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Reduction of Aluminum-inhibited Root Growth
of Rice Seedlings with Supplemental Calcium,

Magnesium and Organic Acids
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ABSTRACT

AlCl3 dissolved in half-strength Kimura B

nutrient solution was observed to be less effective

in inhibiting root growth of rice seedlings than

that dissolved in distilled water. Kimura B

nutrient solution is composed of inorganic salts

and citrate. Thus, we investigated the influence of

inorganic salts and organic acids on

AlCl3-inhibited root growth of rice seedlings. It

was observed that CaCl2, MgCl2, NaH2PO4, citrate,

malate, tartarate, and oxalate were able to reduce

AlCl3-inhibited root growth of rice seedlings.

Results suggest that the effect of CaCl2, MgCl2,

and organic acids on AlCl3-inhibited root growth

is mediated through reducing Al level in roots of

rice seedlings.

Key words: AlCl3,CaCl2, MgCl2, Organic acid, Rice,

Root growth.
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INTRODUCTION

Aluminum (Al) does not exert any known

function in plant metabolism and belongs to the

non-essential metals. Under neutral soil

conditions, it exists in the non-phytotoxic

insoluble form, whereas acidification of soil and

soil water below pH 4.5 dramatically enhances

release of the phytotoxic aluminum ion

(MacDonald and Martin 1988). Since acid soils

occupy up to 40% of world’s arable land (Kochian

1995), Al phytotoxicity may be considered as one

of the major limiting factors of crop productivity

in the world (Matsumoto 2000). The primary

effect of Al toxicity is the inhibition of root growth;

however, the mechanisms involved in this toxicity

are far from clear (Matsumoto 2000).

Calcium (Ca) plays important and crucial

roles in plant metabolism (Kauss 1987),

development (Helper and Wayne 1985) and signal

transduction (Sanders et al. 2002). The role of Ca

in Al toxicity has been extensively examined (Foy

1988, Rengel 1992, Rengel and Zhang 2003). Al
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Fig. 1. Effect of AlCl3 on the growth of roots and shoot

and the level of Al in roots and shoot of rice

seedlings. Two-day-old rice seedlings were

treated with AlCl3 (dissolved in distilled water,

pH 4.0) for 2 days. Values with the same letter

are not significantly different at P < 0.05,

according to Duncan’s multiple range test.

Fig. 2. Effect of AlCl3 and pH on root growth and Al

level in roots of rice seedlings. Two-day-old

rice seedlings were treated with 0.5 mM AlCl3
at pH 4.0 and 7.0 for 2 days. Values with the

same letter are not significantly different at P

< 0.05, according to Duncan’s multiple range

test.

When root growth of rice seedlings treated

with AlCl3 in distilled water was compared with

that in half-strength Kimura B solution, it was

observed that the former was more effective in

root growth inhibition and had higher Al level in

roots than the latter (Fig. 3A and Fig.4). However,

the medium pH of the treatment that AlCl3
dissolved in water was higher than that of AlCl3
dissolved in Kimura B solution (Fig. 3B). Thus,

medium pH cannot be used to explain the less

root growth inhibition of rice seedlings treated

with AlCl3 in Kimura B solution compared to that

treated with AlCl3 in distilled water.

Kimura B solution is composed of inorganic

salts, such as K+, Na+, Ca2+, Mg2+, Mn2+,

phosphorus, Fe2+, and H3BO3 (Chu and Lee 1989).

These inorganic salts may interfere with the

uptake of Al by rice roots. If this is indeed the case,

then inorganic salts are expected to reduce

Al-inhibited growth. Figures 5B, 5F, and 5G show

that CaCl2, MgCl2 and phosphorus were effective

in reducing root growth inhibition caused by

AlCl3 dissolved in H2O. However, KCl, NaCl,

Fig. 3. Effect of AlCl3 on root growth of rice seedlings

and medium pH. Two-day-old seedlings were

treated with AlCl3 dissolved in distilled water

(pH 4.0) or dissolved in nutrient solutions (pH

4.0) for 2 days. Nutrient solution represents

half-strength Kimura B solution. Asterisks

indicate values that are significantly different

at P < 0.05 level by Student’s t-test when

compare to AlCl3 in H2O.
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Fig. 4. Effect of AlCl3 on Al level in roots of rice

seedlings. Two-day-old seedlings were

treated with AlCl3 dissolved in distilled water

(0.5 mM, pH 4.0) or AlCl3 dissolved in

nutrient solution (0.5 mM, pH 4.0) for 2 days.

Nutrient solution represents half-strength

Kimura B solution. Values with the same

letter are not significantly different at P < 0.05,

according to Duncan’s multiple range test.

MnCl2, FeSO4, and H3BO3 had no effect on

Al-inhibited root growth of rice seedlings (Figs.

5A, 5C, 5D, 5E, and 5H).

Figure 6A shows that the increase in Al level

in roots caused by AlCl3 was reduced by CaCl2
and MgCl2. Ca level was observed to be higher in

roots treated with CaCl2 together with AlCl3
compared with roots treated with AlCl3 alone (Fig.

6B). Similarly, Mg level was higher in roots

treated with MgCl2 together with AlCl3 when

compared with AlCl3 alone (Fig. 6C). Compared

with water control, AlCl3 treatment did not

reduce Ca or Mg level in roots of rice seedlings

(Figs. 6B and 6C).

Since Kimura B solution is also composed of

citrate, thus we examined the effects of several

organic acids (such as acetate, succinate, malate,

oxalate, citrate, and tartarate) on growth

inhibition of roots caused by AlCl3 (Fig. 7). When

roots were treated with AlCl3 and these organic

acids, it was observed that malate, oxalate, citrate,

and tartarate were effective in reducing

Al-inhibited root growth (Figs. 7C, 7D, 7E, and

7F). However, acetate and succinate had no effect

on Al-inhibited root growth (Figs. 7A and 7B).

Figure 8 shows that citrate, malate, tartarate, and

oxalate were able to reduce the increase in Al

level in roots caused by AlCl3.

Fig. 5. Effect of KCl, NaCl, CaCl2, MgCl2, NaH2PO4,

FeSO4, and H3BO3 on Al-inhibited root growth

of rice seedlings. Two-day-old seedlings were

treated with various salts in the presence or

absence of AlCl3 (0.5 mM, pH 4.0) for 2 days.

Values with the same letter are not

significantly different at P < 0.05, according to

Duncan’s multiple range test.

DISCUSSION

In this study, we found that supplement of

CaCl2 and MgCl2 significantly ameliorate growth

inhibition of rice roots caused by AlCl3 (Figs. 5B

and 5F). These results are consistent with the

general contention that Ca2+ and Mg2+ are able to
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reduce the toxic effects of Al (Foy 1988, Rengle

1992, Rengle and Zhang 2003). AlCl3 treatment

results in an increase in Al level in roots of rice

seedlings (Figs. 1B, 2B, and 6A). This increase in

Al level could be reduced by the presence of

CaCl2 and MgCl2 in the medium solution (Fig. 6A).

Thus, the alleviative effect of Ca2+ or Mg2+ is

mostly likely attributable to Ca2+- or Mg2+-

reduced Al uptake of rice roots.

It has been shown that the symptoms of Al

toxicity resemble those of Ca2+ or Mg2+ deficiency

(Foy 1988). This does not seem to be the case in

the roots of rice seedlings, because AlCl3
treatment had no effect on Ca and Mg level (Figs.

6B and 6C).

Increasing the phosphorus supply has been

reported to exert certain roles in eliminating Al

toxicity (Foy 1988, Tan and Keltjens 1990a, 1990b).

We also observed that addition of NaH2PO4 was

able to reduce Al-inhibited root growth of rice

seedlings (Fig. 5G). Lenoble et al. (1996a, b)

demonstrated that supplemental B prevented Al

inhibition of root growth of alfalfa. However, we

were unable to show the alleviative effect of

H3BO3 on Al-inhibited growth of rice seedlings

(Fig. 5H). It appears that Al toxicity in rice roots

may not induce B deficiency. Although interactions

of Al with Fe, Mn, and K has previously been

reported (Foy 1988), we found no effect of FeSO4,

MnCl2, and KCl on Al-inhibited root growth of rice

seedlings (Figs. 5A, 5C, and 5D).

Organic acids are known to detoxify Al

toxicity (Ma 2000, Ma et al. 2001). Based on pure

solution experiments, Hue et al. (1986) classified

citrate, oxalate, and tartarate as strong Al

detoxifiers, malate and malonate as moderate Al

detoxifiers, and acetate and succinate were weak

Al detoxifiers. Here, among six organic acids

tested, we show that malate, citrate, and tartarate

were the most effective, and oxalate was

moderate effective in reducing Al-inhibited root

growth of rice seedlings (Figs. 7C, 7D, 7E, and 7F).

However, acetate and succinate were observed to

be ineffective in detoxify Al toxicity in rice

seedlings (Figs. 7A and 7B). Citrate, malate,

oxalate, and tartarate treatments significantly

reduced the increase of Al level in roots of rice

seedlings (Fig. 8). These results are consistent

with the general contention that organic acids

detoxify Al in root medium solution by chelating

Al (Ma 2000, Ma et al. 2001).

In conclusion, the presence of calcium,

magnesium, phosphorus, and citric acid in

Kimura B seems to be the reasons that AlCl3
dissolved in Kimura B solution is less effective in

inhibiting root growth of rice seedlings than AlCl3
dissolved in distilled water.

Fig. 6. Effect of AlCl3, CaCl2, and MgCl2 on the levels

of Al, Ca, and Mg in roots of rice seedlings.

Two-day-old seedlings were treated with

distilled water (pH 4.0), 0.5 mM AlCl3 (pH

4.0), 0.5 mM AlCl3 + 5mM CaCl2(pH 4.0) or 0.5

mM . AlCl3 + 5mM MaCl2 (pH 4.0) for 2 days.

Values with the same letter are not

significantly different at P < 0.05, according to

Duncan’s multiple range test.
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Fig. 7. Effect of organic acids on AlCl3-inhibited root growth of rice seedlings. Two-day-old seedlings were

treated with various organic acids (0.5 mM, pH 4.0) in the presence or absence of AlCl 3 (0.5 mM, pH 4.0)

for 2 days. Values with the same letter are not significantly different at P < 0.05, according to Duncan’s

multiple range test.
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Fig. 8. Effect of AlCl3 and organic acids on Al level in

roots of rice seedlings. Two-day-old seedlings

were treated with distilled water (pH 4.0), 0.5

mM AlCl3 (pH 4.0), 0.5 mM AlCl3 and 0.5 mM

organic acids (pH 4.0) for 2 days. Values with

the same letter are not significantly different

at P < 0.05, according to Duncan’s multiple

range test.
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