


Chapter 6

Clarification of lipid composition for Al tolerance
in other crop species

6.1 Introduction

As in rice, PM lipid composition has been clarified as one of the main Al tolerance
mechanism, I further tried to clarify whether that mechanism is unique for rice or not. I
selected sorghum, wheat, triticale, maize and soybean crops. Among the cultivars of the
selected crop species, OA exudation mechanism has already clarified for some cultivars.
For example, wheat OA exudation as Al tolerance mechanism has well reported (Sasaki
et al. 2004). In wheat and triticale, PM intact ness has been reported as main Al tolerance
mechanism (Wagatsuma et al. 2005a, b). Therefore, it was my intension to know whether
lipid composition confers Al tolerance to these crops as clarified in the previous chapter

for rice. Tolerance mechanism other than OA release need to be clarified yet.

6.2 Materials and methods
6.2.1 Selection of cultivars of the crop species

I chose tolerant and sensitive cultivars in these crop species. Al-tolerant and -sensitive
cultivars of sorghum (Kaneko as sensitive and Super Sugar as tolerant), soybean (Enrei
and sensitive and Ryokuheki as tolerant) and maize (Golddent KD850 as sensitive and
Golddent KD520 as tolerant) were selected based on Afrin et al. (2009) and those of
wheat, triticale and maize were selected based on Wagatsuma et al. (2005a, b). Al

tolerance of sorghum was based on the screening in 2.5uM AICl; in 0.2mM CaCl, for
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24h (pH 5.0). For all other crop species, Al tolerance was based on screening in 20uM

AlCl3 in 0.2mM CaCl, for 24h (pH 4.9).

6.2.2 Study on OA exudation

Seeds of soorghum, maize and soybean were germinated and precultured as described
previously. Five-day-old seedlings with similar root length (Scm) were pretreated in
0.2mM CaCl, (pH 4.9) for 5h (10 seedlings 300 mL! solution). Thereafter, roots were
treated with or without 20uM AICl; in 0.2mM CaCl, (pH 4.9) for 5h (300 mL" solution).
Both pretreatment and treatment was conducted under 25°C temperature, aeration and
constant light as described in Chapter 2. Exuded organic acids in the solution were then
measured by the enzyme cycling method (Kihara et al. 2003). Shortly, citrate and malate
were converted to lyase/citrate dehydrogenase and malate dehydrogenase/glutamate
oxaloacetate transaminase (Roche, Basel, Switzerland), respectively. The NAD" and
NADH were then measured according to the method described by Kato et al. (1973). This

experiment and measurement was replicated three times.

6.2.3 Study on PM permeability and Al accumulation

PM permeability of sorghum, soybean and maize has been studied after 24h treatment
in control and Al at pH 4.9. After washing the roots with deionized water, roots were
stained with FDA-PI for PM permeabilization study or with hematoxylin for Al

accumulation study. These study procedures has been described in Chapter 1.
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6.2.3 Root-tip collection, extraction and analysis

After control and Al treatment (20uM AICl; in 0.2mM CaCl, for 24h at pH 4.9), root
tips (0-10mm) were collected. After washing with deionized water and removing excess
water, roots were stored in freezer at -18°C before analysis. Extraction, purification and
measurement of phospholipids and A’-sterols were performed as described in the

previous chapter (Chapter- 5).

6.3 Results

Al tolerance of the representative cultivars of sorghum, wheat, triticale, rice, maize
and soybean has been presented in Fig. 6.1 based on the already reported data (shown in
caption). Al tolerance of the crop species was in order of maize>rice, soybean>triticale,
wheat>sorghum (Al tolerance of sorghum was expressed in 2.5uM AICl; at pH 5.0).
There was wide variation of Al tolerances among the cultivars of each crop species.

Citrate and malate exudation of sorghum, maize and soybean has been presented in
Fig. 6.2. Citrate was main organic acid exuded by the cultivars of these crop species. For
sorghum, citrate or malate exudation did not show any difference irrespective of Al-
tolerant and Al-sensitive cultivars in control or in Al treatment. For maize, greater citrate
exudation was observed for Al-tolerant Golddent KD520 in Al treatment indicating
involvement of citrate exudation for Al tolerance. Although malate exudation did not
correspond similar tendency to citrate but considering the greater exudation of citrate,
this malate exudation may have less impact. On the other hand, soybean showed almost
reverse tendency of OA exudation to Al-toelrance. Both citrate and malate exudation in

soybean followed almost siliar irrelevance to Al-tolerance.
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Fig. 6.1 Al tolerance of the representative cultivars of sorghum, wheat, triticale, rice
maize and soybean. Al treatment for sorghum was 2.5uM AICls, in all other cases Al
tolerance was in 20uM AICI;. Al tolerance of sorghum, maize and soybean based on
Afrin et al. (2009). Al tolerance of wheat, triticale were based on Wagatsuma et al. 2005
and Al tolerance of rice was based on Khan et al. (2009).
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Fig. 6.2. Citrate (A) and malate (B) exuded from sorghum, maize and soybean. Five-
day-old seedlings were treated for 5 h with or without Al in 0.2 mM CaCl; (pH 4.9)
following 5 h of pretreatment with 0.2 mM CaCl, (pH 4.9). Exudates were collected
during the 5 h treatment. Values are means + SE (n = 3). Bars having different letters
are significant at 5% level of significance within same crop species.
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PM permeabilization of sorghum, maize and soybean cultivars showed same intact
PM in control irrespective of their tolerance to Al (Fig. 6.2). On the other hand, in Al
treatment, only Al-sensitive cultivars or lines showed greater permeabilization which is
ascribed as the red fluorescence. Al accumulation in these cultivars were greater than
tolerant cultivars ascribed as brownish purple color (Fig. 6.3).

This tendency of greater PM permeabilization and Al accumulation in the sensitive
cultivars were similar to that in rice (Khan et al. 2008), wheat (Wagatsuma et al. 2005a)
and tricale (wagatsuma et al. 2005b) (Fig. 6.4).

Total phospholipid content was greater in the control of sensitive cultivars than that
of tolerant cultivars (Fig. 6.5). Except for Al-tolerant soybean cultivar, all the cultivars
and lines showed a general increase of phospholipids following Al treatment irrespective
of their Al tolerance. A slight decrease in phospholipids was observed for Al tolerant
Ryokoheki cultivar though this decrease was non-significant. Following the control, Al
treatment also showed a less phospholipids content in Al-tolerant cultivars or lines for all
the crop speciesexcept for soybean. However, tolerant soybean cultivar (Ryokuheki)
showed greater phospholipid content than sensitive and further showed decreasing
tendency while treated with Al (Fig. 6.5).

On the other hand, A’-sterol content showed wide variation among the crop species,
i.e., least was in Al treatment of Kaneko (sorghum) (0.8umol) and highest in control of
Rikuu-132 (rice) (2.86pmol) (Fig. 6.6). Within the same crop species, A’-sterol was
greater in control of Al-tolerant cultivars or lines except for soybean (Fig. 6.6). In Al

treatment, A’-sterol content decreased in all cultivars or lines except for sensitive maize
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cultivar (KD850) and soybean cultivars (both cultivars). In fact, tolerant soybean
cultivars showed an increasing tendency for A’-sterol in Al treatment than that in control.
As negatively changed phospholipids makes less tolerant PM and neutral A’-sterol makes
strong PM, to consider the influence on PM permeabilization of these two lipids, lipid
ratio (phospholipids/A°-sterol) was considered to be more influential. Though lipid ratio
within the crop species did not show any specific trend, but within the same crop species,
lipid ratio was greater for Al sensitive crop species except for soybean. Tolerant wheat
showed least lipid ratio whereas tolerant soybean showed highest lipid ratio (Fig. 6.7). In
Al treatment, lipid ratio showed increasing tendency except for soybean. In soybean lipid
ratio was greater in tolerant cultivar (Ryokuheki) than sensitive cultivar which further

showed decreasing tendency in Al treatment.

81


















6.4 Discussion

Among the crops studied in this experiment, greater permeabilization and Al
accumulation was observed in the sensitive cultivars or lines for all crop species (Fig.
6.2-6.3) which is ascribed to higher phospholipids (Fig. 6.4) content in sensitive cultivars
or lines. On the other hand, a neutral lipid, A’-sterol contribute greater intactness in the
PM which was greater in the tolerant cultivars (Fig. 6.5) and finally lipid ratio
(phospholipids/A°-sterol) was greater in control and in Al treatment for sensitive cultivars
than that of tolerant cultivars. This tendency follows the results shown in the previous
Chapter 5 where lipid ratio showed a significant correlation with Al tolerance in rice. In
Figs. 6.4-6.6., it could be observed that phospholipids, A’-sterol and lipid ratio are
independent among the crop plant species. On the other hand, results showed clear
tendency within the cultivars of same crop species. Suggested Al tolerance mechanisms

by the researchers among these crop species has been summarized in Table 6.1.

Table 6.1: Major Al tolerance mechanisms in crop species used in this study

Crop Al tolerance mechanism(s)

Sorghum : Less PL/A’-sterol (present study), citrate exudation (Magalhaes et
al. 2007)

Wheat : Less PL/A’-sterol (present study), malate exudation (Sasaki et al.
2004)

Triticale : Less PL/A’-sterol (present study)

Rice : Less PL/A’-sterol (present study), less pectin methyl esterase (Yang
et al. 2008)

Maize : Less PL/A’-sterol (present study), citrate exudation (Pifieros et al.
2002)

Soybean : Other than OA exudation (present study)
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Although OA exudation has been reported as one of the Al tolerance mechanism in
wheat, the present study clearly shows the significance of PM lipid composition for Al
tolerance. It could be possible that both Al tolerance mechanism (less PL/A’-sterol ratio
and greater OA exudation) is function simultaneously for wheat Al tolerance. In sorghum,
citrate or malate exudation did not show any relevance with Al tolerance among the
cultivars in this study (Fig. 6.2) rather it posses a mechanism of less lipid ratio for Al
tolerance. Although citrate exudation has been reported as Al tolerance mechanism
(Magalhaes et al. 2007), cultivars studied by Magalhaes et al. (2007) were different from
the present study. Moreover, sorghum cultivars in the present study were selected by
screening which were widely used in Japan and were highly susceptible to Al whereas
cultivars used by Magalhaes et al. (2007) were so strong against Al stress.

In triticale, till now, Al tolerance mechanism other than less phoshpolipid/ A’-sterol
ratio has not yet been proposed. In maize, greater citrate exudation (Fig. 6.2) as well as
less lipid ratio (PL/A’-sterol) may simultaneously acting for greater Al resistance. In
some other study, citrate exudation has been suggested as one Al tolerance mechanism in
maize, but Piiieros et al. (2005) reported a non relevance of OA exudation with Al
tolerance. They also studied some other possible Al tolerance mechanism in North
American and Colombian maize cultivars but could not draw any positive results for Al
tolerance. Considering all together, less lipid ratio would be primary mechanism for Al
tolerance and this would be first clear report to show Al tolerance mechanism in maize.

Soybean, however, showed different tendency to other crop species which were used
in the present study. Moreover it did not snow any correlation of Al tolerance with citrate

or malate exudation. Yang et al. (2001) showed that citrate exudation would be the Al

88



tolerance mechanism in soybean though cultivars studied in the present study were
different from those used by them. In my study, I could not confirm the Al tolerance
mechanism for soybean. In another study with other dicot leguminuous plant (pea) we
could find relationship of Al tolerance with less lipid ratio (PL/A’-sterol). Based on this
point, I can suggest the Al tolerance mechanism for soybean would be different even

from another leguminous plant (data not shown).
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Chapter 7

Long-term tolerance of rice in high Al and low ionic
strength conditions

7.1 Introduction
7.1.1 Extent, occurrences and characters of Acid soils

Soil acidity has long been considered as one of the major constraint for agricuitural
production. About 40% of world arable land consists of low pH condition (Kochian et al.
2005) and this area is increasing day by day. Causes of soil acidification are intensive
weathering (Oxisols, Ultisols, Andisols and Alfisols), acid sulfate soil (Inceptisols and
Entisols), parent materials poor in basic cations (Spodosol, Histosol and Entisol), acid
deposition, intensively managed row crop agriculture and pasture system (Sumner and
Noble 2003). Intensive weathering of parent materials is the major acid soil occurring
factor in the humid tropics, leaving higher amount of iron and aluminum oxides instead
of other nutrients (Sumner and Noble, 2003) e.g., Ferralosols, Acrisols, Andosols (FAO-
UNESCO soil classification). Therefore, these acid soils consist of high Al and low
nutrient as accompanying predicament. Beside this, other kinds of acid soils are occurred
due to parent materials poor in basic cations, acid sulfate in delta areas of the great rivers,
acid deposition through acid precipitation owing to fossil fuel combustion, acidified as a
consequence of agricultural practice especially due to ammoniacal N fertilization.
Though there are many acid soils but the extent of acidity and nutrient content or ionic
strength widely varied. Low nutrient is one of the major accompanying predicament in

naturally occurred acid soils with high concentration of Al.
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Rice is especially grown in the areas where Al toxicity and low nutrient stress
hampers rice production simultaneously. On the other hand, population increasing rate in
that rice growing region is very high. Rice is rather Al tolerant crop species. Till now we
do not know the primary stress factor reducing the rice yield. While simulating Al and
low nutrient stress syndrome in nutrient solutions, Wenzl et al. (2003) found that less-
adapted B. ruziziensis became more sensitive to Al toxicity as the level of nutrients in the
growth medium was reduced. Watanabe and Okada (2005) studied interactive effect of
Al and other cations in Indica and Japonica rice cultivars and suggested that the primary
mechanism of Al toxicity in rice changes depending on the ionic strength hence the
nutrient content where it is grown. Pintro and Taylor (2004) also pointed out that the
nutrient concentration should be considered carefully to simulate natural soil solutions

when screening for Al tolerance.

7.1.2 Interaction of Al ion with other ions in the growth media

High concentration of Al in high nutrient solution might be alleviated due to
physicochemical interactions between Al and other ions and formation of nontoxic
complexes with anions (e.g. OH", SO4%) and silicate ions (Blamey et al. 1991). Al can
inhibit uptake of particular nutrient element (e.g. P) by forming complex with nutrient
making unavailable form or by competing with cationic nutrient elements with higher
potentials or by blocking the cation channels. Not only the binding of Al with other
anions at low pH conditions but other metal ions like Cu, Cd showed interaction in the
medium and also promoted or inhibited Al accumulation depending on barley genotypes

(Guo et al. 2007). Moreover, Al ion activity is also regulated depending on the ionic
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strength of the medium. Given that addition of similar amount of Al to the different ionic
strength medium makes the different ionic activity of {Al}3 i

Given that among the monomeric Al ions {A1}** is the most toxic to plants which is
followed by other ions. Phosphorus deficiency has also been reported as a major yield

limiting factor in acid alfisols, oxisols, ultisols, and andepts (Clark 1984).

7.1.3 Primary growth limiting factor in tropical acid soil

Soil mineralogy is one of the major factors regulating the relationships between pH,
exchangeable and soluble Al, and for a given pH the amount of soluble Al may increase
three times with increase in clay content (Sierra et al. 2005). In spite of mimicking true
acid soil conditions in tropics, Al research typically carried out in nutrient conditions
higher than those typically found in acid soil solutions (Gillman and Bell 1978, Blamey
et al. 1991, Edmeades et al. 1985, Wenzl et al. 2003). Unfertilized soil solution of
Colombian Savannas acid soils are extremely poor in nutrients (<1.7mM) (Parker and
Norvell 1999) though experiments designed for low ionic strength nutrient solutions are
5.4-13.4mM (Gillman and Bell 1978, Edmeades et al. 1985). Actual Al toxicity in such
high nutrient hydroponic culture alters by building better rooting environment (Pintro and
Taylor 2004) and finally reduces the activity of métal ions in solution (Pintro et al. 1999).
Wenzl et al. (2003) reported that Al tolerance in low nutrient condition can only be
mimicked to actual acid soils for two tropical grasses, Brachiaria decumbens and B.
ruziziensis. Okada et al. (2003) reported that the relative yield of Al-sensitive varieties of
upland rice was correlated with the exchangeable Ca in highly weathered soils with low

cation exchange capacity suggesting that Ca has an important role for Al tolerance in acid
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soils. Many solution culture studies have used nutrient and Al concentrations which are
far from those found in the soil solutions of acid soils. Most studies have focused on the
effect of Al to plant adaptation (Foy 1992, Kinraide 1997). To my knowledge,
determination of primary factor for better crop production in acid soil not yet been carried
out except for Wenzl et al. (2003) for two Brachiaria spp. Therefore, clarification of
each stress condition is needed to differentiate Al toxicity with other stress factors

occurring in true acid soil.

7.1.4 New aspect of Al tolerance in tropical acid soils

Ionic strength of Savanas acid soil has been reported as low as <1.7mM (1.3-1.7mM
in general) which upon fertilization increased 5.4-13.4uM (Edmeades et al. 1985). This
ionic strength was far lower than the acid soils in Australia and New Zealand (Gillman
and Bell, 1978). It was imperative to know the actual situation of crop production in
actual acid soil. There are so many works on Al tolerance or Al toxicity which was
mainly carried out in nutrient medium. On the contrary, till now, very few researchers

focus on this aspect of Al tolerance in low nutrient medium.

7.1.5 Objectives

Tropical acid soil contains not only the toxic concentration of Al but low nutrient
availability is also a major factor to be considered. We do not know what is the primary
factor for these low nutrient acid soils and the regulating factor to tolerate both stress

simultaneously. Objectives of the present study were to know the primary stress factor
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among both stress conditions and to know the role of minerals to regulate combined

stress conditions.

7.2 Materials and Methods
7.2.1 Sources of seeds and reagents

The seeds of Indica type Bangladesh rice cultivars were collected from the
Bangladesh Rice Research Institute, Gazipur, Bangladesh. Seeds of Japonica cultivars
were collected from the Faculty of Agriculture, Yamagata University, Japan. Seeds of
Sasanishiki pedigree cultivars were collected from the Faculty of Agriculture, Yamagata
University, Japan; Shonai Branch Station, Yamagata Prefectural Agriculture Experiment
Station, Yamagata, Japan or National Institute of Agro-Environmental Science, Tsukuba,
Japan. All the chemicals were purchased from Wako Pure Chemical Industries Ltd.,

Japan unless otherwise stated.

7.2.2 Long-term tolerances for Al, low nutrient and combined stresses:

Seed germination and preculturing was carried out following Ofei-Manu et al. (2001).
Briefly, seeds preliminarily soaked 1 d were spread on nylon screen that was put on a
polypropylene container filled with 9 L of tap water under aeration at 27°C in cultivation
root and germination. Just after sprouting, seedlings were transferred to the glasshouse
for preculturing.

Seedlings were precultured for 5 days in a 40 L container filled with tap water under
aeration. The tap water was renewed every 2 days to prevent the nutrient deficiency.

Then the seedlings were transplanted in a piece of PVC tube supported by saffron. After
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transplanting, seedlings were cultured in 1/5™ full nutrient solution (composition of full
nutrient solution has been given hereafter) in the 40 L container. Full nutrient solution
composed of 2.86mM NH4NO;, 1.43mM NaNOs;, 0.26mM NaH,PO42H,0 (Kanto
Chemical Co., Inc., Japan), 0.77mM K,SO4, 2mM CaCl,-2H,0, 1.7mM MgSO47H,0
(Kanto Chemical Co., Inc., Japan), 36uM FeSO47H,0, 18uM MnSO45H,0, 37uM
H3BO; (Kanto Chemical Co., Inc., Japan), 3uM ZnCl,, 0.16pM CuSO45H,0, 0.05uM
(NH4)Mo070,44H,0. Four treatments were applied as follows: 1) Control (adequate
nutrient, AN; pH 5.2); 2) Al in AN (after filtration with a membrane filter having pore
size of 0.45um soluble ionic Al ranged from 48uM to 37uM and soluble P ranged from
6.1 to 5.2; pH 4.3); 3) low nutrient (LN) (1/5™ concentration of nutrients used for AN; pH
5.2) and 4) Al in LN (after filtration with a membrane filter having pore size of 0.2um
soluble ionic Al ranged from 45uM to 37uM and soluble P ranged from 6.1 to 4.0; pH
4.3).

In the Al treatments, the mean soluble ionic Al concentration of 42.6uM Al was |
obtained by mixing 370uM Al and 230uM P and allowing standing for 1 d. The soluble
ionic concentrations of Al and P were measured every day by inductively coupled plasma
atomic absorption spectrophotometer, ICP-AES (Liberty 220, Varian Australia Ptv. Ltd.,
Australia) and have been presented in Fig. 1A and B. If the soluble P concentration goes
below the asking level (0.2ppm) required amount of P was supplemented to the solution.
Ionic activity of Al in the solutions were calculated by computer program by Wada and
Seki (1984). The seedlings with 4 replications were treated for 5 wk under aeration with

daily pH maintenance and weekly renewal of the culture solutions. Seedlings were
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separated into shoots and roots after harvest, thoroughly washed, dried for 3 d at 70°C in

draft oven, and weighed.

7.2.3 Calculation of tolerances

The stress tolerances of the respective crops were calculated as % relative growth with

respect to the plant dry weight, i.e.

Dry weightin AN + AL N

% Al tolerance in AN = Dry weight in AN 100
%Al tolerance in LN = Dré:;ii?;ﬁ iII;I\{,LAI %100
% low nutrient tolerance= DDrrz z:::}}::llz /I;i x100

% Combined tolerance = Dry weight in LN + Al %100

Dry weight in AN

7.2.4 Analysis of minerals in the plant samples

Dry root and shoot samples were homogenized and 0.1 g of each samples were taken
for analysis. Wet ashing of samples were done by adding 4 ml of acid mixture
(HNO;3:60%HCIO,4 = 5:3, v/v) to the sample and heating. The ash was resolubilized with
1 M HCI followed by deionized water with repetitions and filtered. Measurement of P, K,
Ca, Mg, Fe, Mn and Al concentration in the sample was carried out by inductively
coupled plasma atomic absorption spectrophotometer (ICP-AES, Liberty 220, Varian
Australia Pvt. Ltd., Australia).

Calcium translocation capability was calculated as below-
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Ca conc. in shoot
Ca conc.1n root

Ca translocation capability =

7.3 Results

Average Al tolerance in short-term single nutrient solution of all the cultivars was
43.3% (Fig. 7.3). Al tolerance was in the order of Rikuu-132, Kamenou>Sasanishiki,
BR41>>>Aikokuu, Rikuu-20, Domannaka, BR34. In long-term experiment the whole
plant average Al tolerance was 83% and 72% in AN and LN condition respectively (Fig
7.4 A, B). Al stress in both nutritional conditions decreased the plant growth, but tolerant
and sensitive cultivars maintained identical tendency i.e. whole plant Al tolerance in AN
was in the order of BR41, Sasanishiki>Rikuu-132, Kamenou>>> Domannaka>
Aikoku>Rikuu-20, BR34 and whole plant Al tolerance in LN was in the order of BR41 >
Rikuu-132, Sasanishiki> Domannaka > Kamenou >>> BR34, Rikuu-20>Aikoku (Fig.
7.4A, B).

Low nutrient tolerance was almost reverse condition to Al tolerances except for
Rikuu-132 (Fig 7.4C) and Al sensitive plants showed rather higher low nutrient
tolerances. In combined stress condition, i.e. combined tolerance did not followed any
trend and are in random order when compared with Al tolerance and low nutrient
tolerance. Further, the combined tolerance did not show any correlation with Al tolerance
or low nutrient conditions (Table 7.1). Short-term Al tolerance showed significant
positive relationship with Al tolerances in both nutrition (AN and LN) conditions (Table

7.1). Significant negative correlation (R’ = -0.884**) was observed between root Al
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concentration and Al tolerance in LN condition (Fig. 7.5A). On the other hand, root Al
concentration did not showed any relationship with combined tolerance (Fig. 7.5B).

Ca concentration in the shoot showed significant positive correlation with combined
tolerance of shoot (R* = 0.507*) indicating the Ca in the shoot playing the most important
role to ameliorate or minimize the combined stress condition (Fig. 7.6). However,
without combined stress condition this Ca did play his enthusiastic role (Fig. 7.6).

Typical cultivars were isolated from the results obtained in this experiment.. It could
be found that Rikuu-132 is tolerant to high Al and combined stress condition. BR34 was
most sensitive to Al but tolerant to low nutrient condition finally this greater tolerance to
low nutrient makes it high combined tolerant. On the other hand, Sasanishiki is tolerant to
high Al but sensitive to low nutrient stress which finally shows its lower tolerance to
combined stress condition. Considering low nutrient as the main regulating factor to
determine combined tolerance, Ca translocation capability was highest in Rikuu-132 for
low nutrient stress condition which was followed by BR34 (Fig. 7.7). Least Ca

translocation from root to shoot was observed in Sasanishiki.
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Fig. 7.2: Al ion activity in the culture solution. In short-term (24 h) added Al
concentration was 20uM. In long-term experiments added Al and P concentration was
370uM and 230uM respectively. AN, adequate nutrient; LN, low nutrient (added nutrient
concentration is 1/5™ of AN).
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Fig. 7.3: Short-term Al tolerance of the rice cultivars. Control treatment: 0.2mM CaCl, at
pH 4.9 for 24h. Al treatment: 20uM AICl; in 0.2mM CaCl, at pH 4.9 for 24h. Relative
net root elongation was used as Al tolerance. Dotted line indicates average Al tolerance
in all cultivars. Denser color indicate higher Al tolerance. Bar indicate +SE, n = 12.

102



100
280 |
@
< g
g 60 |
5 s
@ £
5 @
0 = 40
= 5
<« c
2
9 20
0
A: Al tolerance in AN (83% in average) C: Low nutrient tolerance (75% in average
100 100
I B D
80 | <80
= [
S e
(1]
§60 - E’ 60 |
g 8
40 | 40 |
= £
< re)
£
20 | 8 20 |
0 0
B: Al tolerance in LN (72% in average) D: Combined tolerance (59% in average)

Fig. 7.4: Relative tolerances in long-term (35 d) hydroponics culturing experiment. A. Al
tolerance in AN conditions, B. Al tolerance in LN conditions, C. Low nutrient tolerance
and D. Combined tolerance. Definitions of the tolerances were described in the chapter
Materials and Methods. Color of each column represents same cultivar as shown in Fig. 2.
Bar indicate +£SE, n=4
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Table 7.1: Correlations (r value) among each tolerance (whole plant)

Al Al Short-term Low Combined
tolerance tolerance Al nutrient tolerance
in AN in LN tolerance tolerance

Al tolerance in 1

AN

Al tolerance in 0.711* 1

LN

Short-term Al 0.884** 0.808* 1

tolerance

Low nutrient -0.638 -0.389 -0.609 1

tolerance ‘

Combined -0.449 -0.187 -0.300 0.605 1

tolerance

Table 7.2: Isolation of typical cultivars and it’s cause

Rikuu-132 : Al tolerant and combined tolerant

Sasanishiki : Al tolerant but combined sensitive due to
high sensitivity to low nutrient stress

BR34 : Al sensitive but combined tolerance due to
high tolerance to low nutrient stress
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7.4 Discussion

Ionic strength of Savanas acid soil has been reported as low as <1.7mM (1.3-1.7mM
in general) whicﬁ upon fertilization increased 5.4-13.4pM (Edmeades et al. 1985). This
ionic strength was far lower than the acid soils in Australia and New Zealand (Gillman
and Bell, 1978). Watanabe and Okada (2005) also found less Al ion activity while
increased Ca concentration in the medium. In the present experiment, Al tolerance in LN
is lower than that was found in AN conditions. In this experiment, I used a solution
having ionic strength 4.5mM which mimicks Australian and New Zealand acid soil.

Al concentration in the root is significantly related with Al concentration in the roots.
Pineros et al. (2005) also found negative correlation Al tolerance with root Al
concentration in maize cultivars. Al tolerance did not show any relationship with
combined tolerance (Table 7.1). The mechanism for Al tolerance would be different from
the mechanism of tolerance in combined stress conditions. Plant physiological function
might differently response to these stress conditions. Combined tolerance did not show
any significant correlation with Al tolerance in LN (R% = 0.187) or low-nutrient tolerance
(R?* = 0.605) (Table 7.1). Although these Al tolerance and low-nutrient tolerance does
effect independently to combined tolerance but effect of low-nutrient tolerance is greater
than Al tolerance (0.605 >> 0.187). This result suggests that both factor, Al tolerance and
low-nutrient tolerance simultaneously interact with combined tolerance and contribution
of low-nutrient tolerance is fur greater than that of Al tolerance for rice. Akhter et al.
(2008) also found similar greater contribution of low nutrient tolerance than Al tolerance

to combined tolerance while using
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In the present study, root Al content showed significant positive correlation with Al
tolerance (R* = 0.884**) (Figure 7.5A). Clear differential Al content was also found in
tolerant and sensitive group of cultivars. In AN nutrient condition Al tolerance increases
with the decrease in root Al connect which was also reported by several researchers
(Wagatsuma et al. 1991, Ofei-Manu et al. 2001, Pineros et al. 2005).

Although, Al tolerance is related mainly with the Al status in the plant in any nutrient
condition, in the present experiment while using only rice crop for Al tolerance study, Al
toxicity was not found as a main factor in combined condition (Figure 7.5B. For
combined tolerance, Ca status can be ascribed as the main factor for better rice growing
(Figure 7.7). Other coexisting factors may also have important relations. Ca also showed
significant relation positively with Mg and Fe in the shoot (data not shown).

As more important factor for plant growth in acid soils, shoot Ca content was found
to be ascribed fér combined tolerance (Figure 7.6). In the present study, it was observed
that Ca translocation from root to shoot was greater in reasonably in combined tolerant
cultivar (Rikuu-132) (Fig. 7.7). On the other hand, least Ca translocation was observed in
Al tolerant but combined sensitive Sasanishiki. Among the selected typical cultivars,
BR34 was Al sensitive but combined tolerant which shows intermediate type of Ca
translocation. The order of Ca translocation follows the same order of combined
tolerance but not the Al tolerance (Figs. 7.4 and 7.7). Further Ca showed significant
positive correlation with Mg and Fe content (data not shown) which indicate that uptake
of these two nutrients also regulated by uptake of Ca. Wenzl et al. (2003) found that in
the tropical sub humid savannas having highly weathered acid soil, the susceptible crop

plant growth is reduced not only for Al concentration, soil pH but also exchangeable Ca.
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Babourina et al. (2005) investigated potassium transport in the root elongation zone of
Arabidopsis seedlings and suggested that elevated external Ca activities can sustain K'
influx in the root elongation zone during Al exposure either by maintaining [Ca2+]cyt or
by affecting Al uptake across the plasma membrane. Nutrient uptake from the medium is
not the only mechanism for efficient growing in low fertile soil but utilization efficiency
of the uptaken nutrients which implies specific physiological mechanism is also

important (Rengel 2003, Sattelmacher et al. 1994).

7.5 Conclusion

Considering the complex stress condition of tropical acid soils, high Al and low-
nutrient would be the major growth limiting factors. For combined tolerance (tolerance to
high Al along with tolerance to low-nutrient), although both factor is contribution
simultaneously, low-nutrient tolerance is the primary regulating factor. This low-nutrient
tolerance is controlled by the Ca uptake and translocation from root to shoot. Further

consideration is needed to know the role of other nutrients for combined tolerance.
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Chapter 8

General Discussion

Al tolerance of Indica rice (from Bangladesh) cultivars were more widely distributed
than Japonica rice cultivars though Indica rice were more sensitive to Al than that of
Japonica rice cultivars (Fig. 2.1). Ma et al. (2005) also reported similar higher sensitivity
to Al for Indica rice cv. Kasalath than Japonica cv. Kushihikari. The sensitive cultivars
also showed greater Al accumulation (Fig. 2.2) and PM permeabilization (Fig. 2.3)
indicating higher negative site in the PM (greater Al accumulation) and finally PM
showed greater permeabilization. After higher accumulation of Al in the root-tip cells,
PM of the cells became permeabilized which is shown in permeability experiment by
FDA-PI staining (Figure 5). Higher zeta potential of the root-tip cells PM of sensitive
cultivars is liable to bind more Al on its surface (Wagatsuma et al. 1991) which intern
makes the PM permeable after making partial rigidification in the PM (Ishikawa and
Wagatsuma, 1998). Yermiyahu et al. (1997) and Ahn et al. (2004) also stated that the
differences in the magnitude of negative charges on the surface of the PM differentially
attract the positively charged Al ion and alters phospholipids profile.

In general, Al remains as hexahydrated form in aqueous medium. On the other hand,
phospholipids of the PM remain dispersed in the liquid crystal state and embedded
proteins which manifest maximal biological activity moves freely in this fluid phase
(Leshem et al. 1992). When negatively charged phosphate group of phospholipids comes
in contact of [Al(H,0)s]**, they bind together covalently (Caldwell 1989) all the water

molecules of hexahydrated Al and maximum water molecules of phosphate group (7-8
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molecules of water, Cevc 1982) dehydrated by Eigen mechanism (Ishikawa and
Wagatsuma 1998). This type of binding characteristics of phosphates and protein groups
of the PM have been reported by several researchers (Ahn et al. 2004, Chen et al. 1991,
Ishikawa et al. 1996, Ishikawa and Wagatsuma, 1998, Jones and Kochian 1997,
Wagatsuma et al. 1991). By dehydrating, dispersed phospholipid molecules in the normal
PM, loose it’s hydrated form as a result membrane in a liquid crystal state becomes rigid
and gel-like (Hauser and Phillips 1979, Chen et al. 1991, Leshem 1992). The packing
area becomes more hydrophobic after this dehydration (Ishikawa and Wagatsuma 1998).
This type of decrease in membrane fluidity was also reported for Thermoplasma
acidophilum for isolated and intact cell membranes (Vierstra and Haug 1978).

Among the cultivars presented in Fig. 2.1, Sasanishiki showed outstanding Al
tolerance. In the next stage, characterization of the mechanisms underlying variations in
Al tolerance between the tolerant cultivar Rikuu-132 and the sensitive cultivar Rikuu-20,
both of which are ancestor cultivars of the same Sasanishiki family line were studied (Fig.
3.1B). This rice cv. Sasanishiki was bred at Furukawa Agricultural Experiment Station,
Japan in 1963, cultivated vastly as one of the most famous and popular rice cultivar
especially in Tohoku district, north east area in Japan, in 1980°s—-1990’s. Ancestor
cultivars showed a wide range of Al tolerance (from 23 to 60%) (Fig. 3.1A), and
originated from Al-tolerant and -sensitive ancestors. The family tree suggests that greater
Al tolerance of Sasanishiki is considered to be originated basically from the most Ai—
tolerant Kamenoo (17) which was bred by a farming breeder in 1893. Based on the

results in Fig. 3.1B, I selected Kamenoo (17) and Rikuu-132 (18) as the most Al-tolerant
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cultivars and Rikuu-20 (2) and Aikoku (7) as the Al-sensitive cultivars with intimate
genetic connections for the later stage of more detailed experiments.

Differential PM permeabilities were found after 24h of Al treatment, i.e., less
permeabilization of PM in Al-tolerant cultivars Kamenoo (17) and Rikuu-132 (18) (Fig.
3.4). Differential Al accumulation were also found after 24h of Al treatment, i.e., less Al
accumulation in the former two Al- tolerant cultivars. Consequently, PM permeabilities
after 24h of Al treatment was consistent with those after 1h of Al treatment (Fig. 3.4). In
a study, Ofei-Manu et al. (2001) reported similar tendencies: less Al accumulation and
less PM permeabilization in Al-tolerant woody plant species also after short-term of Al
treatment. Ishikawa et al. (2001) reported less PM permeabilization in Al-tolerant
cultivars than that of Al-sensitive cultivars among five crops. Finally, it is obvious that
Al-tolerant plants and cultivars accumulate less Al and showed less PM permeabilization.

There are several expected mechanisms for Al tolerance. Among already reported
mechanisms for Al tolerance, OA exudation is most frequently reported (Kochian et al.
2004). Although OA excretion is considered as a major and widely applicable mechanism
for Al tolerance in many plant species, cultivars and lines, this did not explain the
variation in Al tolerance between Rikuu-20 and Rikuu-132. In this case, the sensitive
cultivar Rikuu-20 excreted more citrate than Rikuu-132, while no difference was
observed in malate excretion (Fig. 4.2). This suggests that other Al-tolerance mechanisms
may account for the difference in Al tolerance between these cultivars. Previous research
in rice has indicated that variations in Al tolerance are not associated with OA release
(Ishikawa et al. 2000, Ma et al. 2002, Yang et al. 2008). While studying OA exudation in

sorghum, maize and soybean, I identified that only maize citrate exudation may partially
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be explained for greater Al tolerance (Fig. 6.2). Although citrate exudation for maize also
been reported by some other researchers, Pineros et al. (2005) could not find any
correspondence of Al tolerance with citrate or malate exudation though they could not
suggest the actual mechanism.

To identify the main causes to induce less Al accumulation and less PM
permeabilization in Al-tolerant rice cultivars (Fig. 5.4 and 5.5), I investigated the
relationship between Al tolerance, PM permeabilization, Al accumulation and lipid
composition of root-tip portion as we have already noticed the significance of PM and
related characteristics in Al tolerance (Ishikawa and Wagatsuma 1998, Ofei-Manu et al.
2001, Ishikawa et al. 2001, Wagatsuma et al. 2005a, b).

While treatments with sterol metabolism inhibitors especially with uniconazole-P,
decreased Al tolerance predominantly of Al-tolerant Rikuu-132, but on the contrary,
there were no significant inhibitory effect for Al-sensitive Rikuu-20 (Fig. 5.10A).
Although we investigated using the selected two cultivars with both extreme Al
tolerances, similar results can be expected based on the similar responses of other two
cultivars with both extreme Al tolerances to sterol metabolism inhibitors (Fig. 5.10B). All
sterol metabolism inhibitors were found to induce also greater PM permeabilization and
Al accumulation only for Al-tolerant Rikuu-132 (Fig. 5.4, 5.5). Except for phospholipids
in Al treatment for Rikuu-132, A’-sterols were decreased and conversely phospholipids
were increased by all the treatments with Al, inhibitors and Al with inhibitors (Fig. 5.8).
However, the causes for the increase in phospholipids after inhibitor treatment was not
clear. To my knowledge, this is the first report to show the increase in phospholipids after

inhibitor treatment.

115



The sensitive cultivar Rikuu-20 had a greater proportion of phospholipids than the
tolerant cultivar Rikuu-132. This is one possible explanation for the difference in Al
tolerance (negative correlation between Al tolerance and lipid ratio, i.e., R*=0.667*, Fig.
5.9). Although I did not determine lipid composition in the isolated PMs, increased
permeability and Al accumulation in the root tip of Rikuu-132 suggested that PM lipids
might be modified as to increase the ratio of phospholipids. This possibility was further
supported by pharmaceutical characterization of Al tolerance in Rikuu-20, Rikuu-132,
and the parent cultivars Kamenoo and Kyoku, which suggested that membrane lipid
make-up contributed to higher Al tolerance in Rikuu-132 (Fig. 5.8). After inhibiting A’
sterols synthesis in the tolerant Rikuu-132, the relative ratio of phospholipids in root tip
membranes was increased (Fig. 5.9). The greater proportion of phospholipids in the
sensitive cultivar Rikuu-20 may enhance Al accumulation and PM permeability via a
complex mechanism. According to the Gouy-Chapmann-Stern model of Al rhizotoxicity,
a greater amount of phospholipids in Rikuu-20 could lead to increased Al concentration
at the PM surface than in Rikuu-132, due to the greater negative charge of the PM surface
created by phospholipids (Kinraide 1999). On the other hand, the Deljaguin-Landau-
Verway-Overbeek (DLVO) theory would predict that a greater amount of phospholipids
increases membrane leakiness in Rikuu-20, because the greater amount of packed Al-
phospholipids increases permeability of the membrane (Wagatsuma et al. 1995). This
could be the mechanism by which the sensitive cultivar Rikuu-20 accumulated more Al
than the tolerant cultivar Rikuu-132.

The differential response to inhibitors of A’-sterols synthesis in Rikuu-132 suggests

that an alternative model may explain differential Al tolerance. Both fenpropimorph and
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uniconazole-P enhanced Al sensitivity in Rikuu-132. However, these inhibitors inhibit
different enzymes in the A’-sterols synthesis pathway (Fig 5.2). Fenpropimorph inhibits
cycloeucalenol obtusifoliol isomerase (COI) as the primary target (Burden et al. 1987,
Grandmougin et al. 1989), while uniconazole-P inhibits obtusifoliol-14a-demethylase
(OBT 14DM) (Haughan et al. 1988; Rademacher 2000). As a result, each inhibitor
produces a different type of abnormal sterols. Fenpropimorph treatment produces 24-
methylpollinastanol, 24-dihydrocycloeucalenol, and cycloeucalenol, and uniconazole-P
treatment produces obtusifoliol, dihydroobtusifoliol, and 14a-methyl-A%-ergostenol.
Because these abnormal sterols have larger van der Waals volumes (Milon et al. 1989),
they may increase permeability of the PM (Dahl et al. 1980). Based on computer
modeling, abnormal sterols resulting from uniconazole-P have larger van der Waals
volume than those resulting from fenpropimorph (see Appendix S1 in Supplementary
material). This may account for greater negative impact of uniconazole-P on Al tolerance
of Rikuu-132.

In the present study, we identified the difference in membrane lipid compositions
between contrasting Al-tolerant and -sensitive rice cultivars. The sensitive cultivar’s PM
had a greater proportion of phospholipids compared to the tolerant cultivar, which may
account for Al tolerance in the tolerant cultivar. Our results suggest that the relative
amount of A’-sterols is an important factor in Al tolerance in some rice cultivars.
Although the difference between tolerant and sensitive cultivars was small, similar data
has been reported previously for wheat cultivars. That is, a lower phospholipids/A’-
sterols ratio in control root-tips was observed in the Al-tolerant cultivar (Zhang et al.

1996). In addition, Ryan et al. (2007) recently reported that genetically modified
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Arabidopsis thaliana with altered membrane lipids showed greater Al tolerance. In this
case, over expression of the As-sphingolipid desaturase altered the glucocerebroside side
chain, which may have reduced permeation of Al into the cytosol by stabilizing PM
during Al treatment. These results also suggest that PM lipid composition plays a
significant role in Al tolerance. Further research, such as comparison of PM lipid
composition among different plant species, may lead to greater understanding of the
significance of PM lipids in plant Al tolerance.

Fenpropimorph considerably decreases phytosterols with least van der Waals volume
(Milon et al. 1989), instead considerably increases in cycloeucalenol, 24-
dihydrocycloeucalenol and 24-methylpollinastanol with intermediate van der Waals
volume (Grandmougin et al. 1989). On the other hand, (2RS,3RS)-paclobutrazol and
uniconazole-P considerably decreases in phytosterols, instead considerably increases in
obtusifoliol, dihydroobtusifoliol and 14a-methyl-A®-ergostenol with greatest van der
Waals volume (Figs. 5.2 and 5.11). At least a part of the decrease in the summarized
amounts of A’-sterols and phospholipids as compared with those in control is considered
as the increase in abnormal sterols in PM after Al with inhibitor treatments (Fig. 5.4).
Abnormal sterols having 14a-methyl group such as obtusifoliol induces the greatest van
der Waals volume (Milon et al. 1989); this induces the greatest flexibility or permeability
(Dahl et al. 1980). Abnormal sterols having 14a-methyl group accompanied with a 9f,19-
cyclopropane ring such as cycloeucalenol induces the intermediate van der Waals
volume; this induces the intermediate flexibility or permeability (Schuler etAal. 1991,
Cerdon et al. 1996). Phytosterols without 14a-methyl group has the least van der Waals

volume; this induces the least flexibility or permeability of the membrane (Dahl et al.
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1980, Milon et al. 1989). Differences in Al tolerances after the treatments with
paclobutrazol and uniconazole-P in spite of same inhibitory target will be ascribed to the
complexity of their stereochemical structures which induce complicated side reactions
related to plant hormone (GA), sterols and other plant constituents (Burden et al. 1987,
Rahier and Taton 1997, Rademacher 2000).

Significant exponential negative correlation was observed between Al tolerance and
the molar ratio of phospholipids/A’-sterols (Y = 81.1¢ ¥ R? = 0.668*) (Fig. 5.9).
However, no significant relationship could be found between Al tolerance and
phospholipids (R* = 0.604™) or A’-sterols (R? = 0.548"%) (data not shown). From these
relationships, it is suggested that the simultaneous status of lipid composition with less
phospholipids together with greater A’-sterols is more effective for Al tolerance; the
former status will contribute to the less Al binding sites with lipid layers, and the latter
status will contribute to the less permeabilization of lipid layers. Even in control
treatment phospholipids/A°-sterols (0.41+£0.003) was less in Al-tolerant cultivar than that
of Al-sensitive cultivar (0.51£0.007). This tendency agreed with Zhang et al. (1996)
where phospholipids/A’-sterols of microsomes from root-tips of Al-tolerant wheat was
slightly less than that of Al-sensitive one. This indigenous lipid composition will also
beneficial for the less permeabilized membrane from the start of Al treatment.
Higher glucocerebrosides in Al-tolerant cultivar (Rikuu-132) and considerable decrease
in glucocerebrosides after treatment with Al+inhibitor also suggests the significance of
the glucocerebrosides in Al tolerance by HPTLC (Fig. 5.5). Although glucocerebrosides
with normal fatty acyl chain is reported to be able to contribute to the less

permeabilization and higher Al tolerance in Arabidopsis (Ryan et al. 2007), greater
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contribution of A’-sterols as compared with glucocerebrosides to the less
permeabilization is expected because of the greater occupation of A’-sterols within PM
relative to glucocerebrosides. Finally, we speculated as follows: after binding Al ions,
dispersed phospholipids molecules in the normal PM will be dehydrated and form a
partial packing area as a result of salting-out effect based on DLVO theory (Wagatsuma
et al. 1995). Less formation of packing prea after dehydration and greater A’-sterols will
induce less permeabilization which is more beneficial for greater Al tolerance. The
greatest adverse effects of uniconazole-P on PM permeability, Al accumulation and Al
tolerance (Figs. 5.4, 5.5 5.10) conclusively suggest OBT 14DM as a promising target for
future research on Al tolerance at least in rice. These findings was also supported by the
later stage of experiments where several crop species were analyzed for PM
permeabilization, Al accumulation and lipid analysis (Figs. 6.2-6.6). These results shows
that except for soybean, tolerant and sensitive cultivars or lines within the same crop
species showed similar tendency to tolerant and sensitive cultivars of rice, respectively.
The negative site of plasma membrane (PM) from root-tip portion binds aluminum
(Al) covalently. This negative charge originated from the phosphate groups of
phospholipids and carboxyl groups of the protein in the PM (Nagata and Melchers 1978).
Oka et al. (1988) estimated surface negativity of roots of Vigna mungo by using a basic
fluorescent dye, 9-amino acridine. By using b phosphorescence Caldwell (1989)
demonstrated that PM of Al sensitive what cultivar (Anza) binds Al with a higher affinity
than an Al tolerant cultivar (BH 1146). Wagatsuma and Akiba (1989) suggested that Al
tolerance increases with the increase of average zeta potential of root protoplast.

Wagatsuma et al. (1995) proposed a new technique (PCSM- positively charged silica
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microbed) to isolate Al-tolerant protoplast based on DLVO theory and suggested that the
areas of PM rich in negatively charged sites are specifically and preferentially susceptible
to Al-toxicity. Ishikawa et al (1996) studied comparative response to other trivalent metal
jons (e.g. Yb**, La*") to the root-tip cells differing in Al tolerance and suggested that Al
binds to the negative sites of PM with highest ionic potential and thereafter dehydrated.
Wagatsuma et al. (1991) demonstrated that Al tolerance of root-tip protoplasts can be
measured by using methylene blue which is a basic dye and can bind with the negative
sites of PM and exhibit a blue color and suggested that with the increase of Al-tolerance
blue color intensity increases indicating a low surface negativity in these protoplasts.

Phospholipids of PM is the primary site for Al toxicity (Takabatake and Shimmen
1997, Jones and Kochian, 1997). Yermiyahu et al. (1997) suggested that PM surface
negativity and Al sorptive capacity probably responsible for some of the sensitivity to
AP’ After binding with AP’" ions, dispersed phospholipid molecules in the normal PM,
loose it’s hydrated form as a result membrane in a liquid crystal state becomes rigid and
gel-like (Hauser and Phillips 1979, Chen et al. 1991, Leshem 1992). The packing area
becomes more hydrophobic after this dehydration (Ishikawa and Wagatsuma 1998). This
type of decrease in membrane fluidity was also reported for Thermoplasma acidophilum
for isolated and intact cell membranes using electron paramagnetic resonance
spectroscopy (Vierstra and Haug 1978).

Based on the above discussion, a schematic representation of Al-tolerant and Al-
sensitive PM of wheat and maize has been presented in Fig. 8.1. As wheat malate
exudation on same line has already clarified (Sasaki et al. 2004) and maize citrate

exudation was partly connected with Al tolerance, in this figure, PM lipid bilayer with
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less PM negativity, less permeability (due to greater amount of A’-sterols) as well as OA
exudation has been ascribed for higher Al-tolerance. Schematic representation for Al-
tolerance in sorghum, triticale and rice has been presented in Fig. 8.2. For these three
crop species, till now, only suggested Al tolerance mechanism is less PM negativity
(ascribed as less phospholipids) and less permeability (ascribed as greater amount of A’-
sterols) could be suggested as the mechanism of Al tolerance. Future model lipid layer
with greater Al tolerance has been represented schematically in Fig. 8.3. It can be
suggested that Al-tolerant PM contains greater OA transporter, less phospholipids/A°-
sterol ratio and greater sphingolipids (Z-isomer). These PM features may be regulated by
the genes which finally determines these special features. Even though I could not
suggest specific mechanism of Al tolerance for soybean, but it could be suggested that Al
tolerance mechanism in soybean is neither OA exudation nor less lipid ratio. Molecular
and genetic analysis is further needed to make crop plant with these special features

which confers Al-tolerance.
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In practical sense, tropical acid soils consists not only the toxic level of Al but there
are other major growth limiting factors like low nutrient. After investigation in a
combination of high Al and low-nutrient condition for long-term, it was also found that in
combined stress conditions (high Al and low-nutrient), both factors simultaneously affect
on the growth (Table 1).

In the present study, root Al content showed significant positive correlation with Al
tolerance (Figure 7.5A). Clear differential Al content was also found in tolerant and
sensitive group of cultivars. In AN nutrient condition Al tolerance increases with the
decrease in root Al connect which was also reported by several researchers (Wagatsuma
et al. 1991, Ofei-Manu et al. 2001, Pineros et al. 2005).

Although, Al tolerance is related mainly with the Al status in the plant in any nutrient
condition, in the present experiment while using only rice crop for Al tolerance study, Al
toxicity was not found as a main factor in LN condition (Figure 7.5B, Table 7.1). In other
words, contribution of low-nutrient tolerance is fur greater than that of Al tolerance. After
finding this truth, I searched the nutritional reasons for low-nutrient tolerance. I could
find that, low-nutrient tolerance is mainly controlled by Ca status in plant and can be
ascribed as the main factor for better rice growing (Figure 7.6). Other coexisting factors
may also have important relations. Further, Ca showed significant relation positively with
Mg and Fe in the shoot (data not shown) indicating greater influence of Ca for other
nutrient also.

As more important factor for plant growth in acid soils, shoot Ca content was found
to be ascribed for combined tolerance (Figure 7.6). Further Ca showed significant

positive correlation with Mg and Fe content (data not shown) which indicate that uptake
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of these two nutrients also regulated by uptake of Ca. Wenzl et al. (2003) found that in
the tropical sub humid savannas having highly weathered acid soil, the susceptible crop
plant growth is reduced not only for Al concentration, soil pH but also exchangeable Ca.
In the present study, it was observed that Ca translocation from root to shoot was greater
in reasonably in combined tolerant cultivar (Rikuu-132) (Fig. 7.7). On the other hand,
least Ca translocation was observed in Al tolerant but combined sensitive Sasanishiki.
Among the selected typical cultivars, BR34 was Al sensitive but combined tolerant which
shows intermediate type of Ca translocation. The order of Ca translocation follows the
same order of combined tolerance but not the Al tolerance (Figs. 7.4 and 7.7).

Based on the results, it was concluded that both factor, Al-tolerance and low-nutrient
tolerance should simultaneously be considered to solve acid soil problems in the tropics

but greater emphasis should be given to low-nutrient tolerance.
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Summary

Summary in English

Aluminum (Al) tolerance mechanisms have been reported by many researchers for
different crop plant species. Organic acid (OA) anion exudation has been clarified as
main Al-tolerance mechanism in wheat, maize, buckwheat, soybean and some other
crop plant species. On the other hand, it was also suggested that only one mechanism is
not enough to explain Al tolerance even in one crop plant species. Rice, one of the
primary crop plant species in the world, is famous for Al-tolerant crop plant species,
however its tolerance mechanism is almost unknown. In the first stage, Al tolerance
mechanism was investigated with special interest in plasma membrane (PM) lipid layer
using rice root-tips (1 c¢cm). Thereafter, Al tolerance mechanism for other crop plant

species was investigated whether the same tolerance mechanism is working or not.

In the first stage of experiments, investigations were carried out to determine the Al
tolerance mechanism in rice (Oryza sativa L.) using 23 Bangladeshi (/ndica) and 6
Japanese (Japonica) cultivars. Al tolerance was screened with 20 pM AICl; in 0.2 mM
CaCl, solution (pH 4.9) for 24h. Of the Bangladeshi cultivars, BRRIdhan41 and Rahmat
were found to be most Al-tolerant, and Moyna and BRRIdhan34 to be most Al-sensitive
cultivars. Of the Japanese cultivars, Sasanishiki and Domannaka were found to be both
extremes of tolerant and sensitive cultivars, respectively. Hematoxylin staining of root-
tip portions and root-tip sections from Al-tolerant cv. Sasanishiki and cv. BRRIdhan41,
and Al-sensitive cv. Domannaka and cv. BRRIdhan34 indicated that rice possesses an Al

exclusion mechanism. Staining with fluorescein diacetate-propidium iodide (FDA-PI)

129



indicated that PM permeability of Al-tolerant rice cultivars remains almost intact,
whereas even after 1-h Al treatment, the PM of sensitive rice cultivars becomes
permeable. These results suggest that PM permeability is the key factor in early stage of

Al tolerance of rice.

Among many rice cultivars ever screened, Sasanishiki was found to be one of the
most tolerant cultivar to high concentration of Al in medium. However, wide variation of
Al tolerance was found in almost all pedigree cultivars of Sasanishiki. I selected and
investigated further using mainly two cultivars with both extreme tolerances to high Al.
The cultivar Rikuu-20 was Al sensitive, whereas a closely related cultivar that is a
descendant of Rikuu-20, Rikuu-132, was Al tolerant. The sensitive cultivar Rikuu-20
showed increased permeability of PM within 1 h of Al treatment. Furthermore, greater Al
accumulation was observed in the root-tip portion of sensitive Rikuu-20. Differential Al
tolerance and Al uptake could not be explained by the difference in the release capability
of malate and citrate as sensitive cultivar secreted more malate and citrate than tolerant
cultivar even after Al treatment. Lipid composition of the PM differed between these
cultivars. Sensitive cultivar contains more phospholipids and less A’-sterols than tolerant
cultivars in control and Al treatment. In general, phospholipids content increased and A>-
sterols decreased after Al treatment compared to that in control irrespective of their Al
tolerance. After inclusion of sterol metabolism inhibitors with Al, greatest increase of
phospholipids was observed in the Al+uniconazole treatment for sensitive cultivar’s root-
tip compared to control and Al treatment. Conversely, greater decrease of A’-sterols was
observed in Al+uniconazole treatment for tolerant Rikuu-132. Also, the tolerant cultivar

Rikuu-132 had a lower ratio of phospholipids to A’-sterols than the sensitive cultivar
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Rikuu-20, suggesting that the PM of Rikuu-132 is less negatively charged and less
permeabilized than that of Rikuu-20. I used inhibitors of A’-sterol synthesis
(uniconazole-P, an inhibitor of obtusifoliol-14a-demethylase [OBT 14DM], and
fenpropimorph, an inhibitor of cycloeucalenol obtusifoliol isomerase) to lower the
content of A’-sterols in both cultivar. Rikuu-132 showed a similar level of Al sensitivity
when the ratio of phospholipids to A’-sterols was increased to match that of Rikuu-20
after treatment with uniconazole-P. This inhibitor reduced Al tolerance in Rikuu-132 and
its Al-tolerant ancestor cultivars Kamenoo and Kyoku to the same level of Al tolerance
for Al-sensitive Rikuu-20 and Aikoku. Al tolerance was negatively correlated with the
ratio of phospholipids to A’-sterols in root-tip portions of both cultivars in the existence
of Al and inhibitors. This indicates that greater contribution of this lipid ratio as
phospholipids makes more sensitive (negative impact) and A’-sterols makes intact
(positive effect) on PM permeabilization which offers tolerance to Al. Differentially
induced permeabilizations could be discussed based on van der Waals conformational
differences in phytosterols (stigmasterol) and abnormal sterols (cycloeucalenol and
obtusifoliol) synthesized greater after the treatment with inhibitors. This is the first
investigation which suggests the significant roles of relative abundance of A’-sterols

within PM and of OBT 14DM in Al tolerance of rice.

In the second stage of experiments, further investigations were carried out using other
crop plant species to clarify whether the same Al tolerance mechanism is working or not.
I used the Al-tolerant and Al-sensitive cultivars or lines of sorghum (Super sugar and
Kaneko, respectively), wheat (ET8 and ESS8, respectively), triticale (ST22 and ST2,

respectively), maize (Golddent KD520 and Golddent KD500, respectively) and soybean
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(Enrei and Ryokuheki, respectively) for these experiments. Among the crop species
studied, only maize showed greater citrate exudation for Al-tolerant cultivar in Al
treatment. For wheat, malate exudation has been reported as one of the Al-tolerance
mechanism using same lines. As a matter, 1 could conclude that greater OA exudation is
partially connected with Al-tolerance for wheat and maize only. On the other hand,
greater Al accumulation and PM permeabilization were also observed in the Al-sensitive
cultivars of all the crop plant species studied. Greater A’-sterol and less phospholipids
content were also found in tolerant cultivars or lines for all the crop species except for
soybean, although this tendency did not show any trend among different crop plant
species. Additionally, it was observed that Al treatment increased phospholipids and
decreased A’-sterol for all the crop plant species. This result surely shows the existence of
the different mechanism for Al tolerance additionally to the mechanism on OA release
for maize and wheat. No exceptions have been observed yet in monocot plants on the

greater lipid ratio for Al-tolerance.

In practical sense, major growth limiting factors in tropical acid soils are not only the
toxic level of Al but also low nutrients. After investigation under the combination of high
Al and low-nutrient conditions in long-term, it was found that Al tolerance in full nutrient
condition is greater than that of low-nutrient conditions indicating simultaneous effect of
toxic Al and low-nutrient. Though Al concentration in roots can explain Al tolerance,
however, it can not explain combined tolerance (high Al and low nutrient tolerance) or
low nutrient tolerance. From the above results, it was suggested that contribution of low-
nutrient tolerance is greater than that of Al tolerance for rice. Transport capability of Ca

to shoots was suggested as an important component for low-nutrient tolerance in rice.
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In conclusion, I demonstrated for the first time the significant role of plasma membrane
lipid layer (especially, sterol molecule) in Al tolerance and suggested also the significant

role of transport capability for Ca to rice shoot in better growth on tropical acid soils.
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Summary in Japanese
L

TAI=0 L (Al THEEEIIE . 0D TEHERE STV D, FEBAHIZ= ¥, b
vEBAY, YN, FARREDHEMTOEELRA TR L SN TWD, LrLRKRb,
Al THEBREITE—TRVWZ L B> TS, A RIZEEFEHTHY . ALTHEREBE LT
bEATHDD, EOMEBRBIITATHS, €I T, ETRMA RE AV, RGNS

(PM) EERBIZIER LTA | TiHEdEL, S\ T, A RS OfEH TORIEOKE D5
FRELL,

NTTTYaDAXR2 3RBEREDA R 6MEDA 1 TiHEEZFTHE L, TORE, A
1 it 1: BRRIdhan41, Rhamat 23558 C, Moyna, BRRIdhan34 23588 CTH Y, BARDA X
TRV Y= FRRBT, EEARPITEF Th o, BRO~~ MY U Yuf L FDA-
PIEDEREHRN O, A | THERTEILA 1 SRS IGE L TRO b, 7z, PMEi@k
A TFETTHOHERLICKWIZ EBBA LN E R0 T,

Al THEDRNY Y = o X DIRT RO RRMEIZEE YT 5 1 8MEICEH L TA 1 itEz
FAE LR, RFERMMEELRD, TNODRNT, P2 0 51EFE LSRRI
XL, TOERDFHTHDHEI1 3 2H51FF LIMETH o7, Zh bmmMERIC S Ei
DA | T OFE O RFED L, REHODO ) v TEERs = BRI IIZESRD

LT, AHMBAHEETA I IMEEZRATE R o7,

WD Y CREE/A - AT r—)v (PL/S) HITA 1 iEREOREP 1 3 2 5T/hEh
o7, V=2F Y —)LPL, obutusifoliol-14 a -demethylase (OBT 14DM )? HEAITH Y . &
I3 HME LS EN TV 20 obutusifoliol 72 K D& BE A S, MARKERBDTH

HASOEEBPETFTXRAILENBERICHESTWD, £, 7z 7o E—7 11,
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cycloeucalenol obutusifoliol isomerase (COI) DHEFEHITH Y, [FIHRIT cycloeucalenol 72 & % 1Y
L, EFSEHOT, ZhbZo>ORERLET, BEF1 3 2 5REHROSERITETL,
G PLERIIEML, TORRPLSH, A1EEE, EFRAEOWTFNLLNERL, A

1 EIIE T Lc, 27 v — VAR ERM SRR EE T OA T o — LV EREZ KT &
BHZ LWL, BOATREMEZRD, TORERA 1 ORBEB~OFBAEEED, R
(Z abnormal A7 1 —/VEDEKIZ LV EOFZEELFHO LD, A1TMELETsES L
RS niz, A7 a—LERREARL Al OFRFLEOT — % ##HE LR, PLS &
Al THEORICADOHE B b, /o, V=3 F Y — LV PAETA | BZELETH
P2 0%, BEOA | MEMEIIELLZVDIIH L, Al MESETHIBORE, B,
PY = FOA | HEEIL, BEEREOMICE TIET Lz, UEDOKER, 4 RXDA | it
IZBITHPMHADAS-ZRTa—/L L OBT 14DM OEBERFEIMPRL S Nz, AFEIT, A
1 THPEIC BT DIRMMAEIEE D EERBERE T LIEEIIO LD TH D,

DI, ZOAFDOA | THHEBES OB THES LTV EO0ERE L, 3, A
1 itEOR® (T) . K (S) 2H oL@k, T72bb, YVI—TiEFhxR=a -
NAT Yy R A(T) ERA=N—=2af— (S) |, aALFTITET8(T) £ ESB). 71 a3 ALF
TIEST (2) &ST (22) . FUEuadTIRIKD5 20(T)XKD85 0(S)xAV
Teo ZTOREFR, A 1 MHERERIZE RO A | £/, BEEaE, PL/StkoRfEHZD
FIZ, A R EROBEMERD, LOBLRNDL, ¥4 AREE T, ZOBEORES 33
oo,

E#IC, BB TECHIREBE T COEMAT IR ER R L, EEOZ
NHBMEHBRICEEA 1 ERSOBEICEBRSEG DY, £ <01 XGEERIFAHR
L, £FRLENBSHERERE L, TORER, A 1 MMHEEY TH 51 2T, K&
MR EEE LV RESKZBEL, UL (Ca) OXFER~OEEIENNSHEMEFTZE

DREBRERTHDZ L BRET HREREHF,
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