
Abstract To investigate the genetic background for alu-
minum (Al) tolerance in rice, a recombinant inbred (RI)
population, derived from a cross between an Al-sensitive
lowland indica rice variety IR1552 and an Al-tolerant
upland japonica rice variety Azucena, was used in cul-
ture solution. A molecular linkage map, together with
104 amplified fragment length polymorphism (AFLP)
markers and 103 restriction fragment length polymor-
phism (RFLP) markers, was constructed to map quantita-
tive trait loci (QTLs) and epistatic loci for Al tolerance
based on the segregation for relative root length (RRL)
in the population. RRL was measured after stress for 2
and 4 weeks at a concentration of 1mM of Al3+ and a
control with a pH 4.0, respectively. Two QTLs were de-
tected at both the 2nd and the 4th weeks on chromo-
somes 1 and 12 from unconditional mapping, while the
QTL on chromosome 1 was only detected at the 2nd
stress week from conditional mapping. The effect of the
QTL on chromosome 12 was increased with an increase
of the stress period from 2 to 4 weeks. The QTL on chro-
mosome 1 was expressed only at the earlier stress, but its
contribution to tolerance was prolonged during growth.
At least one different QTL was detected at the different
stress periods. Mean comparisons between marker geno-
typic classes indicated that the positive alleles at the
QTLs were from the Al-tolerant upland rice Azucena.
An important heterozygous non-allelic interaction on Al
tolerance was found. The results indicated that tolerance
in the younger seedlings was predominantly controlled
by an additive effect, while an epistatic effect was more
important to the tolerance in older seedlings; additionally
the detected QTLs may be multiple allelic loci for Al tol-
erance and phosphorus-uptake efficiency, or for Al and
Fe2+ tolerance.
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Introduction

Aluminum (Al) toxicity is one of the most important
yield-limiting factors for rice grown on acid upland and
lowland acid sulphate soils (IRRI 1978). Al toxicity re-
sults in a reduced and damaged root system, which in
turn causes the affected plants to be susceptible to
drought stress and mineral nutrient deficiencies (Foy
1988). It is not sufficient to develop a sustainable pro-
duction system in acid soils to reduce soil acidity and
improve soil fertility by the application of lime and fer-
tilizers due to the impossibility of correcting subsoil
acidity and the high phosphorus-fixing capacity.

Genetic variability for Al tolerance has been reported
among a large number of important crop species, includ-
ing rice (Howeler and Cadavid 1976; Fageria et al. 1988;
Foy 1988; Khatiwada et al. 1996; Sivaguru and Paliwal
1993; Wu et al. 1997). Upland japonica rice lines with a
high tolerance for Al have been identified (Khatiwada et
al. 1996; Wu et al. 1997), which makes it attractive to
transfer Al tolerance genes in upland rice to superior low-
land rice and other Al-sensitive upland crops in order to
develop cultivars with enhanced Al tolerance. It is pre-
requisite to determine the genetics of high Al tolerance in
upland rice for exploiting the tolerance genes in a breed-
ing program. A diallel analysis, using tolerant upland
rice, including Azucena and IRAT104, and the sensitive
lowland rice varieties IR1552 and IR45, was conducted
to investigate the genetic characterization of Al tolerance
in rice (Khatiwada et al. 1996). The results revealed that
Al tolerance is governed by high heretability including
both additive and dominance effects, with a preponder-
ance of additive effects. Both general combining ability
(GCA) and specific combining ability (SCA) are impor-
tant in the genetics of Al tolerance, though GCA is more
relevant than SCA. As high as 48% of significant GCA
and SCA narrow-sense heritability and a much higher
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variance of SCA were also detected in a solution culture
with 30-mg Al3+ stress at pH 4.0 (Wu et al. 1997). Al-
though findings suggest that selection for Al tolerance, as
a quantitative trait, can be made in early generations of
rice the details of the genetics of tolerance are difficult to
investigate using conventional genetic analysis.

DNA markers have proved to be efficient tools to de-
tect important genes controlling quantitative traits in var-
ious crops. Restriction fragment length polymorphic
(RFLP) markers linked to the Al tolerance gene have
been reported in wheat (Reide and Anderson 1996). The
well-developed rice molecular-marker linkage map (Ca-
usse et al. 1994; Kurata et al. 1994) allows one to detect
genes for both quantitative and qualitative traits as well
as evaluating their effects on these traits in rice. The
DNA markers linked to Al tolerance genes in rice could
be used to develop marker-aid selection in breeding pro-
grams to exploit Al tolerance genes in upland rice, which
could reduce, or eliminate, the need for difficult and
time-consuming assays of phenotypic evaluation. The
objectives of the present research were to detect QTLs
and epistatic loci for Al tolerance and to determine the
allelic effects on Al tolerance in upland rice.

Materials and methods

Plant materials

A recombinant inbred (RI) population with 150 lines, derived from
a cross between an indica Al-sensitive variety IR1552 and a japon-
ica Al tolerant variety Azucena, used in this research, was kindly
provided by Dr. D. Senadhira, a former breeder at the International
Rice Research Institute. Briefly, the procedure for development of
the RI population is as follows: a few F1 seeds were produced for
the cross and planted in a protected field to produce F2 seeds. Two
seeds per plant were harvested from 500 F2 plants for the next gen-
eration. This procedure was repeated until the F7 generation. Twenty
five individual plants of each F7 line were planted. The RI lines was
developed by single-seed decent (SSD) unti the F9. One hundred
and fifty uniform lines, based on morphology, were harvested and
used for phenotyping and for RFLP and AFLP map construction.

Solution culture experiment

Ten seedlings of each parent and four seedlings of each of the 150
RI lines were used in a solution-culture experiment. The seeds
were germinated on quartz sand after sterilization treatment. The
roots of 7-day old seedlings were cut off, leaving 1 cm in order to
standardise the root length before stress. Seedlings were trans-
planted to plastic culture containers with standard rice culture so-
lution (Yoshida et al. 1971) and Al stress at a concentration of
1 mM of Al3+. The pH of the solution was ajdusted to 4.0 by using
1 N NaOH or 1 N HCl each day. The solution was replaced every
3 days and nitrogen concentration was increased to 60 mg N/l after
the 3rd week of culture. The entire experiment was conducted in a
greenhouse from May 15 to June 20, 1997, at Zhejiang University,
Hua Jia Chi Campus, Hangzhou, China. The highest and lowest
temperatures during the experiment in the greenhouse were 41°C
and 21°C, and the humidity ranged from 55% to 75%.

Screening of RILs for Al tolerance

Relative root length (RRL), defined as the ratio of the maximum
root length under Al stress divided by the maximum root length in

the control (Ganesan et al. 1993; Mckendry et al. 1996; More et al.
1977; Polle et al. 1978), was used to evaluate genotypic variation
in Al tolerance. The maximum root length was calculated as an
average of the greatest-length and the second greater-length root
of each plant. RRL was measured for the parents and the entire
population lines after stress for 2 and 4 weeks, respectively.

AFLP and RFLP map construction

Genomic DNA was isolated from fresh leaf tissue and AFLP and
RFLP analysis was conducted between the parents following the
method of Vos et al. (1995) with minor modifications (Mahesw-
aran et al. 1997). An EcoRI/MseI system was used to generate
polymorphic AFLP markers, and a total of 16 primer-pair combi-
nations were used to identify 245 polymorphic AFLPs. A set of
135 RFLP markers were detected between the parents and used as
anchors to construct a AFLP/RFLP linkage map. Finally, 103
RFLP and 104 AFLP markers were mapped on all 12 chromo-
somes using the program Mapmaker at LOD>3.0 (Lander 1993).

Mapping QTLs for Al tolerance

To identify the QTLs for Al tolerance at different growth stages,
unconditional and conditional QTL mapping was conducted based
on the phenotypic means of RRL measured at the 2nd week of
stress and the 4th weeks of stress. The conditional means of RRL
were obtained by the mixed-model approach (Zhu 1995). QTLs
for the variation in RRL at the 2nd and 4th weeks after stress
across the population, and the molecular markers linked to the pu-
tative QTLs, were analyzed by Qgene (Nelson 1997). The thresh-
old for declaring a putative QTL for Al tolerance was LOD >2.4.

Epistasis analysis

Epistasis analysis between all possible loci on the map was con-
ducted by using the program QTLmapper (Wang et al. 1999).

Results

Phenotypic performance

Parental performance and the segregation for RRLs within
the population was shown in Fig. 1. After 2 weeks of
stress, the mean RRLs of IR1552 and Azucena were about
0.5 and 1.0, respectively. The unconditional RRLs of
IR1552 and Azucena at the 4th week stress were about 0.6
and 1.0, while conditional RRLs at the 4th week after
stress, given the RRL at the 2nd week after stress, were
about 0.7 and 0.9, respectively. The results indicated that
IR1552 is a Al-sensitive and Azucena Al-tolerant, which is
consistent with the earlier report of Khatiwada et al.
(1996). The difference in conditional RRLs between the
parents was smaller than in the unconditional RRLs, which
reveals that the earlier seedlings response to Al stress may
mainly control the phenotypic performance under Al stress
in rice. The RRL of the population was normally distribut-
ed at both the 2nd and the 4th weeks after stress. The seg-
regation range for the conditional RRL at the 4th weeks af-
ter stress was smaller than the unconditional segregation,
but the average RRL was identical with the unconditional
value. Tolerant transgressive variation was observed, but
IR1552 performed as extremely sensitive (Fig. 1).
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Construction and validation of molecular map

A total of 245 polymorphic AFLP bands were detected
using 16 primer combinations and 104 were mapped.
The number of polymorphic bands was 4–17 per primer
pair. The level of polymorphism for individual primer-
pair combinations varied from 27.3% to 60.9% . Overall,
the polymorphism of AFLP markers in this RI popula-
tion was about 44.1%, which is 50% higher than that de-
tected using a PstI/MseI system in a double-haploid
(DH) population derived from IR64 and Azucena (Ma-
heswaran et al. 1997). Among the mapped 104 AFLP
markers, about 56.2% were from IR1552. As many as
five chromosomes could be covered by the markers from
some primer combinations (Table 1).

The parental survey revealed 135 polymorphic RFLP
markers distributed on all 12 chromosomes from 192
rice-genome and cDNA probes (RG and RZ), and the
barley cDNA probes (CDO). One hundred and three
RFLP markers were mapped to the expected locations as
anchors to generate a linkage map, together with the
AFLP markers (Fig. 2). The order of anchor markers on
each chromosome showed a parallel position and was in
agreement with the order in the rice molecular map (Ca-
usse et al. 1994). The linkage map has a total length of
2420 cM. The average interval size of the map was
11.7 cM with the smallest interval on chromosome 9
(7.5 cM) and the largest on chromosome 5 (19.0 cM).
About 65.7% of the mapped markers deviated from a 1:1
ratio; 62.8% were biased towards IR1552 and 2.9%
towards Azucena (Table 2). The segregation ratio of the
indica allele to the japonica allele for the mapped markers
is 2:1; therefore, the largest distance of linked markers
which can be established is about 29 cM (Manly 1994).
The linkage map constructed in this case has only six
gaps larger than 29 cM, so that QTL mapping on most of
the map regions is reliable.

QTLs for Al tolerance

Single-marker analysis and interval mapping were used
to detect putative QTLs for Al tolerance (Table 3). From
unconditional mapping, two identical QTLs for Al toler-
ance were detected on chromosomes 1 and 12, flanked by
RZ801 and RG323, and by RG9 and RG457, respective-
ly, at both the 2nd week and the 4th week after stress. The
QTL mapped on chromosome 12 explained about 10%
and 20% of the total variation in RRL across the popula-
tion at the 2nd and 4th weeks after stress, respectively,
which indicates that the effect of the QTL increased with
the increase in stress time from 2 to 4 weeks. In contrast,
the effect of the QTL located on chromosome 1 de-
creased with the increase in stress time. Based on uncon-
ditional mapping, the QTL explained about 19% and 15%
of the total variation in RRL at the 2nd and the 4th weeks
after stress, respectively; but the QTL could not be de-
tected at the 4th week from conditional mapping. These
results suggest that the QTL was only expressed at the
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Fig. 1 Means of relative root length (RRL) of the parents and the
segregation for RRL within the population derived from a cross
between IR1552 and Azucena after 2 (A)- and 4 (B)-weeks stress,
and the conditional RRL at the 4th-week of stress given the RRL
at the 2nd week after stress (C)
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Fig. 2 AFLP/RFLP linkage map of the IR1552/Azucena recombi-
nant inbred population showing the location of QTLs and epistatic
effects for Al tolerance. The symbols representing the QTLs and
the epistatic loci are as shown above. Designations to the right re-
present the marker name, and to the left represent the map dis-
tance in cM based on the Kosambi function

earlier stage of stress, but that its contribution to tolerance
was prolonged to the later growth stage. The third QTL
detected at the 2nd week after stress was located on chro-
mosome 3, flanked by CDO1395 and AGC-CAC4, and
explained about 9% of the total variation in RRL. At the
4th week after stress, a QTL located on chromosome 9,
flanked by RG667 and RG141, was detected by both con-
ditional and unconditional mapping, and explained about
8% of the total variation in RRL. The results indicated

that the earlier response of rice seedlings to Al stress may
mainly control Al tolerance in rice, but that at least one
QTL is important to tolerance over the entire stress peri-
od. A mean comparison between marker genotypic class-
es at the detected QTLs indicated that the positive alleles
for Al tolerance were from the Al tolerant upland japon-
ica parent, Azucena.

Epistatic effects on Al tolerance

At the 2nd and the 4th weeks after stress, three pairs of
non-allelic loci with a significant interaction on Al tol-
erance were detected, respectively (Table 4). At the 2nd
week after stress, the epistastic effect explained about
20% of the total variation in RRL. The conditional epi-
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Table 1 Polymorphism, origin and distribution of AFLP markers in the 139 F9 RI lines of the cross IR1552×Azucena (EcoRI/MseI)

Primer pair Visible Polymorphic Polymorphism Origin of Polymorphic Chromosomes
bands bands (%) amplification bands mapped covered

IR1552 Azucena

AAC-CAGa 18 9 50.0 6 3 6 3, 4, 6, 9, 10
AAC-CTC 21 7 33.3 4 3 2 8, 12
AAC-CTT 34 16 47.1 10 6 7 2, 6, 7, 9
AAG-CAA 23 14 60.9 6 8 4 4, 5, 11
AAG-CAG 31 12 38.7 6 6 5 1, 4, 7, 8, 11
AAG-CAT 39 17 43.6 8 9 6 1, 3, 6, 11
AAG-CTC 32 16 50.0 10 6 7 1, 4, 8, 9, 11
AAG-CTT 35 13 37.1 10 3 3 2, 6
ACA-CAA 24 9 37.5 7 2 3 4, 5, 11
ACA-CAT 33 9 27.3 6 3 6 3, 4, 5, 12
ACA-CTA 22 10 45,5 5 5 5 4,6, 9
ACA-CTG 22 10 45,5 7 3 4 5, 10, 11, 12
ACA-CTT 29 9 31,0 3 6 2 11, 12
ACC-CTG 21 8 38,1 6 2 2 3, 6
AGC-CAC 28 9 32,1 3 6 3 1, 4, 11
AGC-CAG 23 9 39,1 5 4 6 3, 4, 5,9, 10
Total 555 245 130 115 104 12
Mean 26.4 11.7 44.1 6.2 5.5 5.0 3.7
Range 17–39 4–17 23.5–81.0 3–12 1–14 2–10 2–8

a The first three characters represent the three selective nucleotides at the EcoRI end, and the latter three characters represent the three
selective nucleotides at the MseI end

Table 2 Distribution of mark-
ers on each chromosome, the
number of anchors used to
construct the RI map, and the
number of skewed markers
on each chromosome

Chromosome Number of markers Av. distance Skewed markers
(cM)

No. Length (cM) Total AFLP RFLP IR1552 Azucena

1 228.7 21 8 13 10.9 10 0
2 120.6 13 5 8 9.3 11 0
3 266.6 22 10 12 12.1 16 0
4 299.8 24 17 7 12.5 12 2
5 246.5 13 6 7 19.0 8 0
6 245.6 20 8 12 12.3 13 0
7 160.9 13 6 7 12.4 7 0
8 114.0 7 3 4 6.3 6 1
9 134.8 18 10 8 7.5 15 0

10 91.3 9 3 6 10.1 8 0
11 246.8 23 16 7 10.7 14 2
12 263.9 24 12 12 11.0 10 1
Total 2419.5 207 104 103 11.7 130 6

Table 3 QTLs and closely linked markers for Al tolerance detect-
ed from the segregation of relative root length (RRL) after 2 and 
4 weeks stress, respectively, and the conditional segregation after

4-weeks of stress among a recombinant inbred population derived
from a cross between IR1552 and Azucena

Marker Chrom. Prob. R2 LOD Add. Genotypic mean QTL position

II JJ

After 2-weeks stress
RZ801 1 0.000 0.19 6.93 –0.08 0.71 0.86 RZ801/RG323
CDO1395 3 0.001 0.09 2.62 –0.05 0.74 0.84 CDO1395/AGC–CAC4
RG9 12 0.001 0.10 3.08 –0.06 0.71 0.81 RG9/RG457

After 4-weeks stress
RZ801 1 0.000 0.15 4.86 –0.05 0.81 0.92 RZ801/RG323
RG141 9 0.001 0.09 3.23 –0.05 0.80 0.91 RG141/RG667
RG9 12 0.000 0.20 6.82 –0.07 0.77 0.89 RG9/RG457

Conditional RRL (4-week/2-week)
RG141 9 0.001 0.08 2.53 –0.04 0.82 0.88 RG141/RG667
RG9 12 0.000 0.18 4.89 –0.05 0.81 0.91 RG9/RG457



static effect at the 4th week after stress explained about
32% of the total phenotypic variation. A mean compari-
son of the combined marker genotypes between the in-
teracting loci which are closely linked to the gene loci
indicated that heterozygous genotyopes between the in-
teracting loci had a positive effect on tolerance at the
2nd week after stress, except for one pair of interac-
tions where only the heterozygous genotype of the
japonica allele at AGG-CAG7 on chromosome 4 and
the indica allele at AAG-CAT10 on chromosome 11
showed a positive effect. Three types of recombinant
genotypes with significant epistasis were detected
based on the conditional RRL at the 4th week after
stress, given the RRL at the 2nd week after stress. The
heterozygous genotype with a combination of indica
and japonica alleles at RG13 on chromosome 5 and at
RG109 A on chromosome 12 had a higher RRL, while
the heterozygous genotype with an indica allele at
RZ797 on chromosome 11 and a japonica allele at
AGG-CAG6 on chromosome 12 also showed a higher
RRL. The third pair of interactions with an indica allele
at AGG-CTT8 on chromosome 5 and a japonica allele
at RG1 on chromosome 8 gave a negative effect on tol-
erance (Table 5). The positive effects of three heterozy-
gous genotypes could explain the tolerant transgressive
segregation within the population and indicate that the
enhanced Al-tolerant cultivar could be selected through
a breeding program using Al-tolerant upland rice and
superior lowland rice varieties.

Discussion

Three nutrient solution techniques have been used in
evaluating rice tolerance for Al toxicity: absolute root
length, root re-growth, and hematoxylin staining (How-
eler and Cadavid 1976; Martinez 1976; Polle et al.
1978). In the absolute root length technique, relative root
length (RRL), termed the root tolerance index (RTI), has
been widely used as a parameter for evaluating Al toler-
ance (IRI 1978; Coronel et al. 1990; Khatiwada et al.
1996; Wu et al. 1997), both for its advantages as a sim-
ple measurement technique and the elimination of the
genetic difference in root growth under normal culture
conditions. Rice root-length reduction due to the primary
effect of Al toxicity is interactive with nutrient concen-
tration, solution pH, genotype and seedling age. In full-
strength solution, the genotypic response to Al is more
distinct in 30 mg Al3+ l-1 at pH 4.0 (Coronel et al. 1990;
Khatiwada et al. 1996; Wu et al. 1997). Good segrega-
tion for RRL within the population in this case supports
the earlier reports.

The critical Al concentration for Al toxicity in soil so-
lution depends on pH value, nutrient status in the soil,
and plant genotypes. In acid soils, especially in subsoils,
when the pH value becomes less than 4.5, Al toxicity to
the plant usually occurs. A wide range from 2 mg Al3+

l1– to 30 mg Al3+ l–1 has been reported as a critical con-
centration for Al toxicity to different rice genotypes
(Coronel et al. 1990; Khatiwada et al. 1996; Wu et al.
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Table 4 Epistasis analysis for gene loci underlying Al tolerance in
rice based on the segregation for relative root length (RRL) among
a cross between IR1552 and Azucena at the 2nd week after stress

and the conditional RRL at the 4th week after stress, given the
RRL at the second week after stress

Chrom. Interval Site (cM)a Chrom. Interval Site (cM) LOD R2

At the 2nd week after stress
4 RG163/AGG–CAG7 16 11 AAG–CAT10/RG167 2 5.17 0.07
7 CDO418/AAC–CTT7 18 12 CAC–CAT7/ACA-CAT6 4 6.28 0.05
8 RG978/RG1 14 11 AAG–CAT13/AAG–CTC4 18 6.70 0.08

Conditional RRL (4-week/2-week)
5 CDO105/RG13 4 12 RG109A/ACA–CAT7 0 7.61 0.11
5 AGG–CTT8/RZ70 4 8 RG978/RG1 14 7.67 0.14

11 AAG–CAA6/RZ797 4 12 AGG-CAG6/AGG–CTT4 2 9.25 0.07

a Map distance in cM between the first marker locus to the interaction locus on the interval

Table 5 Mean comparison of
genotypic combinations between
interacting loci with a significant
epistasis on Al tolerance.
Only the marker loci closely
linked to the interacting loci
were used for the comparison

Marker loci Chroms. Genotypic combinationa

II IJ JI JJ

RRL at the 2nd week after stress
AGG-CAG7×AAG-CAT10 4×11 0.74B 0.78B 0.88A 0.73Bb

AAC-CTT×ACA-CAT7 7×12 0.74B 0.81A 0.81A 0.76B
RG1×AAG-CTC4 8×11 0.73B 0.82A 0.83A 0.78B

Conditional RRL (4-week/2-week)
RG13×RG109A 5×12 0.79B 0.87A 0.88A 0.81B
AGG-CTT8×RG1 5×8 0.88A 0.79B 0.83A 0.85A
RZ797×AGG-CAG6 11×12 0.80B 0.92A 0.83B 0.82B

a II=indica homozygote, IJ and
JI=heterozygote, JJ=japonica
homozygote
b Different characters represent
a significant difference the
P<0.01 level



1997). It should be noted, however, that in full-strength
solution, the high concentration of phosphate will de-
crease the active Al concentration because phosphate is a
good Al-binding ligand. Therefore, the high critical Al
concentration for Al toxicity in culture solution must be
overestimated in term sof its initial concentration added
in the solution.

Three QTLs were detected in this case after 2 weeks
of stress, among which one QTL, flanked by RG323 and
RZ801, on chromosome 1 explained about 19% of the
total variation in RRL. Conditional mapping at the 4th
week after stress and unconditional mapping indicated
that the expression of QTLs for Al tolerance was
changed, with an increase in the Al stress period. The
QTL located on chromosome 1 was only expressed at
the earlier stress phase, but its contribution to tolerance
could be prolonged to later growth. In contrast, expres-
sion of the QTL located on chromosome 12 could be de-
tected at both the 2nd and the 4th weeks after stress, and
the effect of this QTL increased with increasing stress
time. At least one different QTL with a relatively small
effect was identified at a different stress time. It has been
reported that gene expression appeared to be influenced
by the concentration of Al in the nutrient solution in
wheat (Bona et al. 1994). Our results suggest that a dif-
ferent Al stress time could induce a different gene for
tolerance, or else that the expression of some tolerant
genes are developmentally dependent.

Epistasis analysis indicated that Al tolerance in
younger rice seedlings is predominantly controlled by an
additive effect. The result supports the hypothesis that
rice Al tolerance is a quantitative trait controlled by a
greater additive effect, which has also been reported in
other crops including wheat (Bona et al. 1994), maize
(Lima et al. 1995), common bean (Araujo et al. 1992)
and soybean (Spehar 1995). About 76% of the total vari-
ation in RRL after 4 weeks of stress was explained by
the genetic effect, of which 44% could be attributable to
an additive effect and 32% to an epistatic effect. The in-
crease in the genetic effect on Al tolerance with an in-
crease in stress time could explain the higher Al toler-
ance in older seedlings, which was shown both in this
case and in an earlier report (Coronel et al. 1990). How-
ever, it should be noted that about a half of the additive
effect detected at the 4th week after stress was contribut-
ed from the QTLs expressed at the 2nd week after stress
based on conditional mapping. Although the genetic ef-
fect on Al tolerance is increased with the growth of seed-
lings, the additive effect expressed at the later stress pe-
riod was decreased, and the epistatic effect became more
important to tolerance. It was found that heterozygous
genotypes between interacting loci had a higher RRL,
which could explain the transgressive tolerance among
the population and indicates that higher Al tolerant mate-
rials could be selected from crosses between Al tolerant
upland rice and superior lowland rice varieties.

The QTL mapped on chromosome 12 was linked to
RG9 which was also reported to be linked with the major
QTL for phosphorus (P)-uptake efficiency in rice (Ni et

al. 1998). The interval on chromosome 1 flanked by
RZ801 and RG323, where the QTL for Al tolerance was
detected at the earlier stress stage, is also related to the
ability of rice the root to exclude excessive Fe2+ into the
rhizosphere, which contributes to tolerance for Fe2+ tox-
icity (Wu et al. 1998). The positive alleles for P uptake
efficiency and for Fe2+ tolerance at the two QTLs, re-
spectively, were from indica parents, while the positive
alleles for Al tolerance at the QTLs detected were from
the japonica upland rice Azucena. These results suggest
that the two QTLs are multiple allelic loci. P-deficiency
stress, and Al and Fe2+ toxicities are co-existing stress
factors in acid lowland rice soils. The QTLs detected for
both Al tolerance and P efficiency, or for both Al and
Fe2+ tolerance, open the door to developing varieties
with multiple tolerance for stresses in acid soils.

Two Al tolerance mechanisms have been suggested:
Al exclusion and tissue Al tolerance. Al exclusion has
been extensively considered to be attributable to a
change of rhizosphere pH, a release of organic acids as
Al ligands, and root cell-wall characters which would
prevent Al3+ from associating with the plasma membrane
or entering the symplasm. Our understanding of the
mechanism of tissue Al tolerance is as yet fragmentary.
Low-molecular-weight-binding peptides induced by
heavy metals have been considered as phytochelatins of
heavy metals and, as such, to play a role in metAl toler-
ance in plants. The possible induction of Al-binding
compounds that confer Al tolerance has received previ-
ous attention. Al induced both protein and cDNA within
several hours of Al exposure, and specifically in Al-tol-
erant genotypes, in both wheat (Basu et al. 1994; Rich-
ards et al. 1994; Snowden and Gardner 1993) and rice
(Zhang et al. 1997); but so far we have no proof to con-
firm the relation between the induced protein and the Al-
tolerant performance. The biochemical-marker QTL
analysis may help us to discover the precise relation,
based on the co-segregation for Al-induced cDNA
probes and the molecular markers linked to the QTLs de-
tected. Molecular investigations into rice Al tolerance
are in their infancy but the present results increase our
understanding of the molecular background of Al-toler-
ant upland rice. The QTLs and the epistatic effect identi-
fied indicate that enhanced Al tolerance genotypes could
be selected through a breeding program using Al tolerant
upland rice and lowland rice with superior yield compo-
nents.
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