
ORIGINAL ARTICLE

Aluminum effect on starch, soluble sugar, and phytohormone
in roots of Quercus serrata Thunb. seedlings

Ubuki Moriyama1 • Rie Tomioka1 • Mikiko Kojima2 • Hitoshi Sakakibara1,2 •

Chisato Takenaka1

Received: 4 November 2014 / Revised: 26 June 2015 / Accepted: 1 July 2015 / Published online: 22 July 2015

� Springer-Verlag Berlin Heidelberg 2015

Abstract

Key message Glucose was a key substance as an

energy source in the root growth promotion by Al, and

ABA may relate to metabolism involved with its

process.

Abstract Generally, excess aluminum (Al) ions in soil

solution are toxic to many cultivated plant species, but

beneficial effects of Al for plant growth have been repor-

ted. Previously, we reported stimulation of root growth and

nitrate reductase (NR) activity by Al. In this study, we

focused on sugars, such as sucrose, glucose, and fructose,

as energy sources and also signaling substances to regulate

root growth. To understand the mechanism of root growth

stimulation by Al, we investigated the change in concen-

tration of sugars and phytohormones, and the activity of

NR in roots using Quercus serrata seedlings. Ten-week-old

Q. serrata seedlings were hydroponically cultured with

nutrient solution containing 2.5 mM Al (pH 4.0) or

3.25 mM calcium (Ca) (pH 4.0) for 3 and 15 days. The

growth of first lateral root and NR activity was stimulated

for 3 and 15 days of Al treatment. The concentration of

starch and sucrose decreased, while the concentration of

glucose increased in the Al-treated roots. The concentration

of abscisic acid (ABA) in Al-treated roots increased

gradually throughout the experiment. From the present

study, the mechanism of root growth promotion by Al

involves a complex signaling network. We suggest that

glucose is a key substance as an energy source and a sig-

naling substance to promote root growth induced by Al and

ABA may relate to nitrogen (N) and carbon

(C) metabolism involved with the signaling network to

promote root growth induced by Al.

Keywords Sucrose � Glucose � Abscisic acid �
Aluminum � Quercus serrata

Introduction

Terrestrial plants survive and grow by absorbing a variety

of inorganic elements from the soil and using them for

physiological action for individual growth. For each ele-

ment and each plant species, there is an appropriate con-

centration range to maintain plant life and growth.

Aluminum (Al) is the most abundant metal in the earth’s

crust and is a component of primary and clay minerals.

This means that all terrestrial plants are living in envi-

ronments with Al present and are exposed to Al ions from

the soil solution. Al has not been recognized as an essential

element for plant growth. Excess Al ions in soil solution

are toxic to cultivated plant species at a soil pH of 5 or

lower and can be a critical factor in the growth of culti-

vated plants (Delhaize and Ryan 1995). Although excess

Al ions in soil solution can negatively affect plant growth,

there are reports showing the effectiveness of Al for

stimulating plant growth within a certain concentration

range. The beneficial effects of Al for trees have been

reported in Camellia sinensis (Tsuji et al. 1994), Melas-

toma malabathricum, Melastoma cajuputi, Acacia man-

gium (Watanabe et al. 1998), Eucalyptus mannifera (Huang
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and Bechelard 1993), Quercus acutissima (Oda and

Yamamoto 2002), and so on. Although less than the reports

of trees, there are some reports of growth increment by Al

in herbaceous plants, such as Arnica montana,

Deschampsia flexuosa (Pegtel 1987), and Zea mays (Lin-

don et al. 1998). Most research on plants showing benefi-

cial effect of Al have been focused on the mechanism of Al

torelance, but very few have approached the mechanism of

growth enhancement by Al. We have reported on the

beneficial effects of Al for tree seedling growth (Tomioka

et al. 2007; Tomioka and Takenaka 2007) and stimulation

of root growth (Tomioka et al. 2005, 2012) and have been

studying the mechanisms behind these effects using

Quercus serrata Thunb seedlings.

Quercus serrata is one of the typical deciduous broad-

leaved tree species in temperate forest of East Asia and can

grow on weak acidic soils such as around pH 4. The surface

soil properties of deciduous forest in central Japan is as

follow; soil pH ranges from 3.7 to 5.1, and water soluble

base cation (K, Ca, Mg) ranges from 14.3 to 927.0 lmol/

kg, and water soluble Al ranges from 0.1 to 4.7 mmol/kg

(Nishina et al. 2009).

It has not been evident that the forest is declined by soil

acidification in Japan, because the most of forest soil in

Japan are influenced by volcanic substances and have

thicker layer of soil and higher ability of acid neutralization

than the soil which advanced forest decline such in Europe

(Okazaki and Matui 1993). However, acid deposition has

been observed in Japan, it is important to establish the

diagnosis for condition of tree or forest ecosystem to pre-

vent sever forest decline by soil acidification. Therefore to

understand the mechanism of change in root metabolism

and action of root to rhizospheric Al will be an essential

knowledge for the forest management diagnosis.

We showed that root growth enhancement by Al was

related to stimulation of nitrate ion (NO3
-) uptake and an

increase in the number of lateral root primordia (Tomioka

et al. 2007). We also observed that development of the root

system induced by Al was related to increased nitrate

reductase (NR) activity and maintenance of indole-3-acetic

acid (IAA) concentrations in roots (Tomioka et al. 2012).

To further understand the mechanism of enhancement of

root growth induced by Al, we focused on carbon and

nitrogen as these are important elements in living organ-

isms. In actively growing tissue, energy is required to

support tissue growth. Metabolic energy in nonphotosyn-

thetic tissue is obtained mainly by respiration, and sucrose

and starch are the main substrates in plant tissue. Sucrose

and its cleavage products, glucose and fructose, are pivotal

molecules for metabolism and regulation of plant growth

and development (Smeekens 2000; León and Sheen 2003;

Gibson 2005). Påhlsson (1990) reported that starch and

total sugar contents in root and shoot were increased by Al

treatment for 31 days without growth reduction in Fagus

sylvatica. Graham (2002) reported that sucrose content in

roots of peach seedlings was increased by 8-week 1-mM Al

treatment, but glucose and fructose contents in those roots

were decreased. Although there are other reports about Al

effect on carbohydrate content in plants, relationship

between root growth stimulation by Al and change of

carbohydrate content in roots is still unclear. In Q. serrata,

we observed increase in number of lateral root primordia,

uptake of NO3
-, and activity of NR after 3 days Al treat-

ment started, but photosynthetic activity was not increased

by 3-day-Al treatment (Tomioka et al. 2007). So it is

considered that energy substrate may increase in roots

stimulated growth by Al due to rise of dissimilation of

accumulated energy source substance, such as starch and

sucrose in roots.

Amino acids, proteins, and nucleotides are important

organic nitrogen compounds found in living bodies. Gen-

erally, plant roots absorb NO3
- from the soil and assimilate

NO3
- into nitrogen compounds. The reduction of NO3

- to

nitrite ion (NO2
-) by NR is the first step in nitrogen

assimilation. Previous reports have identified a relationship

between NR activity and glucose (Aslam and Oaks 1975;

Bortel and Kaiser 1997). Nitrogen metabolism is closely

related to Al sensitivity/tolerance in various plant species

(Liu and Sukalovic 1998; Foy and Fleming 1982; Mihai-

lovic et al. 2015). In our previous study, NR activity and

NO3
- uptake were stimulated by Al treatment (Tomioka

et al. 2007). Therefore we think that NR activity is one of

the key factor related to root growth stimulation induced by

Al (Tomioka et al. 2012).

Regulation of growth and development in plants are

severely affected by phytohormones, such as auxin, cyto-

kinins, and abscisic acid (ABA). It is known that auxin and

cytokinin antagonistically act on meristem activity (Mou-

bayidin et al. 2009). A relationship between auxin and

cytokinin and nitrogen metabolism has also been reported

(Sahulka 1972; Mi et al. 2008). As described above, sugars

act as signaling compounds in the whole plant life cycle,

and sugar sensing and sugar-induced signal transductions

have been revealed to interact with phytohormones such as

IAA, cytokinins, ABA, and gibberellins (GA) by compre-

hensive genetic analysis (Smeekens 2000, Gibson 2005). In

root meristem of Arabidopsis, glucose regulates auxin

transporter and transcription factor of ABA-triggered pro-

cess expression (Yuan et al. 2014). Moreover, transcrip-

tome data shows that NO3
- uptake and subsequent process

to the absorption are closely related to hormone and carbon

signaling pathway (Ruffel et al. 2014). Although strong

interaction among metabolism of C and N, signaling

pathway of sugar, nitrogenous compounds and hormone,

and growth of plant are suggested, comprehensive under-

standing of mechanism of that has been unknown.
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The aim of this study is to understand the process of root

growth enhancement by Al, and we investigated how

energy source is supplied to support stimulation of NR

activity and root growth by Al. In addition, to understand

global signaling network (Fig. 1) which promote root

growth by Al, quantitative change of soluble sugars, phy-

tohormones by Al treatment were observed for the first

step.

Materials and methods

Plant materials and treatment

Seeds of Q. serrata were collected from a secondary forest

at Nagoya University, Japan. Seeds were germinated in

siliceous sand. After root germination, seedlings were

grown hydroponically in a modified version of the 1/10

Hoagland’s No. 2 nutrient solution, containing 0.6 mM

KNO3, 0.4 mM Ca(NO3)2�4H2O, 0.2 mM MgSO4�7H2O,

0.1 mM NH4H2PO4, 45.5 lM MnCl2�4H2O, 8.95 lM
FeCl3�6H2O, 0.4 lM ZnSO4�7H2O, 0.15 lM CuSO4�5H2-

O, 2.3 lM H3BO3, and 0.25 lM NaMoO4�2H2O, with

aeration (Tomioka et al. 2012), in a growth chamber at

23 �C with 65 % relative humidity, with a photoperiod of

14/10 h (day/night) and irradiation of 150 lmol m-2 s-1

for 10 weeks. The nutrient solution was changed once a

week and the pH of the solution was adjusted to 4.0 ± 0.1

with 1 N HCl and 1 N NaOH. The reason for setting

nutrient solution pH to 4.0 is that average soil pH of sec-

ondary forest in Tokai area in Japan is about 4.0 (Nishina

et al. 2009).

After 10 weeks of growth, the 100 seedlings of similar

size were used for experiment. As pre-treatment sample, 20

seedlings were sampled. The roots of 80 seedlings were

exposed to nutrient solution with 2.5 mM AlCl3 (pH 4.0) or

3.25 mM calcium chloride (CaCl2) (pH 4.0). The treatment

with 2.5 mM Al in cultured solution resulted in the maxi-

mum root biomass in Q. serrata seedlings (Tomioka et al.

2005). Ca was used as a control and its concentration was

equal in ionic strength to the Al treatment. The ionic strength

of nutrient solution affects plant growth and content of

inorganic and organic compounds in plant tissue (e.g., Abou-

Hadid, et al. 1996; Oh et al. 2014). Therefore it is important

to take into consideration of ionic strength of treatment

solution in investigation of plant physiological activity. We

chose Ca to adjust ionic strength, because NR activity of Q.

serrata seedling increased in both 1 hAl and Ca treatment in

our previous study (Tomioka et al. 2012). The culture

medium was replaced with fresh medium every 2 days.

Twenty seedlings in each treatment were randomly

sampled after 3 and 15 days treatment started. Right after

sampling, the image of whole root system was taken as

described below, and 5 cm from the tip of the taproot and

the whole tissue of the lateral roots, which have relatively

high physiological activity, were collected to use physio-

logical analysis as described below. These procedure were

carried under 4 �C. Some collected samples were freshly

Fig. 1 Hypothetical sketch of

global signaling network in

promotion of root growth

enhancement by Al in Q.

serrata. Broken line indicates

direct or indirect effect of Al on

a process. A double pointed

arrow indicates an interaction

between factors via some

signals or enzyme activity
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used to measure the NR activity, some were frozen in

liquid nitrogen and stored at -80 �C for analysis of phy-

tohormone, and some were dried at 80 �C for 48 h for

analysis of carbohydrates.

Root morphogenesis

The images of whole root system of seedling were taken

with the scanner and the lengths of the taproot and the 1st

lateral roots were measured by LIA 32 software (Ya-

mamoto 2000). The length of the 1st lateral roots was

values of the longest three of 1st lateral roots.

Assay of NR activity

To assay NR activity, about 0.5 g freshly prepared root

tissue which include lateral root and 5 cm from the tip of

the taproot were used, and enzyme fractions were prepared

as previously described (Tomioka et al. 2012). NR activity

was measured by a modified version of the method of

Hageman and Reed (1980) as follows. The reaction mix-

ture (1 mL) containing 23 mM K3PO4 (pH 7.5), 4.5 mM

KNO3, 9 lM flavin adenine dinucleotide, 69 lM nicoti-

namide adenine dinucleotide, and enzyme fraction was

incubated at 30 �C for 30 min in the dark. The reaction was

stopped by adding 0.1 mL of 0.5 M zinc acetate. The

mixture was then centrifuged at 5000 g for 5 min. An

aliquot (0.75 mL) of the supernatant was mixed with 16 lL
of 0.15 mM phenazine methosulfate and incubated at

25 �C for 20 min. Then, 0.5 mL of 1 % sulfanilamide (in

1.5 M HCl) and 0.5 mL of 0.02 % N-1-naphthyl

ethylenediamine dihydrochloride were added to the solu-

tion. After incubation at 25 �C for 20 min, absorbance of

the sample was measured at 540 nm using a spectropho-

tometer (model U-3310; Hitachi, Tokyo, Japan). NR

activity was calculated on a fresh weight (fw) basis.

Extraction and quantification of carboxylates

The dried root samples were used for carboxylates analysis.

Soluble sugars (sucrose, glucose, and fructose) were

extracted from 100 mg dried root sample which include

lateral root and 5 cm from the tip of the taproot. The sam-

ples were immersed in 80 % ethanol at 80 �C, homogenized

for 3 min, and shaken at 80 �C for 30 min. Mannitol was

added to the sample as an internal standard. Samples were

centrifuged at 2270 g for 15 min. The pellet was twice re-

extracted with 80 % ethanol, the three supernatants were

combined, and ethanol was evaporated using a freeze dryer

after freezing the sample at -80 �C. The residue was dis-

solved in ultrapure water and the sugars were purified

through a C18 column (Sep-pack C18; Waters, Mas-

sachusetts, U.S.A). The soluble sugar concentrations in

purified samples were determined using high-performance

liquid chromatography with a refractive index detector (RI-

201H, Shodex; Showa Denko, Tokyo, Japan) on a Pb-loa-

ded cation exchange column (SUGAR SP0810, Shodex;

Showa Denko) at 80 �C. Samples were eluted with ultra-

pure water at a flow rate of 0.8 mL min-1.

To determine starch content, the residue after soluble

sugar extraction was re-suspended in 0.5 M NaOH and

extracted at room temperature for 10 min. Then, 0.5 M

CH3COOH was added to the sample and samples were

centrifuged at 2270 g for 15 min. The pellet was re-ex-

tracted with the same procedure as described above. Two

supernatants were combined and the volume was fixed with

ultrapure water. Starch content was determined in terms of

glucose using the GOPOD method (Miwa et al. 1972) after

digestion with glucoamylase and a-amylase.

Extraction and quantification of phytohormones

The frozen root samples were used for phytohormones

analysis. Plant hormones such as IAA, cytokinins (N6-(D2-

isopentenyl)adenine (iP) and trans-zeatin (tZ)), and ABA in

about 0.5 g root tissues which include lateral root and 5 cm

from the tip of the taproot were extracted and quantified

using a liquid chromatography-tandem mass chromatogra-

phy system (AQUITY UPLC System/Quattro Ultima Pt;

Waters), as described previously (Kojima et al. 2009).

Results

The length of the taproot was not different between Al and

Ca treatments throughout the experimental period. The

length of the 1st lateral root in the Al treatment was sig-

nificantly longer than that of Ca-treated roots for both 3 and

15 days (p\ 0.01 and 0.05, respectively) (Table 1).

NR activity of Al-treated roots increased gradually

throughout the experimental period. The NR activity of Ca-

treated roots slightly decreased from the pre-treatment to

3 days post-treatment and did not become higher than the

pre-treatment even at 15 days (Fig. 2).

The concentrations of starch, sucrose, glucose, and

fructose in roots are presented in Fig. 3. The starch con-

centration in Al-treated roots decreased after 3 days and

slightly decreased in between 3 and 15 days. In contrast to

Al-treated roots, starch concentration increased in Ca-

treated roots after 3 days (Fig. 3a). Sucrose concentrations

in both Al- and Ca-treated roots decreased after 3 days, and

the amounts of sucrose were not significantly different

between treatments. After 15 days, the sucrose concentra-

tion in Ca-treated roots did not change from the concen-

tration at 3 days, but the concentration in Al-treated roots

slightly decreased (Fig. 3b). The glucose concentration in
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Al-treated roots increased throughout the experiment, but

in Ca-treated roots the glucose concentration decreased

after 3 and 15 days (Fig. 3c). The fructose concentration in

Al-treated roots was similar before treatment after 3 days

and slightly decreased after 15 days. In contrast to Al-

treated roots, the fructose concentration in Ca-treated roots

decreased after 3 days and stayed the same between 3 days

and 15 days (Fig. 3d).

The changes in phytohormone concentrations in roots

are shown in Fig. 4. The concentration of cytokinin in Al-

treated roots decreased after 3 days and returned to pre-

treatment levels after 15 days. The cytokinin concentration

in Ca-treated roots stayed the same level of pre-treatment

after 3 days and then decreased at 15 days (Fig. 4a). The

Table 1 The length of taproot

and first lateral root after 3 and

15 days treatment

Treatment period (days)

0 3 15

Taproots (cm) ?Al 20.8 ± 1.6 24.2 ± 1.7 34.4 ± 3.0

?Ca 21.9 ± 1.6 34.1 ± 2.7

1st lateral roots (cm) ?Al 3.7 ± 0.27 5.0 ± 0.40** 7.3 ± 0.81*

?Ca 3.3 ± 0.38 4.9 ± 0.60

Values are given as mean ± SE (n = 20 for Taproots and n = 60 for 1st lateral roots)

The length of the 1st lateral roots was values of the longest three of 1st lateral roots

The asterisks indicate a significant difference between ?Al and ?Ca at p values less than 0.05(*) and less

than 0.01(**) according to the t test

Fig. 2 NR activity in roots of Q. serrata treated with 2.5 mM AlCl3
or 3.25 mM CaCl2 in modified 1/10 Hogland’s No. 2 (pH 4.0).

Vertical bars represent the SE of the mean (n = 3). Asterisks indicate

significant differences between Al and Ca treatments (p\ 0.05)

according to the t test

Fig. 3 Concentration of

carbohydrates, starch (a),
sucrose (b), glucose (c), and
fructose (d) in roots of Q.

serrata treated with 2.5 mM

AlCl3 or 3.25 mM CaCl2 in

modified 1/10 Hogland’s No. 2

(pH 4.0). Vertical bars represent

the SE of the mean (n = 3).

Asterisks indicate significant

differences between Al and Ca

treatments (p\ 0.05) according

to the t test
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IAA concentrations increased in the roots of both treat-

ments after 3 and 15 days, but the changes over time and

the difference between Al and Ca treatments were not clear

(Fig. 4b). ABA concentration in Al-treated roots increased

gradually throughout the experiment. The ABA concen-

tration in Ca-treated roots increased after 3 days and did

not change between 3 and 15 days (Fig. 4c).

Discussion

In this study, 1st lateral root elongation was enhanced by

Al treatment after 3 and 15 days and the length of that was

significantly different to Ca-treated roots (Table 1). NR

activity gradually increased in Al-treated roots, but this

phenomena was not observed in Ca-treated roots (Fig. 2).

We previously reported on the increase in NO3
- uptake

from culture solution for 3–14 days of Al treatment and

the enhancement of growth and increased NR activity in

lateral roots by Al treatment for 7–14 days in 2-year-old

Q. serrata seedlings (Tomioka et al. 2007). We also

observed increased NR activity in roots treated with Al or Ca

for 1 h, suggesting increased NO3
- influx, caused by an

increase in positive charge on the cell membrane because of

absorption of Al3? or Ca2? (Tomioka et al. 2012). The

increased NR activity with Al treatment observed in this

study can be because of increased NO3
- uptake. The incre-

ment of NR activity with Ca treatment was not observed in

this study (Fig. 2). Although the increase of NR activity

with the enhancement of the NO3
- uptake was expected to

Ca-treated roots, that may not have occurred after 3 days of

treatment started. Enhancement of NO3
- uptake might have

occurred within a day or 2 days from the start of the treat-

ment in continuous Ca treatment also, but the ongoing

metabolic process might be different. The contents of starch,

glucose, fructose, cytokinins, and ABA were different

between Al and Ca treatments, as discussed below.

In general, sucrose is an energy source for living cells,

and sucrose and its cleavage products, glucose and fruc-

tose, are pivotal molecules for metabolism and regulation

of plant growth and development (Smeekens 2000; León

and Sheen 2003; Gibson 2005). To understand the mech-

anism of enhancement of root growth induced by Al, we

investigated the changes in concentrations of starch,

sucrose, glucose, and fructose as energy sources and as

regulators of plant growth and development. For Al-treated

roots, gradual decrease of starch and sucrose was observed,

on the other hand, the concentrations of glucose and the

NR activity increased after 3 and 15 days in this study

(Figs. 2, 3c). In Hordeum vulgare seedlings, increased

concentrations of reducing sugars, which included glucose,

fructose, and others, were observed after Al treatment at a

concentration that enhanced plant growth (Abdalla 2008).

Although we need to check the enzyme activity involving

with starch and sucrose hydrolysis, these results indicate

that hydrolysis of starch and sucrose may occur, production

of energy may be enhanced and stimulate growth of Al-

treated roots as result. The enhancement of NR activity by

exogenous glucose treatment was observed in cotton roots

(Radin 1974) and corn roots (Aslam and Oaks 1975).

Bortel and Kaiser (1997) suggested that NR synthesis

appeared to be dependent on sugar availability, based on

their experiment using H. vulgare roots and glucose. From

these results, activation of NR in roots by Al treatment may

be as a result of NR synthesis induction by glucose.

There are many reports on interactions between sugar

sensing/signaling systems and phytohormones such as

auxin, cytokinin, and ABA (Gazzarrini and McCourt 2001;

Rolland et al. 2002). In this study, a decrease in

sucrose concentrations was observed in roots treated with

both Al and Ca (Fig. 3b) and IAA concentrations in both

treatments increased over time (Fig. 4b). Interestingly, the

concentration of glucose increased in Al-treated roots

Fig. 4 Concentrations of phytohormones, cytokinin (iP ? tZ) (a),
IAA (b), and ABA (c) in roots of Q. serrata treated with 2.5 mM

AlCl3 or 3.25 mM CaCl2 in modified 1/10 Hogland’s No. 2 (pH 4.0).

Vertical bars represent the SE of the mean (n = 3). Asterisks indicate

significant differences between Al and Ca treatments (p\ 0.05)

according to the t test
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(Fig. 3c) in which growth enhancement was observed

(Table 1). In Ca-treated roots, the concentration of starch

increased (Fig. 3a) but the glucose and fructose concen-

trations decreased (Fig. 3b–d), and the root growth was

lower than for Al-treated seedlings (Table 1). It is impor-

tant to understand which factors are involved in these

differing responses to Al and Ca, given that both treatments

resulted in decreased sucrose concentration in the roots,

while the Al treatment enhanced NR activity/growth/glu-

cose concentration in roots and the Ca treatment promoted

accumulation of starch in roots.

Bhatia and Singh (2000) showed increased accumulation

of starch and activation of a-amylase in sorghum grains

when treated with 3 mM Ca in culture media. Further work

by Bhatia and Singh (2002) showed that IAA increased

starch synthesis but ABA decreased starch synthesis in

sorghum grains. In tobacco BY2 cells, the proliferation rate

of cells treated with auxin was higher than for those treated

with cytokinin, and accumulation of starch was only

observed for cells treated with cytokinin (Miyazawa et al.

1999). In the present study, the IAA concentration in Ca-

treated roots increased over time (Fig. 4b). The ABA con-

centration in Ca-treated roots slightly increased after 3 days

and did not change between 3 and 15 days (Fig. 4c). The

cytokinin concentration in Ca-treated roots gradually

decreased throughout the experiment (Fig. 4a). It is difficult

to explain the accumulation of starch in Ca-treated roots in

relation to the change in concentration of endogenous hor-

mones and N-metabolism from our study and previous

reports. Therefore further study is needed to understand the

process of starch accumulation by analysis of metabolic

activity, such as starch synthetase and amylase simultane-

ously with factors analyzed in this study. From the view-

point of relationship between nutrient acquisition and

expansion of root system, it is possible that Q. serrata

accumulates starch as an energy source rather than using

this for growth in this situation, when the Ca concentration

in the rhizosphere is sufficient for maintenance of life and is

not inhibitory to growth.

Mishra et al. (2009) suggested that glucose affected the

IAA biosynthetic gene family, transport protein, and

receptors. In this study, a clear relationship between glu-

cose and IAA concentration in Al-treated roots was not

observed, and the difference in IAA concentrations

between Al and Ca treatments was not clear. The glucose

concentrations observed in this study might not affect the

IAA concentration in roots. ABA is known as a stress

hormone and an inhibitor of growth, but the study by

Cheng et al. (2002) showed ABA was important for

cotyledon, leaf, root, stem, and silique development and

fertility. There are two types of enzymes (invertase and

sucrose synthase) that cleave sucrose. Sucrose cleavage

occurs by neutral invertase and sucrose synthase in the

cytoplasm and by acidic invertase in vacuoles or the cell

wall. Several studies have reported on the activity of

sucrose cleavage enzymes which regulates plant develop-

ment and is influenced by phytohormones, such as IAA,

ABA, and gibberellic acid (GA) (Rotisch and González

2004; Koch 2004). In young chicory roots, exogenous

ABA promoted NR activity and neutral invertase activity

but reduced acidic invertase activity and sugar contents

(Goupil et al. 1998). In maize roots, exogenous ABA

enhanced activity of acidic invertase in vacuoles, the

activity was correlated with ABA concentration, and the

contents of sucrose and hexose (glucose and fructose) were

increased at the time and at the concentration of maximum

invertase activity (Trouverie et al. 2004). In this study,

growth promotion, stimulation of NR activity, and an

apparent increase in glucose and ABA concentrations in

roots treated with Al were observed (Table 1; Figs. 3c, 4c).

The relationship between sugar and phytohormone con-

centration was not clear from 3-day-Al treatment in this

study; however, increase of ABA concentration might be

related to glucose concentration and NR activity in 15-day-

Al-treated roots. Our future subjects to understand the

process of root growth induced by Al in Q. serrata are

which invertases involve sucrose cleavage and how phy-

tohormones and sugar signaling interact in Al-treated roots.

In this study, we clarified that the stimulation of NR

activity in Al-treated roots were related to increase of

glucose and ABA concentration in roots. As a conclusion,

hypothetical sketch of promotion of root in Q. serrata is

suggested as following. Al3? bound to plasma membrane

and stimulation of NO3
- uptake occur. Then NR activity is

stimulated as a result of increase of NO3
- concentration in

cytoplasm. Direct or indirect effect of Al3? bound to

plasma membrane/cell wall results in change of phyto-

hormone concentration/balance in root and stimulation of

starch and sucrose hydrolysis. Then increase of glucose

concentration and high activity of NR in roots induce

proliferation and elongation of lateral roots.
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