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ABSTRACT - Citric and malic acid excretion in the medium and malic acid accumulation in seedling 
roots and embryo-derived calli as possible mechanisms of aluminum (Al) resistance  and the effects of a 
17-h Al stress period on root growth in Oryza sativa have been studied. Four-day-old seedlings and 
embryo-derived calli of Al-resistant (IRAT 112 and IR6023) and Al-sensitive (Aiwu and IKP) cultivars 
were treated with 250 and 500 µM {Al2(S04)3.18H20 }of total aluminum or without Al for 36 hours. 
After 3 to 36 hours of stress, seedlings and calli were removed from the flasks and concentration of citric 
and malic acids was estimated in the Al and control solutions. Malic acid was also assayed in roots tips 
and in callus tissues. After 17-h of Al stress, inhibition of root growth was a typical effect of Al in rice 
and the extent of the inhibition depended on both cultivar and Al concentration. At 500 µM of Al, strong 
reduction of root elongation occurred in all cultivars while at 250 µM of Al, only IRAT was unaffected, 
when compared to their control. In the absence of Al, all varieties excreted comparable amounts of citric 
and malic acid. Al treatments, were without effect upon citrate excretion in both Al-resistant and Al-
sensitive cultivars. Al treatment, for periods from 3 to 24h, slightly stimulated the excretion of malic acid 
from seedlings, in all cultivars. Malic acid concentrations in root apices, in the presence or absence of 
aluminum, were not correlated with aluminum resistance. No differences in malic excretion and internal 
concentrations were detected between Al-treated and untreated rice calli of the same four cultivars. It is 
therefore concluded that, in our experimental conditions, differences in Al resistance in our rice cultivars 
cannot be attributed to citric and malic acids. Further research needs to be carried out to examine other 
possible mechanisms of Al-resistance in rice and to determine whether organic acids such as succinic and 
oxalic acid are implicated.  

ADDITIONAL INDEX TERMS - Malate, citrate, mechanisms Al resistance, Al detoxification, internal 
tolerance. 
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EFEITOS DO ALUMÍNIO NA EXCREÇÃO DOS ÁCIDOS CÍTRICO E 
MÁLICO NAS RAÍZES E CALOS DE CULTIVARES  DE ARROZ 

 
RESUMO - A excreção dos ácidos málico e cítrico no meio de cultura, assim com a acumulação do ácido 
málico nas raízes e em calos derivados de embriões, foram estudadas como um possível mecanismo de 
resistência ao alumínio em arroz. Plântulas de 4 dias e calos derivados de embriões das cultivares 
resistentes ao alumínio (IRAT 112 e IR6023) e das cultivares sensíveis (Aiwu e IKP) foram tratadas com 
0, 250 e 500µM de alumínio {Al2(S04)3.18H20 }. Em seguida, de 3 a 36 horas de estresse, as plântulas e 
os calos foram removidos dos frascos e as concentrações dos ácidos cítrico e málico, determinadas. A 
concentração do ácido málico foi também determinada nos ápices das raízes e nos calos. Após 17 horas 
de estresse, o crescimento radicular foi inibido, mostrando um efeito tipico do Al em arroz. Entretanto, a 
extensão da inibição depende da cultivar e da concentração em Al. Na presença de 500 µM de Al, ocorreu 
uma forte redução no alongamento radicular em todos as cultivares, ao passo que a 250 µM de Al, a 
cultivar IRAT não foi afetada. Na ausência de alumínio (solução-controle), todas as cultivares excretaram 
quantidades comparáveis de ácido cítrico e málico. Os diferentes tratamentos com alumínio não 
exerceram nenhum efeito na excreção do citrato nos dois grupos de cultivares (Al-resistentes e Al-
sensiveis). Em todas as cultivares estudadas, e no intervalo de 3 a 24h, o Al estimulou ligeiramente a 
excreção do malato. As concentrações de ácido málico determinadas nos ápices das raízes, tanto em 
ausência como na presença de Al, não apresentaram nenhuma relação com a resistência ao alumínio, visto 
que nenhuma diferença foi detectada entre as cultivares. Nenhuma diferença foi detectada, tanto na 
excreção como nas concentrações internas de malato, entre calos tratados ou não com Al nas quatro 
cultivares estudadas. Portanto, conclui-se que, nas condições experimentais deste trabalho, diferenças 
com relação à resistência ao Al entre as cultivares de arroz estudadas  não podem ser atribuídas aos ácidos 
málico e cítrico. Há necessidade de novos estudos, tanto para avaliar outros possíveis mecanismos de 
resistência do arroz  ao alumínio, como, por exemplo, para participação de outros ácidos orgânicos. 

TERMOS PARA INDEXAÇÃO: Ácido málico, ácido cítrico, mecanismos de resistência ao Al, 
detoxificação de Al, tolerância interna. 

 
INTRODUCTION  

Al toxicity is a major factor limiting 
plant growth in strongly acid soils (Foy, 1984; Foy, 
1988). The primary initial response to Al toxicity 
is inhibition of root elongation (Taylor, 1988; 
Kochian, 1995). However, the fundamental basis 
of aluminum rhizotoxicity and genotypic 
differences in sensitivity to aluminum are still 
poorly understood in higher plants (Kochian, 
1995). It is not known whether the primary lesions 
are located in the apoplastic or in the symplastic 
(or both) compartments (Parker, 1995). Due to the 
many hypotheses trying to explain the mechanisms 
of aluminum toxicity, numerous associated 
resistance mechanisms have been proposed. They 
can be classified in two categories according to the  

site of aluminum detoxification or immobilization: 
exclusion of aluminum out of the symplasm and 
detoxification or immobilization of Al in the plant 
(Taylor, 1988, 1991).One of these resistance 
mechanisms is the chelation and detoxification of 
Al by organic acids, either within the plant 
(internal tolerance) or in the rhizosphere 
(exclusion). Plants are know to exude organic acids 
into the rhizosphere in response to mineral stress. 
Citrate, malate, malonate, acetate, aconitate, 
glycolate, oxalate and succinate have been found in 
the root exudates from a number of species 
(Vancura and Hovadik, 1965; Jayman and 
Sivasubramaniam, 1975; Smith, 1976; Gardner et 
al., 1983; Christiansen-Weniger et al.,1992; Ma et 
al., 1997; Gallardo et al., 1999). 
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Root exudation of organic acids which 
can chelate and detoxify Al in the rhizosphere has 
been consistently reported in several studies. 
Citrate was found to be released by Al-resistant 
snapbean and maize cultivars (Miyasaka et al., 
1991; Pellet et al., 1995; Jorge and Arruda, 1997) 
while malate was excreted by roots of Al-resistant 
wheat (Delhaize et al., 1993b; Basu et al., 1994; 
Ryan et al., 1995 a,b; Andrade et al., 1997) and 
sorghum cultivars (Gonçalves and Cambraia, 
1999). The existence of an internal detoxification 
of Al by organic acids is more debated. Cambraia 
et al. (1983) showed that the response of Sorghum 
roots to Al was an increase in t-aconitic and malic 
acids. This increase was higher in Al-tolerant than 
in sensitive cultivars. Similar results, showing that 
better Al tolerance was correlated with higher 
concentrations of citrate in roots of resistant plants 
exposed to aluminum were reported for pea 
(Klimashevskii and Chernysheva, 1980), for maize 
(Suhayda and Haug, 1986), and for barley (Foy 
and Lee, 1987). However, Scott et al. (1990) 
observed higher concentrations of citric and malic 
acids in the roots of Al-sensitive wheat cultivar 
'Katepwa' and Pellet et al. (1995) reported that the 
increase in root malic acid content was similar in 
both Al-tolerant and Al-sensitive maize cultivars. 
Up to now, there is no available information 
concerning a possible mechanism of chelation and 
detoxification of Al by organic acids in rice. The 
aim of the present work was to determine whether 
organic acids are implicated in Al resistance 
mechanism in this species. 

 
MATERIAL AND METHODS 

Plant Material 

Four rice (Oryza sativa L.) cultivars were 
used in this work. Seeds of Al-resistant cultivars 
IRAT 112 (IRAT) and IR6023 (IR) were obtained 
from IRRI (International Rice Research Institute, 
Philippines) and seeds of Al-sensitive cultivars I 
Kong Pao (IKP) and Aiwu were obtained from 
WARDA (West Africa Rice Development 
Association, Senegal). 

Germination and root growth  evaluation 

Seeds were germinated on nylon wire 
nettings (with 2mm meshes) spread over plastic 
containers completely filled with 600 mL of 
deionized water, at the rate of 20 seeds per 
container. Germination and seedling growth were 
carried out in a phytotronic growth room under 
controlled temperature (28°C/23°C, day/night). 
Illumination was provided by Sylvania fluorescent 
tubes  for 12 h d-1 at a photon flux density  (PAR) 
of ca. 300 µmol m-2 s-1. Relative humidity of the 
air was between 60 and 80% during the day. After 
96 h, seedlings having a root 30 ± 1 mm long were 
selected and transferred to new containers. 
Aluminum was added as Al2(S04)3.18H20 
solutions up to reaching different concentrations:  
0, 250 and 500 µM of total Al. The pH of the Al 
and control solutions were adjusted to 4 with 
HN03. The basal nutrient solution was the same 
composition as previously described by Delhaize et 
al., (1993a). Exposure time to Al was 17 h. For  
each treatment  (Al x cultivar), root length of 20 
seedlings was measured before and after the 17-h 
stress period. 

Root elongation rates at the end of the Al 
treatment (RERt) were estimated as follows: RERt 
= (LAT/LBT) x 100 where LBT = root length 
before the Al treatment, LAT = root length after the 
Al treatment.. For each cultivar, to account for 
genotypic differences in root elongation, RERs of 
seedlings that were treated with Al are expressed 
as percentages of RERs of seedlings grown 
without Al.  

Culture conditions and Al treatment of whole 
plants 

Seeds were surface sterilised for 30 s in 
ethanol 95%, followed by treatments in 
formaldehyde 0.8% (v/v) for 40 min and calcium 
hypochlorite 5% (w/v) for 20 min. Seeds were then 
rinsed several times with sterile deionized water, 
placed in sterile Petri dishes containing filter paper 
moistened with 7 ml of sterile deionized water and 
placed for germination in a growth chamber under 
controlled temperature (28°/23°C, day/night). 



                                                                                                                                                              Macêdo et al. 

R. Bras. Fisiol. Veg., 13(1):13-23, 2001 

16

Illumination was provided by Sylvania fluorescent 
tubes for 12h d-1 at a photon flux density (PAR) of 
ca. 300 µmol m-2 s-1. Relative humidity of the air 
was between 60 and 80% during the day. Two-days 
seedlings were aseptically placed on perforated 
plastic top of flasks (15 seedlings per flask) 
completely filled with 50 ml of sterile deionized 
water in such a way that the primary root was 
dipped in the water. In order to prevent microbial 
infections, the flasks were placed into glass vessels 
covered with a plastic Petri dish, sealed with 
parafilm. The glass vessels were fixed on a rotary 
shaker (125rpm) to ensure seedling aeration and 
then maintained in the same environmental 
conditions as described above. After 2 days, the 4-
days-old seedlings were rinsed three times with 50 
ml of Al or control solutions for a total of 30 min 
in a sterile laminar-flow. The basal nutrient 
solution was the same composition as previously 
described by Delhaize et al., (1993a). Aluminum 
was added as Al2(S04)3.18H20 solutions up to 
reaching different concentrations:  0, 250 and 500 
µM of total Al. The pH of the Al and control 
solutions were adjusted to 4 with HN03. Seedlings 
having a root 3.0 ± 1 cm long were selected and 
transferred to new flasks (15 per flask) containing 
30 ml of Al or control solutions. These 15 
seedlings were referred to as one sample. The 
flasks were maintained in the same conditions as 
described above. After 3 to 36h of stress, seedlings 
were removed from the flasks and concentration of 
citric and malic acids was estimated in the Al and 
control solutions. Malic acid was also assayed in 
root tip (5 mm long). For each cultivar and each 
duration of exposure to the Al and control 
solutions, the experiments were carried out three 
times and made in tripiclate (repetition), and for 
each repetition three samples were analysed. 

Culture conditions and Al treatment of calli 

Seeds were dehusked and surface 
sterilised for 30 s in ethanol 95%, followed by 
treatments in formaldehyde 0.8% (v/v) for 40 min 
and calcium hypochlorite 5% (w/v) for 20 min. 
Seeds were then rinsed several times with sterile 
deionized water and incubated in the dark for 24h 

at 25°C. Aseptically dissected embryos were 
transferred to Petri dishes containing 25 ml of a 
callogenesis medium. The basal callogenesis 
medium was the same composition as previously 
described by Van Sint Jan et al., (1997). Five 
embryos (100 embryos per cultivar and per 
repetition) were placed in each Petri dish and 
maintained in the dark at 28°C. After six weeks 
(with 1 transfer onto fresh callogenesis medium) 
and under sterile conditions, the calli were 
weighed, and the calli with approximately 100 mg 
of fresh weight were selected and transferred in 
Erlenmeyer flasks containing 30 ml of Al or 
control solutions. The basal nutrient solution was 
the same composition as previously described by 
Delhaize et al., (1993a). Aluminum was added as 
Al2(S04)3.18H20 solutions up to reaching different 
concentrations: 0, 250 and 500 µM of total Al. The 
pH of the Al and control solutions were adjusted to 
4 with HN03.The flasks were wrapped in an 
aluminum foil and incubated on a rotary shaker 
(125 rpm) at 28-23°C. After 3, 6, 12 and 24h of 
stress, the samples were filtered (sterile Whatman 
filter paper ), the calli were collected and the malic 
acid concentration in the Al and control solutions 
and in callus tissues was then assayed. For each 
cultivar and each duration of exposure to the Al 
and control solutions, the experiments were carried 
three times, and two calli were analysed in each of 
these repetitions. 

Citric and malic acids assays 

Citric and malic acids concentration in Al 
and control solutions, and malic acid concentration 
in roots and callus tissues were assayed according 
to Delhaize et al., (1993b). For citric acid 
determination, a 2.52 ml aliquot of  solution (Al 
and control solutions) was preincubated with 0.24 
ml of buffer (1 M tris-Cl, pH 7.8), 30 µl of 10 mM 
NADH and 10 µl of a lactate 
dehydrogenase/malate dehydrogenase mixture for 
30 min at room temperature to obtain a stable 
A340 reading before the addition of 10 µl of citrate 
lyase. The decrease in A340 due to oxidation of 
NADH was measured and is directly proportional 
to the amount of citric acid in the sample. Al at the 
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concentrations of 250 and 500 µM added to the 
citric acid solutions ranging from 0.6 to 20 µM 
citric acid (the range of citric acid concentrations 
assayed and used in the standard curve) did not 
interfere with the assay. For malic acid 
determination, a 1.35 ml aliquot  of solution (Al 
and control solutions), was incubated with 1.5 ml 
of buffer (0,5 M glycine; 0,4 M hydrazine pH 9.0) 
and 0.1 ml of 40 mM NAD. The reaction mixture 
was preincubated for 30 min at room temperature to 
obtain a stable A340 reading before the addition of 
5µl of malate dehydrogenase. The increase in A340 
due to the production of NADH was measured after 
30 min and is directly proportional to the amount of 
malic acid in the sample. Al at the concentration of 
250 µM added to malic acid solutions ranging from 2 
to 80 µM malic acid (the range of malic acid 
concentrations assayed and used in the standard 
curve) did not interfere with the assay.  

For malic acid determination in root 
apices, 15 root tips 5mm long were collected, 
pooled, weighed (approximately 20 mg per 
sample) and immediately ground using a mortar 
and pestle in 1 ml of 0.6 N perchloric acid. The 
sample was centrifuged at 15.000g for 5 min, and 
0.9 ml of supernatant solution was collected and 
neutralised with 80 µl of K2CO3 (5M). The 
neutralised solution was centrifuged at 15.000g for 
5 min, and 0.5 ml of supernatant was assayed for 
malic acid as described above after adding 0.85 ml 
of sterile deionized water to make up the volume 
(1.35 ml). To analyse malic acid in calli, 20 mg of 
tissue per callus were taken and the conditions of 
extraction and assay were the same as described 
above for root apices. 

The results of citric and malic acids 
concentration in Al and control solutions, and 
malic acid concentration in roots and callus tissues 
were expressed respectively in µmoles/flask and in 
µmoles/mg of fresh weight according to Delhaize 
et al., (1993b). Since the results of the three 
experiments (at plant and at callus level) were 
similar, pooled data are presented. Statistical 
analyses (ANOVA) of data were conducted with 
absolute values, using aluminum concentration and 
the cultivar as variables. 

RESULTS 

Root growth 

At the end of the Al treatment, all 
cultivars showed root growth inhibition that 
increased with Al concentration (Figure 1) at the 
lower Al dose (250 µM), however, the two 
resistant cultivars were less affected. This was 
especially the case for IRAT in which root 
elongation at 250 µM was significantly higher 
than in the other three cultivars and not different 
from that of the controls kept in control solution  
without  Al.   Genotypic   differences were  
undetectable  at  higher  Al  levels  (500 µM).  

 

 
 
 
 
 
 
 
 
 
 
 
 
 

FIGURE 1 - Relative root elogation rates (% of 
control without Al) after 17 h of Al-stress (RERt), 
for four rice cultivars differing in Al-sensitivity 
(Aiwu and IKP are Al-sensitive and IRAT and IR 
are Al-resistant. 

 

Excretion of citric acid by seedling roots  

In all solutions and irrespective of the 
duration of exposure, the roots of all cultivars 
tested excreted approximately the same amount of 
citric acid. Al treatments were without effect upon 
citrate excretion in both Al-resistant and Al-
sensitive cultivars (Figure 2a-d). 
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FIGURE 2 - Excretion of citric acid by root apices of Al-resistant (IRAT and IR) and Al-sensitive (Aiwu 
and IKP) rice cultivar seedlings  as a function of exposure to solutions containing Aluminium (Al) 
250µM (a, b) and 500µM (c, d) and  control (zero Al). The coeficient of variation ranged from 2 to 7%. 

 
 

Excretion of malic acid by seedling roots and 
callus culture 

In the absence of Al and irrespective of 
the duration of exposure, the roots of all 
cultivars tested excreted approximately the same 
amount of malic acid (Figure 3a-b). In the 
presence  of   Al   and  whatever  the duration of  

exposure, malic acid concentration in the 
incubation medium slightly increased (figure 3a-
b). This increase was significant in all cultivars, 
after 6h of aluminum exposure. There was no 
further increase in malic acid excretion with 
longer exposures and all cultivars behaved 
similarly (Figure 3a-b). 

a) 

b) d) 
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FIGURE 3 - Excretion of malic acid by root apices of Al-resistant (IRAT and IR) and Al-sensitive (Aiwu 
and IKP) rice cultivar seedlings (a, b) and by rice mature embryo-derived calli (c, d) as a function of 
exposure to solutions containing Aluminium (Al) 250µM  and  control (zero Al). The coeficient of 
variation ranged from 8 to 12%. 

 
Similar results were obtained when rice 

calli were exposed to aluminum, i. e., there was 
a slight, but non-significant, increase in the 
amount of excreted malic acid in Al-treated 
versus untreated calli, and in the presence of 
aluminum, o significant differences between 
cultivars and durations of exposure were 
detected (Figure 3c-d). 

Accumulation of malic acid in root apices and 
callus tissues 

In the absence of Al, malic acid 
concentration in root apices was similar in all 
cultivars, except after 24h of exposure, when IRAT 
accumulated more malate than the other three 
cultivars, but this accumulation was not significant 
(Figure 4a-b). 
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FIGURE 4 – Concentration of malic acid in root apices of Al-resistant (IRAT and IR) and Al-sensitive 
(Aiwu and IKP) rice cultivar seedlings (a, b) and in rice mature embryo-derived calli (c, d) as a function 
of exposure to solutions containing aluminum (Al) 250 µM and control (zero Al). The coefficient of 
variation ranged from 5 to 9 %. 

 
In the presence of 250 µM of aluminum, 

all cultivars showed no differences in malic acid 
concentration in root apices when compared to the 
untreated controls, irrespective of the duration of 
exposure to Al (Figure 4a-b).In callus tissues, the 
highest amount of malic acid was found in IR 
cultivar. In all cultivars, Al treatment had no effect 
upon malate concentration (Figure 4c-d). 

DISCUSSION 

Inhibition of root growth is a typical 
effect of Al in rice that has already been reported 
in other species (Ryan et al., 1993; Kochian, 
1995). Our results clearly indicate that the extent 
of this inhibition depends on the cultivar and on 
the Al concentration applied during the stress 
period. At high Al levels (500 µM), all cultivars 
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that we have investigated behaved similarly, 
exhibiting strong reduction of root elongation. In 
contrast, IRAT was not significantly affected at 
low levels (250 µM). 

The possibility that differences in 
amounts of citric or malic acids excreted by 
seedlings roots could be responsible for differences 
in Al resistance observed among 4 rice cultivars 
was investigated. 

Our results indicate that neither the 
release of citric acid nor the release of malic acid is 
responsible for differential aluminum resistance 
observed in studied cultivars. This conclusion is 
valid for the two experimental systems we used, 
i.e. the whole plants and the callus cultures. In 
contrast, Miyasaka et al. (1991) reported that in 
snapbean the Al resistant 'Dade' cultivar excreted 
more citric acid than the sensitive cultivar 
'Romano'. Similar results, in which higher 
aluminum resistance was correlated with higher 
excretion of citrate were found with maize (Pellet 
et al., 1995) while aluminum resistance in wheat 
has been correlated with higher excretion of malate 
by seedling roots (Delhaize et al., 1993b; Basu et 
al., 1994; Ryan et al., 1995 a,b). The discrepancies 
between the above results and our findings could 
reflect differences between species or in 
experimental techniques. The question as to 
whether a difference in organic acid excretion 
could be detected over the short time exposure 
used in our experiments remains open. In several 
other studies, however, enhanced exudation of 
malate (Delhaize et al., 1993b; Ryan et al., 
1995a,b) or citrate (Pellet et al., 1995) by seedling 
roots of resistant cultivars were observed after 30h 
or less. The observations of Basu et al., (1994) and 
Miyasaka et al., (1991)  were done after 48h or 
more of Al stress, but these authors did not report 
whether differences were already detectable earlier 
or not. 

In root, there was usually no increase in 
malic acid in response to Al treatment. Similarly, 
in callus, no correlations could be established 
between differential malic contents and aluminum 
tolerance. Thus these results suggest that internal 
Al-detoxification in roots by malic acid cannot 

account for Al-resistance in our rice cultivars. This 
conclusion is in agreement with the views of Scott 
et al. (1990) and Pellet et al. (1995) who consider 
that differential aluminum tolerance in wheat and 
maize is not related to changes in root organic 
acids concentrations. Of course, we cannot exclude 
that differences in organic acids excretion or 
accumulation could be detected for other durations 
of aluminum exposure than those investigated in 
this work. Organic acids other than malate or 
citrate could  be involved in Al-resistance in our 
rice cultivars. Further research needs to be carried 
out to examine other possible mechanisms of Al-
resistance in rice and to determine whether other 
organic acids  are implicated.  

 

 
 ACKNOWLEDGMENTS 

This work was suported by grants from 
F.N.R.S. of Belgium and the CAPES of Brazil to 
Cristiane Elizabeth Costa de Macêdo. The authors 
thank J. Bar for excellent technical assistance and 
Dr. P. Bertin for valuable comments and 
discussions. 

 
REFERENCES 

 
ANDRADE, L. R. M.; IKEDA, M. & ISHIZUKA, 

J. Stimulation of organic acid excretion by 
roots of aluminum-tolerant and aluminum-
sensitive wheat varieties under aluminum 
stress. Revista Brasileira de Fisiologia 
Vegetal, 9: 27-34, 1997. 

BASU, U.; GODBOLD, D. & TAYLOR, G. J. 
Aluminum resistance in Triticum aestivum 
associated with enhanced exudation of malate. 
Journal of Plant Physiology, 144:747-753, 
1994. 

CAMBRAIA, J.; GALVANI, F. R. & ESTEVÃO, 
M. M. Effects of aluminum on organic acid, 
sugar and amino acid composition of the root 
system of sorghum (Sorghum bicolor L. 
Moench). Journal of Plant Nutrition, 6: 313-
322, 1983. 



                                                                                                                                                              Macêdo et al. 

R. Bras. Fisiol. Veg., 13(1):13-23, 2001 

22

CHRISTIANSEN-WENIGER, C.; GRONEMAN, 
A. F. & VAN VEEN, J. A. Associative N2 
fixation and rootexudation of organic acids 
from wheat cultivars of different aluminium 
tolerance. Plant and Soil, 139:167-174, 1992. 

DELHAIZE, E.; RYAN, P. R. & RANDALL, P. J. 
Aluminum tolerance in wheat (Triticum 
aestivum L.) I. Uptake and distribution of 
aluminum in root apices. Plant Physiology, 
103:685-693, 1993a. 

DELHAIZE, E.; CRAIG, S.; BEATON, C. D.; 
BENNET, R. J.; JAGADISH, V. C. & 
RANDALL, P. J. Aluminum tolerance in 
wheat (Triticum aestivum L.) II. Aluminum-
stimulated excretion of malic acid from root 
apices. Plant Physiology, 103:695-702, 1993b. 

FOY, C. D. Physiologal effects of hydrogen, 
aluminum, and manganese toxicities in acid 
soil. In: Soil Acidity and Liming; Vol. 1. F 
Adams, Ed.; American Society of Agronomy, 
Madison, p.  57-97. 1984. 

FOY, C. D. & LEE, E. H. Differential aluminum 
tolerances of two barley cultivars related to 
organic acids in their roots. Journal of Plant 
Nutrition, 10: 1089-1101, 1987. 

FOY, C. D. Plant adaptation to acid, aluminum-
toxic soils. Communication in Soil Science 
Plant Analysis, 19: 959-987, 1988. 

GALLARDO, F.; BORIE, F.; ALVEAR, M. & 
von BAER, E. Evaluation of aluminum 
tolerance of three barley cultivars by two short-
term screening methods and field experiments. 
Soil Science and plant Nutrition, 45: 713-
719, 1999. 

GARDNER, W. K.; BARBER, D. A. & 
PARBERG, D. G. The aquisition of 
phosphorus by lupinus albus L. III. The 
probable mechanism by wich phosphorus 
movement in the soil/root interface is 
enhanced. Plant  and Soil, 70: 107-124, 1983. 

 

GONÇALVES, J. F. C. & CAMBRAIA, J. Efeito 
do aluminio sobre os teores de acidos 
organicos em plantas de sorgo e a exsudaçao 
de acido malico. In: VII CONGRESSO 
BRASILEIRO DE FISIOLOGIA VEGETAL, 
Brasilia, 1999. Resumos, Brasilia, SBFV/UNB, 
1999. p. 142. 

JAYMAN, T. C. & SIVASUBRAMANIAM, S. 
Release of bound iron and aluminum from 
soils by the root exudates of tea (Camelia 
sinensis) plants. Journal of Science Food 
Agriculture, 26: 1895-1898, 1975. 

JORGE, R. A. & ARRUDA, P. Aluminum-
induced organic acids exudation by roots of an 
aluminum-tolerant tropical maize. 
Phytochemistry, 45: 675-683, 1997. 

KLIMASHEVSKII, E. L. & CHERNYSHEVA, N. 
F. Content of organic acids and physiologically 
active compounds in plants differing in their 
susceptibility to the toxicity of Al3+. Sovietic 
Agriculture Science, 2: 5-7, 1980. 

KOCHIAN, L. V. Cellular mechanisms of 
aluminum toxicity and resistance in plants. 
Annual Review of Plant Physiology and 
Plant Molecular Biology, 46: 237-260, 1995. 

MA, J. F., ZHENG, S. J. & MATSUMOTO, H. 
Specific secretion of citric acid induced by Al 
stress in Cassia tora L. Plant and Cell 
Physiology, 38: 1019-1025, 1997. 

MIYASAKA, S. C.; BUTA, J. G.; HOWELL, R. 
K. & FOY, C. D. Mechanism of aluminum 
tolerance in snapbeans: Root exudation of 
citric acid. Plant Physiology, 96:737-743, 
1991. 

PARKER, D. R. Root growth analysis: and 
underutilised approach to understanding 
aluminum rhizotoxicity. Plant and Soil, 171: 
151-157, 1995. 

 



Aluminum effects on citric and malic ...  

R. Bras. Fisiol. Veg., 13(1):13-23, 2001 

23 

PELLET, D. M.; GRUNES, D. L. & KOCHIAN, 
L.V. Organic acid exudation as an aluminum-
tolerance mechanism in maize ( Zea mays L.). 
Planta, 196:788-795, 1995. 

RYAN, P. R.; DELHAIZE, E. & RANDALL, P.J. 
Malate efflux from root apices and tolerance to 
aluminium are highly correlated in wheat. 
Australian Journal Plant Physiology, 
22:531-536, 1995a. 

RYAN, P. R.; DELHAIZE, E. & RANDALL, P.J. 
Characterisation of Al-stimulated efflux of 
malate from the apices of Al-tolerant wheat 
roots. Planta, 196:103-110, 1995b. 

SCOTT, R.; HODDINOTT, J.; TAYLOR, G. J. & 
BRIGGS, K. The influence of aluminum on 
growth, carbohydrate, and organic acid content 
of an aluminum-tolerant and an Al-sensitive 
cultivar of wheat. Canadian Journal of 
Botany, 69: 711-716, 1990. 

SMITH, W. H. Character and significance of forest 
tree exudates. Ecology 57: 324-331, 1976. 

SHUAYDA, C. G. & HAUG, A. Organic acids 
reduce aluminum toxicity in maize root 
membranes. Physiology Plantarum, 68:189-
195, 1986. 

TAYLOR, G. J. The physiology of aluminum 
tolerance in higher plants. Communication in 
Soil Scince Plant Analysis, 19: 1179-1194, 
1988. 

TAYLOR, G. J. Currents views of the aluminum 
stress response: the physiological basis of 
tolerance. Current Topics in Plant 
Biochemistry and  Physiology, 10: 57-93, 
1991. 

VANCURA, V. & HOVADIK, A. Root exudates of 
plants. II. Composition of root exudates of some 
vegetables. Plant and Soil, 22: 21-32, 1965. 

VAN SINT JAN, V.; COSTA DE MACÊDO, C. 
E., KINET, J-M & BOUHARMONT, J. 
Selection of aluminum resistant plants from a 
sensitive sensitive rice cultivar using 
somaclonal variation, in vitro and hydroponic 
cultures. Euphytica, 97: 303-310, 1997. 

 


