-treated segments was 
chromatographed on Sepharose CL-4B column. IAA still caused a decrease 
in the mass-average MW of the HC-2 fraction. This suggests that the MW 
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changes in the xyloglucan resulted from depolymerization of xyloglucan 
molecules rather than disassociation of linkages between xyloglucans and 
arabinogalactans. 

The present study provides further evidence in favor of our hypothesis 
that a decrease in the mass-average MW of cell wall xyloglucans play a 
critical role in the processes responsible for the auxin-induced cell wall 
loosening and cell extension growth. Elucidation of the mechanism of the 
MW change of xyloglucans should offer promising clues for complete under
standing of auxin-induced cell wall loosening and therefore cell extension 
growth. 
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