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Abstract A significant level of root elongation was
induced in rice (Oryza sativa) grown under phosphorus-
deficient conditions. The root elongation clearly varied
among a total of 62 varieties screened under two different
phosphorus levels. Two contrasting varieties, ‘Gimbozu’,
with a low elongating response and ‘Kasalath’, with a high
elongating response, were chosen and crossed to produce a
hybrid population for QTL analyses. QTLs for the
phosphorus deficiency-induced root elongation were
detected by two linkage maps, i.e., one with 82 F3
families constructed by 97 simple sequence repeat (SSR)
and sequence-tag site markers and another with 97 F8 lines
by 790 amplified fragment length polymorphism and SSR
markers. A single QTL for the elongation response was
detected on chromosome 6, with a LOD score of 4.5 in
both maps and explained about 20% of total phenotypic
variance. In addition, this QTL itself, or a region tightly
linked with it, partly explained an ability to reduce
accumulation of excess iron in the shoots. The identified

QTL will be useful to improve rice varieties against a
complex nutritional disorder caused by phosphorus defi-
ciency and iron toxicity.

Introduction

Phosphorus is essential for normal cell growth and cell
division in living organisms, being a component of energy
pathways and nucleic acids. Consequently, plants have
developed various adaptation mechanisms for phosphorus
uptake and transport to ensure their growth under phos-
phorus-deficient conditions, as reviewed by Rausch and
Bucher (2002).

Phosphorus deficiency is a characteristic feature of
problem soils under which crop yield is limited. Even
when phosphorus is present, its deficiency may also be
caused by low availability of soluble phosphorus under
strong acidity or high pH. On the other hand, soil
phosphorus becomes available under flooded conditions.
In this context, rice (Oryza sativa) is potentially adapted to
withstand phosphorus deficiency, as it is inherently
adapted to flooded conditions. At the same time, rice is
a staple food throughout the world. Among the poorer
populations of tropical and subtropical countries, it
supplies more than two thirds of the total caloric intake
(Maclean et al. 2002). Hence, rice will become a key crop
to ensure sustainable agriculture in phosphorus-deficient
soils.

Among responses by plants to adverse conditions,
changes in root architecture are considered adaptations
that enhance phosphorus uptake (Lópes-Bucio et al. 2003;
Lynch 1995). Interestingly, root elongation is observed in
phosphorus-deficient soils in various plant species,
including rice (He et al. 2003; Kirk and Du 1997). The
elongated rice root under such conditions has higher
porosity and oxygen-release ability (Kirk and Du 1997).
This trait will therefore be involved in tolerance to
multiple nutritional disorders caused by both phosphorus
deficiency and iron toxicity (Ottow et al. 1983). In
previous studies on the tolerance of phosphorus deficiency
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in rice (Ni et al. 1998; Wissuwa et al. 1998), some QTLs
were identified for phosphorus uptake and shoot biomass
reduction. The objective of this study was to analyze
varietal differences and QTLs for the root elongation
under phosphorus deficiency.

Materials and methods

Screening of root elongation induced by phosphorus
deficiency

Screening of rice seedlings was conducted using Yoshida’s
nutritional solution (Yoshida et al. 1976), with minor
modifications to the phosphorus concentration and the
addition of 50 mg/l of silicate. Pre-germinated seeds were
placed into a polystyrene floating plate on a plastic
container containing 80 l nutritional solution. A strip-plot
design (Gomez and Gomez 1984) was employed with 62
varieties (see Electronic Supplementary Material 1), since
it was not realistic to assign different levels of nutritional
solutions for several tens of varieties at random as required
in a randomized complete block design. In a strip-plot
design, which is also called a split-block design (see
Electronic Supplementary Material 2), the vertical- and the
horizontal-strip plots are perpendicular, and the precision
to detect the interaction effect is improved at the sacrifice
of the degrees of precision of main effects. Each variety
was assigned as horizontal treatments to a one-row plot
consisting of seven plants as a bulk, and two phosphorus
levels (0.5 and 10 mg/l P) were assigned as vertical
treatments, in duplicate. The nutritional solutions were
changed weekly, and the pH of the solution was adjusted
daily to 5.0 with 1 N NaOH/HCl. After a 4-week growth,
the root length of each plant was measured.

Statistical procedure for assessing varietal differences

ANOVA for a strip-plot design was conducted according
to Gomez and Gomez (1984). To examine differential
responses of varieties to the phosphorus (P) levels, the sum
of the squares (SS) of the interaction between variety (V)
and phosphorus level (V×P SS) was partitioned into
several orthogonal components, according to Gomez and
Gomez (1984). Based on a ratio of the root length in the
phosphorus-deficient conditions to that in the control (C)
(P/C ratio), the varieties tested were classified into the
following three groups: (1) >1.36 (elongating, G1); (2)
1.16–1.35 (moderately elongating, G2); and (3) less than
1.16 (non-elongating, G3) (Fig. 1; Electronic Supplemen-
tary Material 1). This classification showed the highest
partitioning ratio of the interaction (V×P SS).

Dose–response curves of parental lines

From the varieties tested, a japonica, ‘Gimbozu’, and an
indica, ‘Kasalath’, were chosen, respectively, from the

non-elongating group G3 and from the elongating group
G1. The two varieties, each with a plot containing 16
plants, were tested at four different phosphorus concentra-
tions (0.5, 1.36, 3.68, and 10 mg/l) in Yoshida’s nutritional
solution, with each phosphorus level replicated four times.
The root length was measured after 4 weeks’ growth to
construct dose–response curves for both varieties. These
two varieties were crossed to raise a hybrid population for
QTL analyses.

QTL analysis for root elongation ratio in phosphorus
deficiency using F3 families

Eighty-two F3 families from the cross between ‘Gimbozu’
and ‘Kasalath’ were screened with Yoshida’s nutritional
solution (Yoshida et al. 1976) and genotyped with 81
simple sequence repeat (SSR) markers (Chen et al. 1997)
and 16 sequence-tag site (STS) markers (Robeniol et al.
1996). Four plants per family were assigned to a strip-plot
design (Gomez and Gomez 1984), replicated twice with
the F3 families as horizontal treatments and two phospho-
rus levels (0.5 mg/l and 10 mg/l) as vertical treatments.
The root length was measured after 4 weeks’ growth, and
the P/C ratio was used for QTL analysis. For the QTL
analysis, a mean phenotypic value per family was used as
“F2 intercross lines,” according to the method of Hayashi
and Ukai (1999).

QTL analysis under multiple nutritional disorders,
using F8 lines

To provide a model of multiple nutritional disorders, a
population of 97 F8 lines, which were derived by single-
seed descent from the cross between ‘Gimbozu’ and
‘Kasalath’, were subjected to the following nutrition
treatments. Four plants per line were assigned to a strip-

Fig. 1 Varietal differences of root length under phosphorus
deficiency (P deficiency) and control. Rice (Oryza sativa) varieties
‘Gimbozu’ and ‘Kasalath’ indicate their positions, respectively.
Grouping of varieties were conducted as outlined in “Materials and
methods”: G1 group of elongating ratio >1.36, G2 group of
moderately elongating ratio 1.16–1.35, G3, group of non-elongating
ratio <1.16. Variety names and values are listed in Electronic
Supplementary Material 1
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plot design (Gomez and Gomez 1984) in duplicate, with
the F8 lines as horizontal treatments and three different
nutritional conditions as vertical treatments, i.e., (1)
phosphorus deficient, (2) potassium deficient and (3)
normal. The normal condition was provided by Yoshida’s
nutritional solution (Yoshida et al. 1976), which included
10 mg/l phosphorus and 40 mg/l potassium. To simulate
phosphorus and potassium-deficient conditions, solutions
containing 1/20 of these levels, namely, 0.5 mg/l phos-
phorus and 2 mg/l potassium, respectively, were used.

The root lengths of 2-week-old seedlings in the three
treatments were measured and then exposed to 600 mg/l of
ferrous iron as FeSO4 and 5 mg/l of Fe-EDTA for 48 h.
After the exposure to excess iron, shoot samples were
dried at 80°C for 48 h, and the dry weights of the shoots
were measured. Shoot samples were digested with mixed
acids and filtered with Whatman filter No. 42 (Whatman
International, Maidstone, UK). The concentrations of
phosphorus, potassium, magnesium, and iron in the
shoot samples were measured according to Yoshida et al.
(1976). The phosphorus content was determined color-
imetrically by a molybdate–vanadate method, and the
others were determined by atomic absorption spectrosco-
py.

The P/C ratio was calculated using the measurements
described above. The ratio of root length under potassium
(K) deficient to that under normal (K/C) was similarly
calculated. The ratio of iron (Fe) content in the shoots
under phosphorus deficiency to that under the control
phosphorus level [Fe(P/C)] was calculated to estimate
effects of the root system affected by the phosphorus
levels upon absorption of excess iron.

The F8 population was genotyped with 727 amplified
fragment length polymorphism [(AFLP) Vos et al. 1995]
markers and 63 SSR markers, using a high efficiency

genome scanning system (Kawasaki et al. 2003). The
nomenclature of AFLP marker bands, e.g., ACGC-
CA690A, indicated triplet selective nucleotides of EcoRI
+3 and MseI+3 primers, fragment size, and origin of the
fragment, namely, “A” from ‘Gimbozu’ and “B” from
‘Kasalath’. The suffix “H” indicated a co-dominant
marker.

Construction of linkage maps and QTL scanning

Linkage maps were constructed using the program MAP-
MAKER (Lander et al. 1987). For the F3 generation, the
total length of linkage map was 1,400 cM, covering 80%
of the total genome. For the F8 generation, a saturated
linkage map of 1,700 cM was constructed, with a mean
interval of 2.3±3.1 (SD) cM (see Electronic Supplemen-
tary Materials 2 for the map details). SSR markers with
known locations were used as landmarks, according to the
rice genome maps which are available via the Gramene
Web site (http://www.gramene.org/).

To detect QTLs, composite interval mapping (Zeng
1994) was applied using QTL Cartographer, version 1.17
(Basten et al. 1994). One thousand repeats of a permuta-
tion test (Churchill and Doerge 1994) were performed to
estimate a threshold LOD score for each trait at a
significance level of α=0.05. Then, composite interval
mapping for multiple traits (Jiang and Zeng 1995) was
conducted to jointly analyze associated traits with the P/C
ratio, using QTL Cartographer (Basten et al. 1994) when a
trait had a QTL around the LOD peak of the P/C ratio. The
normality of the measured traits was assessed using the
D’Agostino–Pearson K2-test (Zar 1996).

All the nutritional screenings were conducted in a
daylight greenhouse at the Experimental Farm of Kyoto

Table 1 ANOVA of root length in varietal screening. Strip-plot
design was assigned with varieties (V) as horizontal treatments and
phosphorus (P) level as vertical treatments. Additional partitioning

was conducted within sum of squares of V×P, using orthogonal
linear comparison

Source of Variationa Degree of freedom Sum of squares Mean square F-ratio P

Replication 1 0.4 0.4
Varieties 61 3253.0 53.3 29.6 2.2E–29
Error (horizontal) 61 109.8 1.8
Phosphorus 1 485.6 485.6 43.9 0.095
Error (vertical) 1 11.1 11.1
V×P 61 586.6 9.6 5.9 3.0E–11
P×[G1 vs (G2,G3)] (1) 7.6 (1.3%)b 4.7 0.034
(Pdef vs Con)×G1 (1) 307.2 (52.4%) 190.0 2.1E–20
P×(G2 vs G3) (1) 47.3 (8.1%) 29.3 1.1E–06
(Pdef vs Con)×G2 (1) 34.7 (5.9%) 21.5 1.9E–05
(Pdef vs Con)×G3 (1) 156.8 (26.7%) 97.0 3.2E–14
Residuals (56) 32.9 (5.6%) 0.4 1.00
Error (interaction) 61 98.6 1.6
Total 247

aV×P Interaction between V and P, Con control, Pdef phosphorus deficiency, vs comparison between groups or treatments, G1 group of
elongating ratio >1.36, G2 group of moderately elongating ratio 1.16–1.35, G3 group of non-elongating ratio <1.16
bValues in parenthesis are partitioning ratio to V×P SS
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University, Kyoto, Japan. Mean temperatures during the
experiments for varieties, parents, F3, and F8 progenies
were 27.4, 24.7, 28.0, and 29.5°C, respectively. Marginal
effects in the culture box on root length were equally given
to all the entries not to lead to any biases.

Results

Varietal difference in phosphorus deficiency-induced
root elongation

The P/Cs obtained under normal and phosphorus-deficient
conditions varied according to variety (Fig. 1). The results
of ANOVA showed highly significant differences among
varieties and a highly significant interaction between
variety and phosphorus levels (V×P, Table 1). The sum of
squares of the interaction between variety and phosphorus
levels (V×P SS) was partitioned to five orthogonal
components with a significant difference (Table 1). The
screened varieties were grouped into G1, G2, and G3
based on varietal differences in the P/C ratio, and this
grouping brought the highest partitioning ratio of the
interaction (V×P SS, Fig. 1). The interaction between the
G1 group and the phosphorus levels, namely (Pdef vs
Con) × G1 in the Table 1, had the highest partitioning of
the total interaction, explaining 52.4% of the total
interaction (V×P SS), although only nine varieties (15%)
were classified into the G1 group. Of all the varieties
screened, which included 17 Philippine, 12 Japanese, 8
Indian, and 5 Bangladeshi varieties, all the Japanese

varieties tested here were grouped into the non-elongating
group (G3), while the elongating group (G1) consisted of
Philippine, Indian and Bangladeshi varieties (see Elec-
tronic Supplementary Material 1).

In particular, a contrasting response in the phosphorus
level-dependent elongation was confirmed between japo-
nica variety ‘Gimbozu’ from the non-elongating group
(G3) and indica variety ‘Kasalath’ from the elongating
group (G1) (Fig. 1), so that they were crossed to produce a
hybrid population. The differential response of root length
was dependent on phosphorus level. A threshold between
0.5 mg/l and 1.36 mg/l phosphorus was needed to
stimulate the root elongation (Fig. 2).

Genetic analysis of the root elongation induced by
phosphorus deficiency

In both F3 families and F8 lines, root lengths under the
phosphorus-deficient and control conditions (Fig. 3a, c)
and the P/C ratio distributed without significant deviation
from normal (Fig. 3b, d). These traits were therefore
analyzed in QTL without transformation.

Correlation coefficients (r) between the F3 families and
F8 lines were calculated in terms of the root lengths under
the control, the root length under phosphorus-deficient
conditions, and the P/C ratio; the obtained coefficients (r)
were 0.523, 0.362, and 0.271, respectively. They were
confirmed to be significant at the 1% level. The P/C ratio
in the F8 lines distributed with a mean of more than one
(Fig. 3d), but the K/C ratio, which was calculated as a ratio

Table 2 QTLs of ratio of the root length in the phosphorus (P)-deficient conditions to that in the control (C) (P/C) ratio and other associated
traits

Population Traita TLODb Chromosome LOD R2c (%) Flanking markerd Position (cM) Weighte

F3 P/C ratio 3.96 6 4.50 19.9 RM30 130.2 0.17 (0.13f)
F8 P/C ratio 3.53 6 4.55 20.3 GGCACC(247A, 293B)H 126.4 0.09

DWS
Con 3.63 6 6.45 20.5 ACGCCA690A 93 0.06

9 3.70 10.6 TCTACC149B 54.2 −0.04
Pdef 3.47 6 5.18 15.9 ATGTCC167A 107.1 0.05

1 4.30 12.3 AGCTGG394A 0 0.05
10 3.79 11.3 CACTAC1149B 26.5 0.05
2 3.50 9.1 GCCAAG446A 18.5 −0.04

P
P/C 3.57 6 6.46 24.6 GCTACA474A 115.3 −0.02
Fe(1/X)
P/C 3.56 8 4.53 14.9 TCCAAG126A 59.5 1.87

6 3.81 12.3 GTCAAA230B 128.7 1.96
aCon Control, Pdef phosphorus deficiency, P/C ratio elongation ratio of root from Pdef/Con, DWS dry weights of the shoots, 1/X reciprocal
transformation. P, and Fe indicate shoot content of phosphorus, and iron, respectively and P/C on P or Fe indicates relative contents derived
from Pdef/Con
bThreshold of LOD score estimated by 1,000 times of permutation test
cProportion of phenotypic variance explained by a QTL
dSimple sequence repeat markers are represented by RM; amplified fragment length polymorphism markers are represented by selective
nucleotides of EcoRI+3 and MseI+3, respectively, fragment size, and parental origin; A ‘Gimbozu’; B ‘Kasalath’; H co-dominant
eAdditive effect, the positive value indicates that allele from ‘Kasalath’ increases phenotypic value
fDominance effect
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of the root length under potassium-deficient conditions to
that under control, distributed with a mean of less than 1
(Fig. 3d). A paired t-test between the root length under
phosphorus deficiency and that under the control con-
firmed a significant increase in root length under the
deficiency at a probability level of 7.3×10−13. Similarly, by
a paired t-test between the root length under potassium
deficiency and the control, a significant decrease in root
length was confirmed under the deficiency at a probability
level of 1.6×10−15.

Composite interval mapping of the P/C ratio showed a
single LOD peak of 4.5 near an SSR marker, RM30, on
chromosome 6 in the F3 map (Table 2). This explained
19.9% of the phenotypic variance, and there was no other
LOD score higher than the threshold estimated by the
permutation test. The results of QTL analysis in the F3
map were consistent with that in the F8 map, where a
single QTL of the P/C ratio was also confirmed on the
corresponding region of chromosome 6 (Table 2; Fig. 4).
This explained 20.3% of the total phenotypic variance.
The additive effects of those QTLs were contributed by
‘Kasalath’ (Table 2, the last column).

Genetic analysis of associated traits measured

The dry weights of the shoots (DWS) and their contents of
phosphorus, potassium, magnesium, and iron after a 4-
week growth under phosphorus-deficient conditions, were
studied using F8 lines. All the traits showed a normal
distribution by a normality test (data not shown) except for
the iron content, for which the reciprocal transformation of
1/x was used according to Zar (1996). The numbers of
QTLs for these associated traits varied from one to four,
and their estimated positions varied throughout the linkage
map (Table 2). Of these QTLs, those for DWS under
phosphorus deficiency [DWS(Pdef)], the relative contents
of phosphorus [P(P/C)], and the reciprocally transformed
values of the relative contents of iron [Fe(P/C)] showed

Fig. 2 Dose–response curves of root length obtained at different
levels of supplied phosphorus. Mean root lengths and standard
deviations (indicated as vertical bars) were calculated from 16
plants × four replications. Four phosphorus levels were plotted at
even intervals, using a log scale on the x-axis

Fig. 3 Histograms, a for root length (cm) in F3 families under
control (Con) and phosphorus deficiency (Pdef); b for relative root
length [ratio of the root length in the phosphorus (P)-deficient
conditions to that in the control (C) (P/C)] of F3 families; c for root
length (cm) of F8 lines under control (Con), phosphorus deficiency
(Pdef) and potassium deficiency (Kdef); d relative root length [P/C
and the ratio of the root length in the potassium-deficient conditions
to that in the control (C) (K/C) of F8 lines. Gim, Kas, and F1 indicate
the average values of ‘Gimbozu’, ‘Kasalath’, and F1 (‘Gimbozu’/‘-
Kasalath’), respectively. Data of F3 (a, b) were measured from 4-
week-old seedlings and data of F8 (c, d) were measured from 2-
week-old seedlings. By the D’Agostino-Pearson K2-test, the
distributions of the eight traits were not deviated from normality
with probabilities of larger than 0.11
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LOD peaks around that of the P/C ratio on chromosome 6
(Fig. 4).

These four associated traits and the P/C ratio were then
re-examined by multiple-trait analysis, using QTL Carto-
grapher. The joint LOD scores estimated at the LOD peak
of the P/C ratio were shown (Fig. 5). Among the combined
effects of two factors, the highest was jointly achieved
with the P/C and Fe(P/C) ratios. The iron content of the
shoots was highly dependent on the level of phosphorus
and was significantly lower under the phosphorus defi-
ciency than that under the control (Fig. 6).

Discussion

Root elongation induced in native cultivars by
phosphorus deficiency

There have been a number of reports on the root length
under phosphorus-deficient conditions. Root elongation by
phosphorus deficiency was observed in Arabidopsis (Ma
et al. 2003), barley (Steingrobe et al. 2001), horsegram
(Anuradha and Narayanan 1991), and rice (Kirk and Du
1997; He et al. 2003), whereas unchanged root length was
observed in Phaseolus vulgaris (Borch et al. 1999). A
level of varietal difference was observed in maize (Gaume
et al. 2001). The screening of rice varieties in the present
study revealed an apparent varietal difference in the root
elongation, induced by phosphorus deficiency. Since the
ANOVA demonstrated a highly significant interaction
between variety and phosphorus levels (Fig. 1), partition-
ing of the interaction sum square (V×P SS) was useful in
understanding the varietal response to phosphorus levels.
Varieties in the group G1 were found to elongate their
roots specifically under conditions of phosphorus defi-
ciency.

There was a clear difference in this response, according
to the origin of the variety. All the Japanese varieties tested
here were classified into the non-elongating or insensitive
group (G3). Japanese varieties may have lost their ability
to respond to phosphorus deficiency, since modern
varieties have been selected for cultivation in phospho-
rus-sufficient fields.

The differential response of root length between
japonica variety ‘Gimbozu’ and indica variety ‘Kasalath’
was dependent on phosphorus level with a threshold
between 0.5 mg/l and 1.36 mg/l phosphorus (Fig. 2).
There is at present no information concerning a possible
receptor protein that is responsive to low phosphorus
levels. Cloning of related genes will therefore be important
to analyze and utilize this adaptive mechanism, as any
increase of root surface would enhance phosphorus uptake
(for a review, see Raghothama 1999). Since the whole
genomic sequence has been analyzed in rice, the newly
identified variation for response to phosphorus deficiency

Fig. 4 QTL scan on chromosome 6 for root elongation induced by
phosphorus deficiency (P/C ratio) and associated traits such as dry
weight of shoots under phosphorus deficiency [DWS(Pdef)], relative
iron content in shoots [Fe(P/C)], and relative phosphorus content in
shoots [P(P/C)]. Maximum threshold LOD score of 3.57 among the
four traits (Table 2) is indicated as a dotted line

Fig. 5 Joint QTL on an LOD peak of root elongation induced by
phosphorus deficiency (P/C ratio) with dry shoot weight under
phosphorus deficiency [+DWS(Pdef)], relative iron content in shoots
[+Fe(P/C)], and relative phosphorus content in shoots [+P(P/C)].
Joint LOD score of the four traits is indicated at the far right (+All)
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may provide a basis for isolating related genes using
genomic approaches (Feng et al. 2002; Sasaki et al. 2002).

QTL of root elongation induced by phosphorus
deficiency

Generally, deficiency of an essential element causes a
reduction of total plant biomass. The root length of rice
was reduced under potassium deficiency, but increased
under phosphorus deficiency. The P/C ratio showed a

normal segregation in the progeny population resulting
from a cross between two contrasting varieties. The
correlation coefficient, r, significant at 1% for the P/C ratio
between F3 and F8 lines, also confirmed that the P/C ratio
is a heritable trait. The reason that r was not so high, with
the r2 of less than 50%, was in part due to the difference in
the duration of screening for F8 and F3. The duration was
shorter by 2 weeks for F8 than for F3. It was also partly
due to the genetic fixation advanced to the F8 generation.
The heritable nature of the P/C ratio was also confirmed
by the consistency in the number and position of detected
QTLs in the F3 and F8 maps. The common QTL had an
LOD peak of around 4.5 on long arm of chromosome 6
and explained about one fifth of the total phenotypic
variance. ‘Kasalath’ alleles increased root length under
phosphorus deficiency. There were previous reports of
QTLs for tolerance for biomass reduction under phospho-
rus deficiency and QTLs for the efficiency of phosphorus
uptake on chromosome 6 (Ni et al. 1998; Wissuwa et al.
1998). The latter was mapped on the short arm, i.e., on the
opposite side of our QTL. The former for relative tillering
ability, relative shoot dry weight, and relative root dry
weight was mapped on the region approximately 120 cM
and 134 cM far from landmarks on short arm, i.e., RG123
and RG64, respectively. So it was not possible to
determine whether Ni’s QTLs are close to our QTL or
not. However, both were on long arm of chromosome 6.
We have tentatively designated this locus REP (root
elongation under phosphorus deficiency).

Analysis of associated traits with the locus

There were other traits that showed LOD peaks around
REP (126.4 cM on chromosome 6). These were DWS
(Pdef), P(P/C), and Fe(P/C). Of these, LOD peak of Fe(P/
C) was mapped on a closer position to REP than the others
(Fig. 4), and these two showed the highest joint LOD
score among the three (Fig. 5). Considering the reciprocal
transformation (1/x) applied to the QTL analysis of Fe(P/
C), the ‘Kasalath’ allele at the LOD peak on chromosome
6, where the REP was located, may have reduced the
accumulation of excess iron in the shoots. The simulta-
neous positive effect may be explained by a tight linkage
of these loci or by a pleiotropic effect of REP.

Lower accumulation of iron in shoots induced by
phosphorus deficiency

The iron content of shoots is indicative of root metabolism
for excluding excessively supplied iron; therefore, this was
chosen for detailed examination out of the associated
traits. For plants grown under phosphorus deficiency, the
iron content of shoots was significantly lower than the
control. The mean reduction rate was seven times greater
than the rate in potassium deficiency and in normal
condition (data not shown). Since the plant was exposed to
excess iron (600 mg/l Fe) for only 48 h after the screening

Fig. 6 Histograms of iron content (mg/g of shoot) for a ion contents
under control, b ion contents under potassium deficiency, and c ion
contents under phosphorus deficiency. The arrows indicate the
average values of parents and F1. Paired t-tests between ion contents
under the control and under potassium deficiency and between ion
contents under the control and under phosphorus deficiency showed
significant difference with a probability of 0.01 and 8.4×10−43,
respectively
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for phosphorus deficiency, the iron content of the shoots
may have been affected by a metabolism changed in
response to the preceding nutritional conditions. The
higher iron-excluding power, which was indirectly
observed as reductions of iron content in the phospho-
rus-deficient plants, was analyzed as a QTL of Fe(P/C).
This result indicates that the iron-excluding power is partly
contributed by REP itself or tightly linked with the REP
locus. In addition, a large contribution was provided by the
highest LOD peak on chromosome 8 (Table 2), which
suggests another adaptive mechanism to phosphorus
deficiency and iron toxicity. Since Kirk and Du (1997)
reported a twofold increase in root-released oxygen under
0.5-mg/l phosphorus sand culture, the trait Fe(P/C) might
reflect indirectly these metabolic changes induced by
phosphorus deficiency. These results again indicate the
importance of REP locus in the breeding rice for tolerance
to phosphorus deficiency and iron toxicity, both of which
are widespread in acid sulfate soils or in flooded Oxisols.
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