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Effect of aluminum stress on mineral nutrition
in rice cultivars differing in aluminum sensitivity

Cristiane E. C. Macêdo1 & Veronique V. S. Jan2

ABSTRACT

The effects of aluminum (Al) stress on ion concentration and distribution were investigated in four rice cultivars (Aiwu
and IKP, Al sensitive; IRAT112 and IR6023, Al resistant). Macro and micronutrient levels in plant tissues were markedly
affected by Al and the magnitude of this effect depended on the cultivar group (Al resistance versus Al sensitivity) and
on the concentration of Al in the nutrient solution. Al decreased Ca, P, K, Mg and Mn concentrations in shoot and K, Mg
and Mn in root. It increased Ca and P in root and caused an increase in shoot and root Al contents. All these effects
were observed in both cultivar groups, but were more apparent in Al sensitive ones. In conclusion, the results support
the idea that, compared to the Al sensitive cultivars Aiwu and IKP, Al resistance in IRAT112 and IR6023 could be ex-
plained by a limited absorption and translocation of Al from root to shoot and could also be explained by a more effi-
cient transport of Ca, P and Mn from root to shoot. These findings showed clearly that more than one mechanism may
contribute to Al resistance in rice plants.
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Efeito do alumínio na nutrição mineral de cultivares
de arroz diferindo na sensibilidade ao alumínio

RESUMO

Estudou-se o efeito do estresse causado pelo alumínio (Al) na concentração e distribuição de íons de quatro cultivares de
arroz (Aiwu e IKP, sensíveis ao Al; IRAT112 e IR6023, resistentes ao Al) e se concluiu que sua presença afetou os níveis
de macro e micronutrientes nos tecidos das plantas enquanto a amplitude desse efeito depende dos grupos das cultivares
(Al resistente versus Al sensível) e da concentração de Al na solução nutritiva. A presença do Al diminuiu a concentração
de Ca, P, K, Mg e Mn nas folhas, mas a aumentou em K, Mg e Mn nas raízes. O Al causou aumento da concentração de
Ca e P nas raízes e aumentou a sua quantidade nas folhas e raízes; esses efeitos foram observados nos dois grupos das
cultivares, embora de forma mais marcada nas cultivares sensíveis ao Al. Os resultados reforçam a idéia de que,
comparativamente às cultivares sensíveis Aiwu e IKP, a resistência ao Al nas cultivares resistentes IRAT112 e IR6023,
pode ser explicada por uma absorção limitada e translocação do Al das raízes para as folhas e, possivelmente, por um
transporte mais eficiente de Ca, P e Mn das raízes para as folhas. Os resultados mostram que mais de um mecanismo
pode contribuir para a resistência ao Al, em plantas de arroz.
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INTRODUCTION

Aluminum toxicity is a major factor constraining crop per-
formance on the acid solis that predominates under tropical
climates (Barceló & Porchenrieder, 2002). Aluminum affects
primarily the root system of plants, causing inhibition of root
elongation and restricting absorption of mineral elements and
water (Slaski,1994). This leads to reduced growth and min-
eral deficiencies in shoots and leaves (Foy, 1988). Al inter-
feres with the uptake, transport and use of essential elements
such as Ca, Mg, P, K and Fe, and according to Foy (1988),
the ability to maintain higher root and shoot concentrations
of macro and micro nutrients cations in the presence of Al
has usually been associated with Al resistant cultivars. How-
ever, studies devoted to the influence of Al upon mineral
nutrition in plants frequently gave contradictory results. In
rice, for example, there is no consensus that aluminium re-
sistance is associated with more efficient transport of Ca:
Sivaguru & Paliwal (1993) observed that Al resistant culti-
vars accumulated more Ca in their shoots than Al sensitive
ones, but Jan (1991) reported that the Al sensitive cultivar
IR45 retained more Ca in shoots than the Al resistant culti-
vate BG35 and concluded that Ca transport from root to shoot
is not affected by Al in the sensitive rice cultivate IR45. In
wheat, it is not clear whether differences in Al sensitivity
among cultivars are due to differences in Al accumulation
in the root system. Some studies showed that wheat roots of
Al resistant cultivars accumulate more Al than those of Al
sensitive ones (Aniol, 1983), while other works indicate that
Al accumulation is similar in both resistant and sensitive
wheat cultivars (Pettersson & Strid, 1989; Zhang & Taylor,
1989). As a consequence of these inconsistent findings, sev-
eral mechanisms of Al resistance have been proposed: i) re-
sistant plants prevent excess of Al absorption by the roots
(Fageria et al., 1988); ii) aluminium resistant species limit
Al accumulation in roots and restrict its transport to shoots
(Fageria & Carvalho, 1982); iii) aluminium resistance in
some species coincides with more efficient uptake and trans-
port of P and Ca (Andrew & Vandenberg, 1973; Fageria,
1985). It is important to note that the above mechanisms are
not necessarily mutually exclusive, and that more than one
mechanism may contribute to Al resistance in a plant.

Since the possible relationship between Al resistance and
mineral nutrition in plants remains largely debated, the aim
of the present work is to investigate the influence of Al on
ion (Mg, Ca, P, K, Mn and Al) concentration and distribu-
tion in shoot and root of rice (Oryza sativa). The behaviour
of four well-know cultivars, differing in Al sensitivity (Cos-
ta et al., 1997), has been compared in order to establish
whether differences in resistance among these cultivars is as-
sociated with differences in macro and micronutrients allo-
cation in plant parts.

MATERIAL AND METHODS

Seeds of I Kong Pao (IKP) and Aiwu (Al sensitive), ob-
tained from WARDA (West Africa Rice Development Asso-

ciation, Senegal) and seeds of IRAT112 (IRAT), and IR6023-
10-1-1 (IR) (Al resistant), obtained from IRRI (Internation-
al Rice Research Institute, Philippines), were germinated in
filter paper moistened with de-ionised water. When ten days
old, plantlets were transferred to a phytotronic growth room.
They were fixed on polystyrene plates floating on tanks con-
taining 25 L of nutrient solution composed as follows:
MgSO4.7H2O (240.7 mg L-1), NH4NO3 (228.6 mg L-1),
Ca(NO3)2.4H2O (41.02 mg L-1), FeSO4.7H2O (27.8 mg L-1),
KCl (16.09 mg L-1) NaH2PO4.2H2O (6.16 mg L-1), the micro
elements according to Yoshida (1976), and Al2(SO4)3.18H2O
at the concentration of 0 (control), 166, 333 and 500 mg L-1

(corresponding to 0, 500, 1000 and 1500 µM Al). The pH
was adjusted to 3.85 ± 0.15 with HNO3 and checked three
times a week. Every week, the solutions were renewed and
the tanks randomly rearranged. A 12 h daylength, at a min-
imum photon flux density of 200 µmol m-2 s-1, was provid-
ed by Sylvania tubes. The temperature was 25-30/22-25 °C
day per night, and the relative humidity was between 60
and 80%. After 40 days, five plants per treatment were har-
vested, and growth parameters were measured (Costa et al.,
1997). Roots were rinsed for 1 min with SrCl2 (1 mM) to
remove ions from the free space. Shoots and roots were sep-
arately collected and oven-dried at 80 °C for 48 h. Dry mat-
ter was weighed before the samples were digested in HNO3
(70% v/v). After total evaporation, minerals were solubi-
lised in HCl (0.1 N). K, P, Mg, Mn, Ca, and Al contents
were then analysed in both plant parts (shoots and roots)
using an inductively coupled argon plasma emission spec-
trophotometer (Jobin-Yvon JY 48). The results obtained are
expressed in µg/mg of dry weight. Rate of ion transport (RI)
to shoot was calculated using the equation RI = IS/IR,
where IS and IR are the amounts of ion in shoot and root
respectively.

Two identical experiments were performed with similar
results, thus pooled data is reported in this paper. The statis-
tical analyses (ANOVA) were conducted with absolute values,
using the Al concentration and the cultivate or the group of
cultivars (Al resistant versus Al sensitive) as variables. The
threshold for statistically significant differences was P < 0.05.

RESULTS AND DISCUSSION

Aluminum
Al stress caused an increase in root and shoot Al content,

being greater in Al sensitive IKP and Aiwu than in Al resis-
tant cultivars at the high Al doses (1000 and 1500 µM)
(Figure 1A; Figure 1B).

The Al shoot/root ratio, which is an indicator of Al trans-
location from root to shoot, was always lower in Al resis-
tant than Al sensitive cultivars (Table 1).

Statistical analyses showed that Al concentration signifi-
cantly affected Al contents in roots and shoots and this pa-
rameter can also be used to discriminate between genotypes
and group of Al-resistant and Al-sensitive genotypes. The
interactions between Al concentration and genotype and
group of genotypes were always significant (Table 2; Table 3).
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relatively low, as was already pointed out by Jan & Pettersson
(1989). Similar results were reported for other species includ-
ing wheat (Scott et al., 1992), maize (Guevara et al., 1992)
and beech (Balsberg-Pahlsson, 1990).

Differential Al tolerance among certain plant species
and cultivars has been correlated with their differential ac-
cumulation of Al (Fageria & Carvalho, 1982). At root and
shoot levels, strong differences among cultivars were re-
corded for the accumulation of this toxic ion. The Al re-
sistance of IRAT and IR was clearly related to the restric-
tion of Al absorption by the roots, since these cultivars
accumulated less Al in their roots and shoots than Al sen-
sitive ones. It has been already reported that resistant
plants either prevent excess Al absorption by the roots or
detoxify Al after it has been absorbed (Fageria et al.,
1988). Al resistance in IRAT and IR was also associated
to a restriction of Al translocation from root to shoot as
shown by Al shoot/root ratio (Table 1). Similar findings
were already reported for rice (Fageria & Carvalho, 1982;
Jan & Pettersson, 1989) and maize (Guevara et al., 1992).
The results of this research suggest that in rice, Al exclu-
sion and internal mechanisms of detoxification could ex-
ist simultaneously to avoid and/or to tolerate Al at root
level. However, there is a large discussion in the literature

The Al concentration in roots and shoots of all cultivars
increased with increasing Al concentration in the nutrient
solution and was always found to be far higher in roots than
in shoots. These results confirm that Al mobility in rice is

Table 1. Shoot/Root values of ion content in two Al-resistant (IRAT and
IR) and two Al-sensitive (Aiwu and IKP) rice cultivars exposed to different
Al treatments during 40 days of hydroponic crop. Control: Al 0; Al data
pooled for the two highest Al doses (1000 and 1500 mM). Statistical
analysis (ANOVA) of differences between controls and Al treatments

lA aC P K gM nM

TARI

lortnoC – 34.41 58.0 29.5 3.81 33.44

lA 43.0 84.31 , sn 76.0 ,* 98.7 ,* 8.91 , sn 26.02 ,*

RI

lortnoC – 56.31 79.0 58.4 47.81 47.16

lA 92.0 07.31 , sn 77.0 ,* 53.6 ,* 29.61 , sn 61.23 ,*

uwiA

lortnoC – 40.91 57.0 07.6 95.91 66.25

lA 36.0 04.60 ,* 33.0 ,* 57.7 ,* 02.81 , sn 35.21 ,*

PKI

lortnoC – 63.51 008.0 09.7 58.91 98.65

lA 78.0 65.40 ,* 072.0 ,* 78.8 ,* 41.02 , sn 30.11 ,*

* significant at the 0.05 level; ns no significant

Figure 1. Effect of Al stress on Al content in roots (A) and shoots (B) of two Al resistant (IRAT and IR) and two Al sensitive (Aiwu and IKP) rice cultivars
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Table 2. Effect of Al concentration and genotype or group of genotypes (Al-resistant vs. Al-sensitive) and interactions, among different ions concentrations
in the roots collected after 40 days of hydroponic crop. Results of ANOVA (F values)

retemaraP

ytilibairavfoecruoS

noitartnecnoclA epytoneG sepytonegfopuorG epytonegXlAnoitaretnI
puorgXlAnoitaretnI

sepytoneg

lA 056.63 *** 666.6 ** 994.91 *** 166.2 ** 819.7 ***

aC 116.1 sn 561.2 sn 708.6 * 921.1 sn 871.3 *

K 176.43 *** 993.03 *** 133.02 *** 209.5 *** 993.8 ***

nM 477.0 sn 895.11 *** 039.2 sn 043.1 sn 894.2 sn

gM 134.97 *** 297.81 *** 266.82 *** 367.7 ** 197.1 sn

P 914.21 *** 222.5 * 931.41 ** 034.1 sn 818.3 *

* significant at the 0.05 level; ** significant at the 0.01 level; *** significant at the 0.001 level; ns no significant

Effect of aluminum stress on mineral nutrition in rice cultivars differing in aluminum sensitivity
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whether the Al concentration in roots could be associated
with Al resistance. In wheat, the most studied species in
this respect, it is not possible to decide whether differences
in Al sensitivity among cultivars are due to differences in
Al accumulation in the root system or not: some studies
showed that roots of Al resistant cultivars accumulate more
Al than roots of Al sensitive ones (Aniol, 1983), while
other works indicate that Al accumulation is similar in
both resistant and sensitive cultivars (Pettersson & Strid,
1989, Zhang & Taylor, 1989). It is possible that the lack
of correlation among Al sensitivity and Al concentration
in the root tissue may be due to the fact that the technique
used for Al analyses in whole roots can not allow the sep-
aration of the free Al (ie. toxic) from the Al detoxified by
the roots.

Macro nutrients
Al stress induced an increase in root Ca and P contents

in the Al sensitive cultivars confronted to 1000 and
1500 µM of Al, except for P in root of Aiwu at 1000 mM
of Al (Figure 2A; Figure 2B). In the resistant cultivars,
however, there was no significant effect on these ions, ex-
cept for a slight increase in P content in root of IR
(Figure 2A; Figure 2B). Al concentration significantly af-
fected P contents in roots and this parameter can also be
used to discriminate between genotypes and group of Al-
resistant and Al-sensitive genotypes. The interactions
among Al concentration and group of genotypes were al-
ways significant. This was not the case when interactions
among Al concentration and genotype were considered (Ta-
ble 2). At the shoot level, Ca and P contents decreased in

Table 3. Effect of Al concentration and genotype or group of genotypes (Al-resistant vs. Al-sensitive) and interactions, among different ions concentrations
in the shoots collected after 40 days of hydroponic crop. (F values)

retemaraP

ytilibairavfoecruoS

noitartnecnoclA epytoneG sepytonegfopuorG epytonegXlAnoitaretnI
puorgXlAnoitaretnI

sepytoneg

lA 005.25 *** 941.91 *** 367.93 *** 888.6 *** 254.51 ***

aC 893.83 *** 348.9 *** 177.72 *** 796.2 sn 409.4 *

K 559.6 ** 268.12 *** 270.22 *** 035.3 ** 600.7 **

nM 384.94 *** 151.92 *** 749.23 *** 327.9 *** 589.9 ***

gM 238.08 *** 645.81 *** 760.01 ** 087.3 * 522.1 sn

P 902.22 *** 270.5 * 052.41 ** 550.3 * 832.5 **

* significant at the 0.05 level; ** significant at the 0.01 level; * significante cant at the 0.001 level; ns no significant
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Figure 2. Effect of Al stress on Ca (A, B) and P (C, D) content in roots and shoots of two Al resistant (IRAT and IR) and two Al sensitive (Aiwu and IKP) rice cultivars
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all cultivars (Figure 2C; Figure 2D). The decrease was more
pronounced in sensitive cultivars than in resistant ones. As
a consequence, Ca translocation to the shoots decreased in
response to Al stress only in Al sensitive cultivars (Table 1).
The P translocation decreased in all cultivars (Table 1).
However, this effect was always more marked in Aiwu and
IKP than in Al resistant IRAT and IR. Al concentration
significantly affected Ca and P contents in shoots and this
parameter can also be used to discriminate among geno-
types and group of Al-resistant and Al-sensitive genotypes.
The interactions among Al concentration and group of gen-
otypes were always significant. This was not the case when
interactions among Al concentration and genotype were
considered for Ca contents (Table 3).

Al at 1500 µM caused a decrease in K contents in roots
of all cultivars (Figure 3A). In shoot, K content was mark-
edly reduced by all Al treatments in IKP and at the highest
dose only in Aiwu. In the resistant cultivars, Al stress had
no significant effect on K content of shoot (Figure 3B). The
increased K shoot/root ratio observed in all cultivars in re-
sponse to Al stress (Table 1) was due to a decrease in K ab-
sorption by the roots. Statistical analyses showed that Al
concentration significantly affected K contents in roots and
shoots and this parameter can also be used to discriminate
among genotypes and group of Al-resistant and Al-sensitive
genotypes. The interactions among Al concentration and
genotype and group of genotypes were always significant
(Table 2; Table 3).

All cultivars showed a significant decrease in root and
shoot Mg contents at all Al doses (Figure 3C; Figure 3D).
Al stress had no significant effect on the proportion of Mg
translocated (Table 1), but decreased the absorption of this
element.

At high Al doses (1000 and 1500 µM), Al resistance of
the two rice cultivars IRAT and IR coincided with more
efficient transport of Ca and P from root to shoot (Table 1).
The increase in root P content associated with a decrease
in shoot P content in Al sensitive cultivars Aiwu and IKP
might be due to the formation of Al and P complexes in-
side the plant root, thus rendering part of the P unavail-
able for translocation within the plant (Sivaguru & Paliwal,
1993). In rice (Fageria, 1985; Jan, 1991; Sivaguru & Pali-
wal, 1993), wheat (Miranda & Rowell, 1989) and in cer-
tain pasture species (Andrew & Vandenberg, 1973), differ-
ential Al resistance has been correlated with differential
abilities to absorb, to translocate and to utilise P in the pres-
ence of Al. Exposure to Al did not affect P concentration
in root of Al-resistant Brachiaria cultivar, but it caused a
70% decline in P content of Al-sensitive Brachiaria cv
(Wenzel et al., 2002). The question as to whether a more
efficient transport of Ca in plants is associated with Al re-
sistance is still unsolved. In this study, Ca translocation
decreased in response to Al stress in Al sensitive cultivars
Aiwu and IKP, a result that is in agreement with the find-
ings of Sivaguru & Paliwal (1993), but not with the obser-
vations of Jan (1991). These discrepancies are unexplained
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Figure 3. Effect of Al stress on K (A, B) and Mg (C, D) content in roots and shoots of two Al resistant (IRAT and IR) and two Al sensitive (Aiwu and IKP) rice cultivars
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but could be due to differences in cultivate behaviour. Al
resistance in certain cultivars of wheat, barley and soybean
has been associated with their ability to cope with Al in-
duced Ca deficiency or with a limited Ca translocation (Fa-
geria et al., 1988). Conversely, Edward & Horton (1977)
pointed out that aluminium toxicity in peach was not re-
lated to inhibition in translocation of Ca. It seems that, in
some species and cultivars, efficient transport of Ca con-
stitutes a complementary mechanism of aluminium resis-
tance. Moreover, high concentrations of Ca in the solution
at appropriate Al/Ca ratios could increase chlorophyll con-
tent, an indication of alleviation effect in mungbean (Yang
et al., 2001). In the presence of high Al doses (1500 µM),
K content in root of all cultivars showed a significant de-
crease that corresponds to a decrease in K absorption by
the roots. In spite of a decrease in shoot K content of Al
sensitive cultivars, no correlations among K content and
differential Al resistance among the rice cultivars could be
established, since, irrespective of Al doses, except for
1500 µM, Aiwu (Al sensitive) and the Al resistant (IRAT
and IR) cultivars behaved similarly in the presence of alu-
minium. In rice, Jan (1991) observed that Al did not have
a significant effect on shoot K content but increased root
K content in all cultivars. However, this effect is not linked
to differences in Al sensitivity. The finding that Al induced
a decrease in root and shoot Mg contents of the rice culti-
vars tested in this work agrees with other observations on
rice (Fageria & Carvalho, 1982; Sarkunan & Biddappa,
1982; Jan, 1991) and wheat (Scott et al., 1992; Moustakas
et al., 1995). This decrease in Mg irrespective of rice cul-
tivars correspond to a decrease in Mg absorption and indi-
cates a general Al effect rather than differential Al resis-
tance, as has already been suggested for rice (Jan, 1991).
Al-induced Mg deficiency has been associated with inhibi-
tion of Mg uptake (Huang et al., 1992) by blocking bind-
ing sites of transport proteins (Rengel & Robinson, 1989).
However, in sugar maple, higher levels of Al reduced Mg
concentration in leaves has caused root and foliar injury,
but no negative effects of Al on growth were observed (Schi-
er & McQuattie, 2002).

Micro nutrients
In the presence of 1500 µM, Al decreased Mn content in

root of IKP (Figure 4A). Irrespective of Al doses, shoot Mn
content decreased (Figure 4B) and as a consequence, Mn
translocation decreased in response to Al stress. The decrease
was more pronounced in Al sensitive cultivars than in Al
resistant ones (Table 1).

The decrease in shoot Mn content was more marked in
Al sensitive cultivars than in Al resistant ones. The rela-
tion between Mn in both shoot and root (Table 1) seems to
indicate that Al sensitive cultivars have a system of trans-
location that is more affected than in Al resistant ones, and
this might be a contributing factor to explain their suscep-
tibility to Al. In rice, Jan (1991) observed that Al toxicity
in sensitive cultivars was related to a reduction of Mn sta-
tus in the shoot in conjunction with reduced Mn uptake
rates in the root.

CONCLUSION

1. The data presented here show that in rice, the concen-
tration of macro and micronutrients in plant tissues were
markedly affected by Al and the magnitude of this effect
depends on cultivar group (Al resistant versus Al sensitive)
and, in some instances, on Al concentration.

2. In conclusion, these results support that, comparative-
ly to the sensitive cultivars, the Al resistance in IRAT and
IR could be explained by a limited absorption and translo-
cation of Al from root to shoot. The macro and micronutri-
ents concentrations could explain partly the differential Al
resistance among cultivars: Al resistance of the two rice cul-
tivars IRAT and IR could also be explained by a more effi-
cient transport of Ca, P and Mn from root to shoot. These
findings showed clearly that more than one mechanism may
contribute to Al resistance in rice plants.
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