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Abstract Phytate (myo-inositol-1,2,3,4,5,6-hexakisphos-
phate, InsP6) is the most abundant P-containing com-
pound in plants, and an important anti-nutritional factor,
due to its ability to complex essential micro-nutrients,
e.g. iron and zinc. Analysis of natural variation for InsP6
and Pi accumulation in seeds and leaves for a large num-
ber of accessions of Arabidopsis thaliana, using a novel
method for InsP6 detection, revealed a wide range of
variation in InsP6 and Pi levels, varying from 7.0 mg to
23.1 mg of InsP6 per gram of seed. Quantitative trait lo-
cus (QTL) analysis of InsP6 and Pi levels in seeds and
leaves, using an existing recombinant inbred line popula-
tion, was performed in order to identify a gene(s) that is
(are) involved in the regulation of InsP6 accumulation.
Five genomic regions affecting the quantity of the InsP6
and Pi in seeds and leaves were identified. One of them,
located on top of chromosome 3, affects all four traits.
This QTL appears as the major locus responsible for the
observed variation in InsP6 and Pi contents in the
Ler/Cvi RIL population; the Ler allele decreases the
content of both InsP6 and Pi in seeds and in leaves. The

InsP6/Pi locus was further fine-mapped to a 99-kb re-
gion, containing 13 open reading frames. The maternal
inheritance of the QTL and the positive correlation be-
tween InsP6 and total Pi levels both in seeds and in
leaves indicate that the difference in InsP6 level between
Ler and Cvi is likely to be caused by a difference in
transport rather than by an alteration in the biosynthesis.
Therefore, we consider the vacuolar membrane ATPase
subunit G, located in the region of interest, as the most
likely candidate gene for InsP6/Pi.

Keywords Arabidopsis · QTL analysis · Phytate · 
Phosphate · Natural variation

Introduction

The major form in which phosphorus occurs in plants 
is myo-inositol-1,2,3,4,5,6-hexakisphosphate, common-
ly referred to as phytic acid or InsP6 (Lott et al. 2000).
This highly negatively charged compound forms a
mixed salt with various mineral cations, e.g. potassium,
magnesium, iron and zinc. It is generally assumed that
the major role of InsP6 in plants is to act as a storage
form for Pi and probably also for cations, and is most
abundant in seeds and fruits. The availability of Pi in
soil is positively correlated with the level of InsP6 accu-
mulated in seeds of soybean (Raboy and Dickinson
1987) and Brassica (Lickfett et al. 1999). Since InsP6 is
the major form of phosphorus in seeds, total phosphorus
and InsP6 levels in seeds are usually positively correlat-
ed (Raboy 2001).

Due to its mineral-binding capacity, InsP6 affects the
nutritional quality of food; minerals, when bound to
InsP6, are not or are hardly absorbed in the intestine and
are largely excreted, resulting in iron and zinc deficien-
cies, especially in developing countries, when food is
mainly seed-based. Monogastric animals only very inef-
ficiently take up phosphorus from InsP6, and hence 
additional Pi is added to their feed, resulting in P-pollu-
tion.
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Decreasing the level of InsP6 in seeds is one of the
recent strategies to improve iron and zinc availability in
food (Lucca et al. 2001). In maize (Zea mays), barley
(Hordeum vulgare), rice (Oryza sativa) and soybean
(Glycine max), mutants with lowered InsP6 levels (low
phytic acid; lpa) have been isolated (Raboy and Gerbasi
1996; Larson et al. 1998, 2000; Raboy et al. 2000; 
Wilcox et al. 2000). In these mutant lines, a negative
correlation was observed between InsP6 and free Pi lev-
els. The explanation is that a smaller portion of total
seed phosphorus is converted into InsP6, the total
amount of phosphorus in the seeds remaining unaltered.
In some mutants also lower inositol-phosphates (mainly
InsP3 and InsP5) were found. Mutant lines with a 
block in InsP6 metabolism in the developing seed ap-
pear to have a reduced seed weight, which is leading to
reduced yields as well. This reduction in seed dry
weight might be because of reduction in starch accumu-
lation that results from the disturbance of phosphorus or
because of disruption in inositol or inositol-phosphate
metabolism found in lpa seeds (reviewed by Raboy
2001).

Except its effect on seed weight it now appears that
InsP6 probably serves several cellular functions as well:
as a major pool in inositol phosphate pathways (Safrany
et al. 1999) and as a second messenger ligand (Sasakawa
et al. 1995). Furthermore, it may play a role in DNA
double-strand break repair (Hanakahi et al. 2000), RNA
export from the nucleus (York et al. 1999), ATP metabo-
lism (Safrany et al. 1999) and in phosphorus and mineral
storage (Raboy 1997). A recent study indicates the role
of InsP6 in the physiological response of guard cells to
ABA as well (Lemtiri-Chlieh et al. 2000).

In light of these numerous functions for InsP6 in cells
generally, and in seeds specifically, it is somewhat sur-
prising that the lpa mutants perform rather well under
field conditions. Clearly the levels of InsP6 typical for
normal seeds are not essential for seed functioning.

In eukaryotic cells, InsP6 is synthesised by sequential
phosphorylation of myo-inositol and/or partly via phos-
phatidylinositol phosphates (Loewus and Murthy 2000;
Raboy 2001). However, relatively little is known about
plant genomic sequences encoding functions in the late
part of the pathway, playing a direct role in seed InsP6
accumulation and mobilisation (Raboy 2001). Only re-
cently, Hitz et al. (2002) reported that a defective myo-
inositol-1-phosphate synthase decreased the amount of
InsP6 in soybean seeds. Furthermore, it is known that
during germination InsP6 is broken down by phytase en-
zymes, releasing myo-inositol and mineral contents.
There probably are multiple phytases in seed and pollen,
with different patterns of expression and regulation, the
molecular biology and genetics of which is relatively un-
developed (Loewus and Murthy 2000). There is signifi-
cant progress in the study of microbial phytase genes
(Maugenest et al. 1997).

In the present study we describe a genetic approach to
unravel InsP6 and free phosphorus accumulation in
seeds, using Arabidopsis as a model species. We have

used natural variation that has been shown to be present
in accessions of Arabidopsis for a large variety of traits
(Alonso-Blanco and Koornneef 2000).

Genetic variation for InsP6 and Pi accumulation in
seeds and leaves has been analysed, using a novel meth-
od for InsP6 detection, for a large number of accessions.
Furthermore, quantitative trait locus (QTL) analysis of
InsP6 and Pi levels in seeds and leaves has been per-
formed, using an existing recombinant inbred line (RIL)
population, in order to identify a gene(s) that is (are) in-
volved in the regulation of InsP6 accumulation.

Materials and methods

Plant material

A set of 101 Arabidopsis accessions was analysed for InsP6 and Pi
content in seeds and for Pi content in leaves. The complete list of
accessions and the levels of InsP6 and Pi are presented at
http://www.natural-eu.org .

A set of 162 RILs derived from crosses between the laboratory
strain Ler originated from Northern Europe (Rédei 1992) and the
accession Cvi from the Cape Verde Islands (Lobin 1983), were
analysed for InsP6 and Pi in seeds and leaves as well. These RILs
have been previously characterised for amplified fragment length
polymorphism (AFLP) and cleaved amplified polymorphic se-
quence (CAPS) markers (Alonso-Blanco et al. 1998). Results of
InsP6 and Pi analysis of all individual RILs are as well presented
at http://www.natural-eu.org .

To construct a near-isogenic line containing a Cvi introgression
at the top of chromosome 3 we have used NIL35. NIL35 was con-
structed by two back crosses of RIL49 with Ler for fine mapping
a seed dormancy QTL (Alonso-Blanco et al. 2003), and contained
3 cM of Cvi at the top of chromosome 3, 45 cM on the middle of
chromosome 5 and a chromosome segment of 10 cM on the bot-
tom of chromosome 1, in a Ler background, as was determined
with AFLP markers. NIL35 has been backcrossed with Ler. In the
resulting F2 of this population a plant heterozygous for the top of
chromosome 3 and homozygous Ler on chromosome 5 was select-
ed, using molecular markers. The progeny of this plant has been
used as a mapping population to refine the map position of the
QTL on top of chromosome 3.

A line homozygous for Cvi on the top of chromosome 3 has
also been selected from this population and is called NIL26.

Plants were grown in an air-conditioned greenhouse (tempera-
ture 22–25 °C), supplemented with additional light (model TDL
58W/84, Philips, Eindhoven The Netherlands) from mid Septem-
ber till early April, providing a day length of 16 h. Plants were
grown in 7-cm pots in standard soil.

Extraction and quantification of InsP6 and Pi

Dry seeds (1–4 mg) were boiled for 15–20 min in 0.5 ml of 0.6 M
HCl. Leaves (30–60 mg) were extracted by boiling for 15 min in
1 ml of 0.6 M HCL and 10 mM of EDTA. The extracts were cen-
trifuged at 15,000 g for 5 min. The supernatants were diluted 10-
times (seeds) or 3-times (leaves) with water, and 20 ml was analy-
sed using a Dionex DX300 HPLC system (Dionex Corporation,
Sunnyvale, Calif., USA). Anions were separated on an AS11 (4 ¥
250 mm) column, preceded by an AG 11 guard column and eluted
with NaOH. The elution profile was: 5 min isocratic at 5 mM of
NaOH, followed by a 15-min linear gradient with 5–100 mM of
NaOH. After each run the column was washed for 5 min with
0.5 M NaOH, followed by a 15-min equilibration at 5 mM. Flow
rates were 1 ml·min–1 throughout the run. Contaminating anions in
the eluents were removed using an ion trap column (ATC-1), in-
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stalled between the pump and the sample injection valve. Anions
were determined by conductivity detection. Background conduc-
tivity was decreased using a ASRS suppressor, with water as a
counterflow (5 ml·min–1), operated at 300 mA, controlled by an
SRS controller (Dionex Corporation Sunnyvale, Calif., USA).
Peaks were identified and quantified by co-elution with known
standards. Recoveries of InsP6 were determined by spiking seed
samples with Na12-InsP6.

QTL analysis

To map QTLs using the RIL population, a set of 99 markers cov-
ering most of the Arabidopsis genetic map was selected from the
previously published RIL Ler/Cvi map (Alonso-Blanco et al.
1998). These markers spanned 482 cM, with an average distance
between consecutive markers of 5 cM and the largest genetic dis-
tance being 12 cM.

The computer program MapQTL version 4.0 (Plant Research
International, Wageningen-University and Research Centre, Wa-
geningen, The Netherlands) was used to identify and locate QTLs
linked to the molecular markers using both interval mapping and
multiple-QTL model mapping (MQM) methods as described 
in its reference manual (http://www.plant.wageningen-ur.nl/prod-
ucts/mapping/mapqtl/ ). The estimated additive effect and the
percentage of variance explained by each QTL as well as the total
variance explained by all of the QTLs affecting a trait, were ob-
tained with MapQTL in the final MQM model. For this, different
cofactor markers were tested around the putative QTL positions
(van Ooijen and Maliepaard 1996), selecting as final cofactors 
the closest marker to each QTL, i.e. those maximizing the loga-
rithm-of-odds (LOD) score. A LOD score threshold of 2.8 
was applied to declare the presence of a QTL, which corresponds
to a general genome-wide significance of P = 0.05 for normally
distributed data, as was determined by extensive simulation ex-
periments (van Ooijen 1999). We verified this threshold for inter-
val mapping by applying the permutation test to each data set
(10,000 repetitions) and found P = 0.05 LOD thresholds between
2.5 and 2.6 for all traits. Two-LOD support intervals were estab-
lished as approximately 95% confidence intervals (van Ooijen
1992).

For every trait, two-way QTL interactions were analysed by
analysis of variance at a significance level of P < 0.005, using the
General Linear Model module of the statistical package SPSS ver-
sion 10.0 (SPSS Incorporated, Chicago). For each analysis, the
closest linked markers to the corresponding detected QTL were
used as random factors in the ANOVA (the same markers used as
cofactors in the MQM mapping with MapQTL).

Fine mapping of the InsP6 and Pi locus

To fine map the major locus for the InsP6 and Pi locus on chromo-
some 3, DNA of 631 plants derived from the heterozygous NIL26
sister plant was isolated and analysed using the CAPS markers
T4P13b and 17D8LE (Table 1). The seeds of recombinants be-
tween these two markers were analysed for InsP6 and Pi content,
and used for further fine-mapping of the locus. To unambiguously
determine the InsP6 phenotype of the recombinants, 12 F3 plants
of each recombinant have been analysed subsequentially.

Design of molecular markers

Based on the Columbia genomic sequence (TAIR; http://www.ar-
abidopsis.org ) new cleaved amplified polymorphic sequence
(CAPS) (Konieczny and Ausubel 1993) and single sequence
length polymorpism (SSLP) (Bell and Ecker 1994) markers were
developed. Marker specifications are listed in Table 1.
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Results

Extraction and detection of InsP6

A simple and rapid method was needed to extract, detect
and quantify InsP6 in a large series of small samples. An-
ions can easily be separated using exchange chromatogra-
phy, especially at high pH, and detected by conductivity.
Sensitivity of this detection method can largely be in-
creased using post-column removal of the alkali via a sup-
pressor (Weiss 1991). Figure 1 shows chromatograms of a
mix of anion standards (A), and an extract of a few mg of
Arabidopsis seeds (B), extracted simply by boiling in HCl.
Without any further purification, InsP6 (Rt = 15.8) and Pi
(Rt = 12.3) could easily be detected. The large peak at
3.2 min in the chromatogram of the seed extract is chlo-
ride, added for the extraction. Another major peak in the
chromatogram, at 10.9 min, co-eluted with sulphate. Mi-
nor peaks, co-eluting with citrate and oxalate were also
present, Rt being 12.7 and 11.2 min, respectively.

Recoveries of InsP6 were determined by spiking seed
samples, varying in weight from 2 to 7 mg, with authen-
tic Na12 InsP6. Recoveries were found to decrease with
increasing sample weight (Fig. 2). The response of the
detector was linear with the concentrations of InsP6 and
P up to at least 50 mg·l–1 (data not shown). It is conclud-
ed that the extraction and detection method is reliable for
seed samples smaller than 4 mg of DW. The protocol
was sensitive enough to detect InsP6 in sub-milligram
samples. To avoid inaccuracy routinely due to weighing
errors or a small number of seeds, samples of 2–3 mg
were routinely analysed, the smallest sample being
0.8 mg, representing around 50 seeds (Alonso-Blanco et
al. 1999).

Natural variation for InsP6 and Pi content among 
Arabidopsis accessions

For a series of 101 accessions of Arabidopsis, the levels
of InsP6 and Pi in mature dry seeds, and in full-grown
leaves, collected from vegetative plants, were deter-
mined (data presented at http://www.natural-eu.org). The
average InsP6 level in seeds was 16.2 ± 2.3, ranging
from 7.0 to 23.1 mg/g of seed. A weak but significant 
(r = 0.351) positive correlation between InsP6 and Pi
levels in seeds was detected. Pi levels in leaves ranged
from 4.6 to 30.5 mg/g of fresh weight (FW), averaging at
14.6 ± 5.6 mg/g of FW. The levels of InsP6 in the leaves
of these accessions were more than two orders of magni-
tude lower than in the seeds and were not quantified. In
order to test whether InsP6 levels in seeds might repres-
ent a overall higher P-status in the plant, seed-InsP6 lev-
els were plotted against leaf-Pi levels (Fig. 3). No signif-
icant correlation was observed.

To identify and locate QTLs responsible for the ge-
netic variation in InsP6 and Pi between the accessions
Ler and Cvi, we have analysed the RIL population de-
rived from a cross between these accessions for InsP6
and Pi levels in seeds and leaves. Although the analysis
of other crosses such as Kyoto-1 ¥ Hey-0 (InsP6 levels

Fig. 1 Chromatograms of anion standards (A) and a representa-
tive extract of seeds (B), analysed by high pH anion chromatogra-
phy and ion-suppressed detection. Standards: N: nitrate, S: sul-
phate, Ox: oxalate, Pi: phosphate, C: citrate, InsP6: phytate

Fig. 2 Effect of sample weight on recoveries of InsP6, extracted
from Arabidopsis seeds. Recoveries were determined by spiking
samples with authentic InsP6
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7.0 and 23.1 mg/g of seed, respectively; Fig. 3) might
show larger variation, the availability of a permanent
mapping population between Ler and Cvi offers unique
advantages (Alonso-Blanco and Koornneef 2000). The
Ler/Cvi population shows considerable transgression to-
wards both directions, for all traits analysed, as is shown
in Fig. 4. This indicates that both accessions carry genes
that increase and decrease the content of the different
compounds that are analysed. Furthermore, there is a
positive correlation between the amounts of InsP6 and Pi
in seeds (r = 0.56) and in leaves (r = 0.40) as well as a
positive correlation between the amount of InsP6 in
seeds compared to the amount in leaves, and for the level
of Pi in seeds compared to that of leaves, (r = 0.35 and
0.34, respectively).

Mapping QTLs for InsP6 and Pi in seeds and leaves

QTL mapping was performed for the quantity of the
InsP6 and Pi in seeds and leaves (Fig. 5). In total five
genomic regions, affecting InsP6 and Pi levels, were de-
tected, one of them on chromosome 3 affecting all four
traits. Additional QTLs were detected for Pi in seeds on
the top of chromosome 1, on the bottom of chromo-
somes 2 and 4, and for InsP6 in leaves on the bottom of
chromosomes 1 and 2. The additive effects of these
QTLs accounted for 61.8% of the total variance for
InsP6 in seeds, 55.3% for Pi in seeds, 35.5% for InsP6
in leaves and 33% for Pi in leaves. The region on the
top of chromosome 3 near the AFLP marker DF.77C ex-
plained 61.8%, 36.8%, 22.5% and 28.9% of the varia-
tion for InsP6 in seeds, Pi in seeds, InsP6 in leaves and
Pi in leaves respectively. Therefore, this QTL appears as
the major locus responsible for the observed variation in
InsP6/Pi content in the Ler/Cvi RIL population, the Ler
allele decreasing the content of both InsP6 and Pi in
seeds and in leaves. The Ler allele for the QTLs affect-
ing Pi in seeds and InsP6 in leaves (both on chromo-
some 1) and for Pi in seeds (on chromosome 4) increas-

es the content. The Ler allele for the additional QTLs
affecting Pi in seeds and InsP6 in leaves (chromosome
2) decreases the contents. Analysis of QTL interactions
detected no significant epistasis between the different
loci (P < 0.005).

Analysis of reciprocal effects and dominance

To analyse the effect of the major QTL on the InsP6 and
Pi content in more detail a near-isogenic line (NIL) was
constructed. This NIL (NIL26) contained a Cvi intro-
gression on top of chromosome 3 in a Ler background.
The analysis of 100 F2 plants of a cross between NIL26
and Ler for seed InsP6 content and the genotype at
marker T4P13b, showed a typical monogenic segrega-
tion and linkage of the trait to the marker. In addition it
revealed the dominance effect of the Cvi allele, hetero-
zygous plants showing the higher InsP6 and Pi levels of
NIL26 (Fig. 6). The levels of InsP6 and Pi in seeds of
NIL26 are similar to those in Cvi, confirming that in-
deed the Cvi allele(s) of the introgression on top of
chromosome 3 is the major factor responsible for the
higher InsP6 and Pi levels of Cvi. Figure 7 shows the
levels of InsP6 and Pi in seeds of reciprocal crosses be-
tween Ler and NIL26. This data indicates a clear mater-
nal inheritance of InsP6 and Pi levels in seeds, since the
InsP6 and Pi levels of the hybrid with Ler as the female
parent are similar to that of Ler itself and when NIL26
is the female parent the levels are like that of NIL26 
itself.

Fig. 3 Relationship between InsP6 in seeds and free Pi levels in
leaves of 101 accessions of Arabidopsis. Extremes in InsP6 levels,
and the parents of the Cvi/Ler RIL population, are indicated

Fig. 4 Frequency distributions of InsP6 and Pi contents in seeds
(A, B) and in leaves (C, D) of plants of the Ler/Cvi RIL popula-
tion. Arrows correspond to the parental line means and horizontal
bars represent their ranges of variation based on the analysis of
two different plants. Parental values of InsP6 and Pi in leaves are
based on measurements of a single plant
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Fine-mapping of the major InsP6 and Pi locus

Since the region containing the QTL was still approxi-
mately 3 cM in size, a further reduction of this region was
needed towards the positional or candidate gene cloning.
Therefore, a mapping population of 631 plants was gener-
ated from a heterozygous NIL26 sister plant. These plants
were analysed with two molecular markers (T4P13b and
17D8LE, Table 1) one at the top of chromosome 3 and the
other near the end of the Cvi introgression. This revealed

23 recombinants between the two markers showing a re-
combination frequency of 1.8 cM. Seeds of these recombi-
nants were tested for InsP6 and Pi levels and this con-
firmed that the InsP6/Pi locus was located in between
these two markers. For mapping, nine molecular markers
(Table 1) between T4P13b and 17D8LE (which were test-
ed for Ler/Cvi polymorphisms) were generated from the
Columbia sequence. All 23 selected recombinants have
been analysed with these markers. Hereby the QTL could
be mapped to a region of 99 kb, localizing the QTL on

Fig. 5 QTL likelihood maps
for InsP6 and Pi contents in
seeds and in leaves. Presented
are four of the five linkage
groups of Arabidopsis. The 
abscissas correspond to the ge-
netic maps in cM; 1 through 4
indicate the linkage group
number. The horizontal dotted
lines correspond to the LOD
score threshold of 2.8 used to
declare the presence of a QTL.
Two-LOD support intervals for
the significant QTL are shown
as black bars along the abscis-
sa. QTL effects are shown in
the second panel below the
LOD graph. These are given as
twice the additive allele effects,
i.e. as the mean differences be-
tween the two RIL genotypic
groups carrying the Ler and
Cvi alleles. The effects of Pi in
seeds as well as in leaves are
multiplied by ten to allow pre-
sentation in one figure. A posi-
tive QTL effect represents that
the Ler allele increases the con-
tent. The percentage of pheno-
typic variance explained by
each QTL is reported near the
corresponding LOD score peak
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BAC T13O15 between markers cT4P13x and cT13O15c,
which have respectively 1 and 3 recombinants with the
InsP6/Pi locus as is shown in Fig. 8. This region contains
13 open reading frames. Based on the annotation of the
Columbia sequence this region includes a putative peptide
transporter (gene code: At3g01350), a putative protein
transport protein SEC13 (At3g01340), a putative protein
kinase (At3g01300), a putative phosphatidylinositolgly-
can-class N short form (At3g01380), a vacuolar mem-
brane ATPase subunit G1 (At3g01390), a putative RNase
H (At3g01410) and seven unknown proteins.

Discussion

We present the analysis of natural variation for InsP6 and
Pi in Arabidopsis thaliana. To be able to analyse a large
series of samples we used a simple and rapid detection
method, based on anion exchange chromatography and
detection through ion-suppressed conductivity. This meth-
od has been used before for the analysis of steep water of
corn (Hull and Montgomery 1994), but not for plant mate-
rial. The method is very sensitive, able to detect InsP6 in
sub-milligram samples of seeds, with recoveries >90%,
provided the sample size does not exceed 4 mg (Fig. 2).

Total levels of P (InsP6 and Pi) in Arabidopsis seeds
are higher compared with levels reported for maize, bar-
ley and rice (Raboy et al. 2001). However, Coelle et al.
(2001) reported around two-times higher levels in seeds
of accession Columbia. This might be due to differences
in growth conditions, since Lickfett et al. (1999) report-
ed that soil-P levels largely affect InsP6 levels in Brassi-
ca seeds. Besides P-fertilization, InsP6 and Pi concentra-
tions in seeds may vary because of many factors includ-
ing moisture plus climatic factors (Lott et al. 2000). We
also found that genetically identical seed batches, har-
vested at different times, could vary in Pi and Insp6 con-
tents. To avoid these environmental effects we have only
compared plants that were grown under identical envi-
ronmental conditions in the same experiment.

Fig. 6 Segregation of InsP6 locus. Frequency distribution of InsP6
levels of seeds of 100 F2 plants from the cross NIL26 ¥ Ler. Lines
are grouped based on the genotype for linked marker T4P13b

Fig. 7 Levels of InsP6 (black bars) and free Pi (¥10) (gray bars)
in seeds of Ler, Cvi, NIL26 and the reciprocal crosses between
NIL26 and Ler

Fig. 8 Genetic fine mapping of the major InsP6/Pi QTL. The top
of the figure shows the genetic map with AFLP markers (Alonso-
Blanco et al. 1998b) of chromosome 3, solid bars indicate Ler
DNA, open bars the Cvi alleles. Junctions between open and solid
bars indicate crossover breakpoints. The lower part shows the
QTL region in detail, essential recombinants which indicate the
position of the InsP6/Pi QTL are indicated, with their average
InsP6 levels (mg/g seed) Molecular markers with the number of
recombinants between the marker and the InsP6/Pi locus are indi-
cated as well. The number of recombinants with the markers
nga32 and 17D8LE are underestimated, as the InsP6 levels of het-
erozygous plants could not be distinguished from Cvi plants. Re-
combinants with their crossover breakpoint between the other
markers have been analysed for InsP6 by determining the seeds of
12 plants derived from these recombinants, to distinguish hetero-
zygous plants from Cvi plants



A wide range of variation in InsP6 and Pi levels was
observed amongst accessions, varying from Kyoto-1,
containing 7.0 mg of InsP6 per gram of seed, to Hey-0
with 23.1 mg of InsP6 per of gram seed. We also ob-
served the typically high and positive correlation of
InsP6 with total Pi as has been reported by Raboy (1997)
and Raboy et al. (1990), but there are accessions as well
that do have altered ratios of InsP6 compared to the Pi
levels, indicating that total P accumulation is affected.
Altered ratios of InsP6 compared to total P were also de-
scribed in mutants, isolated in maize (Z. mays L.), barley
(H. vulgare L.) and rice (O. sativa L.) (Raboy and 
Gerbasi 1996; Larson et al. 1998, 2000; Raboy et al.
2000). The observation that total P in mutant seeds re-
mained constant has been explained as an altered biosyn-
thesis of InsP6, rather than differences in uptake from
the environment and/or partitioning of P within the plant.

The presence of different types of natural variation
among the Arabidopsis accessions provides unique genetic
sources to study the genetics and molecular biology of
InsP6 levels in plants. Therefore, we performed a QTL
mapping procedure to study the natural variation for InsP6
and Pi between the accessions Ler and Cvi. QTL mapping
revealed five genomic regions affecting the quantity of
InsP6 and Pi in seeds and leaves. One of them, located on
top of chromosome 3 is affecting all four traits. This QTL
appears as the major locus responsible for the observed
variation in InsP6 and Pi contents in the Ler/Cvi RIL popu-
lation, the Cvi allele increasing the content of both InsP6
and Pi in seeds and in leaves. To Mendelize this major
InsP6/Pi QTL we generated a near-isogenic line (NIL26)
carrying a 3-cM Cvi genomic region on the top of chromo-
some 3 in a Ler background. Seeds of this line have higher
InsP6 levels than seeds of Ler itself, confirming that indeed
the Cvi allele of the QTL is increasing the InsP6/Pi levels.
The F2 of a cross between Ler and NIL26 showed a mono-
genic segregation and revealed the dominance of the Cvi
allele at this InsP6/Pi locus. Reciprocal crosses show ma-
ternal inheritance. This might indicate that the difference in
InsP6 between Ler and Cvi is caused by transport of P
from the mother plant into the seed. This is in agreement
with the finding that the InsP6 levels compared to the total
P levels are not altered, indicating that there is no alteration
in the biosynthesis of InsP6 controlled by this locus.

Possible candidate genes for the InsP6/Pi locus are
genes which have a function in P translocation. There are
four Arabidopsis mutants known to be affected in P accu-
mulation/mobilization. These are pho1, which is exhibit-
ing a reduced P-uptake (Poirier et al. 1991), pho2, a P-ac-
cumulator (Delhaize and Randall 1995), pho3, a P defi-
cient mutant probably affected in P uptake by the roots
(Zakhleniuk et al. 2001) and ppt1, which is mutated in the
phosphate/phosphoenolpyruvate translocator gene (for-
merly named cue1-1, and allelic to CS3156; Li et al.
1995). However, except for pho3 (which has not been
mapped) none of these mutants are candidate genes for
the major InsP6/Pi QTL, as they are localised at different
genetic positions. PHO1 has recently been cloned and is
localised on chromosome 3, but at a lower position than

the InsP6/Pi QTL (Hamburger et al. 2002). PHO1 be-
longs to a gene family but none of the PHO1 homologs
map to the same chromosome region as the InsP6/Pi
QTL. PHO2 has been mapped to the bottom of chromo-
some 2, near marker m429 (Delhaize and Randall 1995)
and might be a candidate gene for the QTL at the bottom
of chromosome 2 that affects InsP6 in leaves and Pi in
seeds. PPT1 has been cloned and is located on the middle
of chromosome 5 at BAC F19N2 (Streatfield et al. 1999).

Fine mapping of the major QTL using molecular
markers localised the InsP6/Pi locus to a 99-kb region
containing 13 open reading frames (ORFs). We consider
the vacuolar membrane ATPase subunit G, as the most
likely candidate gene for the InsP6/Pi locus, among the
annotated genes in the 99-kb region of interest. As sug-
gested above, the InsP6/Pi locus might be involved in P-
translocation in the plant, and P-transport across mem-
branes depends on the membrane potential, which is
generated by ATPases. However, we cannot exclude one
of the other genes to play a role in InsP6/Pi accumula-
tion, since only complementation analysis can prove that
a candidate gene is responsible for the QTL allelic varia-
tion (El-Assal et al. 2001).

Using immortal populations has a great advantage be-
cause the same set of plants can be used to analyse dif-
ferent traits that might influence the same processes.
Hitz et al. (2002) reported about the biochemical and
molecular characterisation of a mutation that confers a
decreased raffinose oligosaccharide and InsP6 phenotype
on soybean seeds. This can be explained by the fact that
InsP6 and raffinose oligosaccharides share at least myo-
inositol-1-phosphate and possibly free myo-inositol as a
common intermediate (Loewes and Murthy 2000). Since
the Ler/Cvi RIL population has also been analysed for
oligosaccharide contents and seed storability (Bentsink
et al. 2000) we can check whether QTLs affecting these
traits co-localize with the QTL identified for InsP6/Pi.
This showed that there is no co-localization between the
InsP6/Pi loci and the oligosaccharide QTL.

However the InsP6/Pi locus on top of chromosome 3
co-localizes with the QTL for sucrose and seed storabili-
ty. The Cvi allele of this locus is increasing InsP6 levels,
sucrose content and seed storability, indicating that high-
er InsP6 levels on their own or with higher sucrose lev-
els might result in a better storability. A role of InsP6 in
seed quality is suggested by the finding that reducing the
level of InsP6 with more than 95% results in loss of via-
bility (Raboy et al. 2001). Except for the major InsP6/Pi
QTL we see co-location of the locus affecting Pi in seeds
(chromosome 1) with the major seed storability QTL,
while decreasing Pi levels correlate with higher storabili-
ty. Any functional relation between these traits has not
been reported and co-location may of course also involve
different linked genes.

Another advantage of the Ler/Cvi RIL population is
that we can study the link between InsP6 levels and seed
size or seed weight. It has been reported that reductions
in seed InsP6 have severe impacts on seed and plant
growth and function, translating in more severe yield
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losses (reviewed by Raboy 2001). Alonso-Blanco et al.
(1999) studied allelic variation at seed size loci in rela-
tion to other life history traits using Ler/Cvi RIL. This
analysis revealed 11 loci that affected seed weight and/or
seed length. One of them is located on top of chromo-
some 3 near the locus where the main InsP6/Pi QTL is
located; however, this is a QTL with a minor effect and
is located below the InsP6/Pi QTL. The effects of these
traits are negatively correlated, suggesting that higher
InsP6 levels would result in lower seed weight. This is in
contrast with results described earlier (Raboy 2001).
However, we find a correlation between the major QTL
influencing seed size (located on top of chromosome 1)
and a QTL affecting Pi levels in seeds. This correlation
is much stronger than the one mentioned before, lower Pi
levels correlate positively with higher seed weights.

Concluding, there is considerable variation among
natural accessions of Arabidopsis that can be used to
identify genes that are involved in the regulation of
InsP6 accumulation. The use of other accessions may
identify additional loci affecting this trait.
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