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Abstract: Toxic symptoms of crop plant species to Al are widely studied. The most
dramatic symptom of Al toxicity is the inhibition of root elongation. As a matter, this
symptom long been used to know the Al-tolerance of plant species. But, there was some
scope to search proper concentration of Al during the study of Al-tolerance screening.
Objective of the present study was to recommend proper concentration of Al for maize
(Al-tolerant), soybean (intermediate Al-tolerant) and sorghum (Al-sensitive). Two
concentrations of Al (2.5 and 2 0 uM AICl;in 0.2 mM CaCl,) were used. For maize former
concentration (2.5 pM) was too light to inhibit root elongation (Al tolerance 60-77%) and
could not discriminate Al-tolerance among the cultivar whereas later concentration 20 uM
represents better illustration of tolerances (40-65%). Soybean was intermediate Al-tolerant
crop and both concentration of Al could be suggested for Al-tolerance screening of this crop
(40 to 79% for low Al and 17 to 65% for high Al). Sorghum was Al sensitive and high Al
concentration made so severe inhibition of root elongation to all cultivars that Al-tolerance
among the cultivars could not be differentiate well (Al tolerance 20-24%). On the other hand,
at low Al concentration Al-tolerance was in the range of 38-51%. All crop species showed
significant positive correlation (R? = 0.945%, 0.936** or 0.921** for sorghum, soybean and
maize, respectively) between the Al tolerance from 2.5 and from 20 uM Al. From these
results it could be suggested that treatment concentration for Al tolerance screening should
be conducted based on the Al tolerance level of each crop species.
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INTRODUCTION

Roots injured by high aluminum are become stubby and thick, dark colored, brittle, poorly
branched and rubberized with a reduced root length and volume (Nguyen ef af., 2001). Shoot is also
inhibited due to limiting supply of water and nutrients. Al toxicity caused Ca deficiency or reduced
Ca transport within the plant by curling or rolling of young leaves, inhibited growth of lateral branches
or a collapse of growing points or petioles. Young scedlings are affected more than older plants
(Thaworuwong and van Diest, 1974). The retardation of plant growth in acid soil occurs not only by
toxic elements but also by low pH. Moreover, low availability of muitrients such as Ca, Mg, K and Mo
are reported by several researchers in the naturally occurring acid soils. Visible symptoms of Al
toxicity include inhibition of root growth (Delhaize and Ryan, 1995), swelling of the root tip and/or
sloughing off the epidermis, plasma membrane depolarization, alteration of Ca® fluxes at the root-tip,
stimulation of callose deposition (Schreiner ef af., 1994; Zhang ef af., 1994) and induction of rigor
in the actin cytoskeleton (Grabski and Schindler, 1995). During the last decade considerable
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advances have been made in both techniques to assess the potentially toxic Al species in
environmental samples and knowledge about the mechanisms of Al toxicity and resistance in plants
(Poschenrieder ef af., 2008) but still remains unclear.

The major symptom of Al toxicity is a rapid inhibition of root growth (Zhang ez &f., 2007). Al
inhibits root cell expansion and elongation and if over the long term, cell division as well. Al can inhibit
cytoskeletal dynamics and interacts with both microtubules and actin filaments (Sivaguru ef af., 1999,
2003). This growth inhibition of root further cause reduced plant vigor and yield (Rengel, 1992,
Kochian et af., 2005). Toxicity symptoms of Al are sirmlar to nutrient deficiencies (Taylor, 1988)
though these general symptoms appear to be the consequence of inhibition of root development caused
by targeted action of Al at root tips (Ryan ef a/., 1993). In many reports, Al tolerance screening of
several crops species was done using same Al concentrations. For example, Wagatsuma et ef. (2005)
screened 18 crop plant species, cultivars and lines using same Al concentrations (20 uM AICl, in
0.2 mM CaCl,). On the other hand, several researchers used different concentration of Al for screening.
For example, Ishikawa and Wagatsuma (1998) studied Al tolerance with 5 uM Al for barlev, maize,
pea and rice cultivars. Ma ef af. (2005) screened Al tolerance of rice mutants 10 or 50 pM Al
Therefore, objective of the present study was to know whether unique concentration of Al enough for
screening of several crop plant differing Al tolerance as species.

MATERIALS AND METHODS

Seeds of maize (Zea mays 1..) cultivars were as follows: Royaldent-130, Golddent KD750,
Golddent KD417, Royaldent TH470, Goldent KD640, Golddent KD772, Golddent KD720 and
Royaldent THO58. Seeds of soybean (Glycine max L.) were as follows: Enrei, Kinshu, Bonodori,
Fukura-1, Okuharawase, Ejomishiki, Shinsetsu, Etigohami, Tanba, Mivagishirome, Ryokkou,
Miyoshiniki, Fukura-2, Yuagarimusume, Green-75, Sapporomidori, Hiden, Hokkaishirage, Ichiriki,
Hisui, Bonnishiki and Ryokuheki. Seeds of sorghum (Sorghum bicolor Moench (L)) were as follows:
Furitsu, Big sugar, Genki, Sudax-316, Gorudo, Kousyouka, Haiguren, Sanzyaku, Syito, Sudax GM,
Mairo, Ryokumyousorgu, Brown Toumitsu and Toumitu A. All the seeds were collected from the
Kanto Seed Co. Ltd., Japan and Takii Seed Co. Ltd., Japan. Seeds of maize and sorghum germinated
on a nylon screen floating on tap water with aeration. Tap water contains (mg L) 8.0 Ca, 2.92 mg,
1.95 K and minor quantity of other minerals (P, Fe, Mn, Zn and Cu). Room temperature was
maintained at 27°C with 0.6 Cd m? light intensity.

Seeds of sorghum and maize were soaked in tap water for 24 h. After washing with tap water,
seads were spread on nylon screen floating on 9 L of tap water for germination. When the roots of the
seedlings were about 4 cm, seedlings were pretreated with 0.2 mM CaCl, solution for 6 h. pH of the
pretreatment solution corresponds to the pH of the later stage of Al treatment solution. Before starting
the actual treatment, root length of each seedling was measured by a ruler. Then the seedlings were
subjected (Al treatment) or not-subjected (control) in 9 L. of solution containing 2.5 uM AlCI, (pH 5.0)
or 20 uM AICL, (pH 4.9) for 24 h. As the availability of most toxic form of Al {A1*") depends on the
solution pH (Koyama ef af., 1990), the pH of the culture medium was adjusted based on the added Al
on the solution. Root lengths were measured once more just after finishing the treatments.

Seeds of soybean were surface sterilized with 0.5% sodium hypochlorite and spread on
previously soaked (with 0.5 M CaSQ,) filter paper under dark. Before germination, CaSQ, solution
was sprayed once a day. Seedlings were transterred on a nylon screen on a container filled with 9 L of
tap water. After growing to proper root length (approx. 4 cm), pretreatment and treatment was carried
out in the same way as for sorghum and maize.

To determine the viability or normal growth of the soybean seedlings, the roots were treated with
0.2 mM CaCl, for 24 h at pH 4.9. Then the roots were stained with fluorescein diacetate-propidium



Am. J. Plant Physiol., 4 (1): 1-8, 2009

iodide (FDA-PT) (12.5 mg L= FDA, 5 mg L™! PI) for 15 min following the procedure of Khan et al.
(2008). The oot tips were observed by fluorescent microscope (SMZ-10, Nikon, Japan) equipped
with ultraviolet light (Nikon, Japan) (ex. 390 nm, ba 520 nm).

RESULTS AND DISCUSSION

Roots of maize were inhibited by the treatment of 2.5 and 20 uM AICI, (Fig. 1). Al tolerance was
highest in Royaldent THO85 in both treatment conditions. On the other hand, Al tolerance was least
in Royaldent 130 (40%) and Golddent KD750 (42%) in 20 uM Al. Except for these two cultivars,
all others (Golddent KD417, Royaldent TH470, Golddent KD640, Golddent KD772, Golddent
KD720 and Royaldent TH058) were in the same tolerant group based on treatment with 20 uM Al
(data ranged from 54-65%). Highest Al tolerance was observed in Royaldent THO85 in both treatment
conditions. Though there were some variations in the Al tolerances at 2.5 uM but these did not differ
significantly among the cultivars (Fig. 1).

Inlow Al concentration (2.5 uM Al), proper discrimination of the maize cultivars can not be done
(Fig. 1). The reason might be that this low Al concentration can not make enough stress condition as
average Al tolerance of maize is high. In this study it can be found that high Al (20 pM Al) make
greater inhibition than low Al in all maize cultivars. However, better discrimination could be
observed in high Al treatment conditions. Wagatsuma e @/. (2005) used this high Al concentration
(20 pM AICL,) deliberately for screening crops, cultivars or lines having wide variation.

Response of soybean cultivars to both Al treatment (low and high Al) conditions were almost
similar though greater variation were observed with 20 uM Al (Fig. 2). However, tendency of Al
tolerance were in the order of Ryokoheki, Bonnishiki>Hisui, Ichiriki>Hokkaishirage, Hiden,
Sapporomidori, Green-75, Yuagarimusume, Fukura-2>Miyagishirome, Tanba, Etigohani, Shinsetsu,
Ejonishiki, Okuharawase, Fulura- 1>Bonodori, Kinshu, Enrei.

However, wider range of Al tolerance was found in soybean for both high and low Al conditions
which led us to suggest that both kind of Al tolerance screening can be recommended for these crop
species (Fig. 2).
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Fig. 1. Al tolerance of maize cultivars for 24 hin 2.5 uM (B) and 20 uM (@) AlCl,. Al tolerance was
calculated as the ratio of net root elongation in Al to net root elongation in control. Data were
arranged based on Al tolerance in 20 uM. Values are MeantSE (n= 10). Values having same
letters are not significantly different at 5% level of significance
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Fig. 2. Al tolerance of soybean cultivars for 24 hin 2.5 pM (B) and 20 pM (@) AlICIl,. Al tolerance
was calculated as the ratio of net root elongation in Al to net root elongation in control. Values
are Mean+SE (n= 10). Values having same letters are not significantly different at 5% level
of significance

Presence of Ca in the external solution is essential to maintain intact PM which permits selective
ion uptake and prevents the solute leakage from the cytoplasm. The calcium requirement for optimum
growth in dicotyledons is higher than monocotyledons (Loneragan et af., 1968, 1969). For this reason,
carlier checking of soybean roots was needed whether these roots are getting permeabilized with the
same Ca concentration with maize or sorghum. Among the three crops, sorghum and maize were
monocotyledonous, however, soybean is dicotyledonous crop and therefore, the Ca requirement of
soybean is higher than sorghum and maize. In the present experiment, considering only the Ca source
in medium, 72 mg of Ca was equally supplied, i.e., 7.2 mg of Ca was supplied to each seedling in
10-seedling treatments, this is considered as the lowest Ca amount which can grow almost intact
seedling without Ca deficiency. In 20-seedlings treatment, Ca allocation from medium is calculated as
3.6 mg which is far lower than the limitation to induce Ca deficiency and therefore the red fluorescence
observed under UV light in root-tip portion is ascribed to Ca deficiency. After treating 2, 6 or 8
seedlings in each 9 L of 0.2 mM CaCl,, root-tips emitted green fluorescence under UV light (Fig. 3).
Although root-tips of the seedlings treated as 10-seedling treatment emitted whitish green fluorescence,
it can be considered as almost intact PM. On the other hand, root-tips emitted yellowish fluorescence
when 20-sesdlings were treated in the same 9 L of 0.2 mM CaCl, indicating that the root-tip cells
became partially permeabilized. Approximately 0.2 mm-apical portions of roots ermt reddish
fluorescence in 6, 8 or 10-seedling treatments; however, this may be ascribed to early drying while
taking picture. The red fluorescence of these three treatments (6, 8, 10 seedling) is clearly different
from that of the 20-seedling treatment condition. Tn 20-seedlings treatment, not only the root-tip but
also the proximal parts emit yellowish fluorescence.

Among sorghum cultivars, highest Al tolerance was observed for Tourmitu A in both high Al
(24.0%) and low Al (50.7%) conditions (Fig. 4). On the other hand, Furitsu was most Al sensitive
sorghum cultivar (19.5% for high Al and 37.5% for low Al). Al tolerance distribution of sorghum was
poorly distributed in high Al conditions (Fig. 4). In fact, almost no distribution could be recognized
in this stage. Sorghum could be suggested as highly Al-sensitive crop species, this high Al
concentration might be very lethal to the root and elongation of all the roots stops (almost) soon after
the treatment. On the other hand, Al tolerance was within a range to recogmize Al-tolerant and
-sensitive cultivars in low Al conditions.
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Fig. 3: Plasma membrane permeability in control treatment. Roots were washed with deionized water
and stained with fluorescein diacetate-propidium iodide (FDA-PI) for 15 min and observed
under UV light. Roots emitting green fluorescence are intact and that of red fluorescence are
permeabilized cells
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Fig. 4. Al tolerance of sorghum cultivars for 24 hin 2.5 pM (B) and 20 pM (@) AlICl,. Al tolerance
was calculated as the ratio of net root elongation in Al to net root elongation in control. Values
are Mean+SE (n= 10). Values having same letters are not significantly different at 5% level
of significance
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Fig. 5. Correlation between the screening conditions (Al concentrations) for maize (¢), soybean (©)
and sorghum (m). **Significant at 1% level of significance

Correlation between the Al tolerances among the low and high Al conditions for these three crop
species was significant i.e., R? = 0.954** 0.936** and 0.921** for sorghum, soybean and maize,
respectively (Fig. 5). This result suggest that there are little variation of Al tolerance (for high Al
conditions) within a crop cultivars in some cases, that can be extrapolate to other Al tolerance
(e.g., low Al conditions) and vice versa.

Since, uptake of Al into root as been reported to be very rapid usually within tens of mimutes and
the search for the primary sites for Al toxicity and tolerance of Al has so far been elusive, the use of
short-term screening techniques for differential Al tolerance, root elongation measurement has been the
most popular and has even been suggested to be used as a common method to know Al tolerance
(Horst, 1995) in spite of it’s inherent complexity (Rengel, 1996). The primary response to Al stress
in plants occurs in roots, as reduced elongation at the tip, followed by swelling and distortion of
differentiated cells (Wang ef af., 2006). Within meristematic and root cap cells, Al toxicity is associated
with an increased vacuolation and turnover of starch grains (de Lima and Copeland, 1994), as well as
disruption of dictyosomes and their secretory function (Bennet et al., 1985, Puthota ef af., 1991). Al
tolerance screening are conducted based on two major criteria i.2., root length measurement and staining
technique. The short-term Al tolerance screening techniques include the use of stains like Eriochrome
Cyanine R (Ma ef af., 1997), hematoxylin staining (Polle ef af., 1978 Anas and Yoshida, 2000, 2004),
FDA-PI staining (Koyama et al., 1995) and callose formation (Li ef af., 2000; Anas and Yoshida,
2002) has used for sorghum screening as rapid expression of Al tolerance. In this experiment root
length measurement was conducted as root length measurement is the most suitable approach
for genetic and molecular studies in which a precise quantitative response for Al stress is needed
(Wang et af., 2006). Ttis also suitable for identifying genotypes with superior alleles for Al tolerance
(Hede ez al., 2002). Ma ef al. (2000, 2005) screenad Al tolerance of rice using 50 uM AlCl,;. On the
other hand, Wagatsuma ef a/. (2005) screened Al tolerance using 20 uM AlCl,. There are references
having Al tolerance study with different Al concentrations. But no report treated suitability of Al
tolerance screening based on differential Al concentrations. Here we clarified that better Al tolerance
screening study could be conducted selecting Al concentration based on the Al-tolerance level of
specific crops. Here, two Al concentrations and 3 crop species (several cultivars from each crop) were
used to clanfy the role of Al concentration on suitable Al tolerance screening. In conclusion, it could
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be suggest that though Al tolerance are different in low and high Al concentrations, for sensitive crop
species, Al tolerance study should be done with low Al conditions. On the other hand, tolerance study
for Al-tolerant crop species should be done with higher Al concentrations.
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