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transporter gene S result in reduction of phytic acid in rice seeds
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Abstract Phytic acid (PA, myo-inositol 1,2,3,4,5,6-
hexakisphosphate) is important to the nutritional quality of
cereal and legume seeds. PA and its salts with micronutrient
cations, such as iron and zinc, cannot be digested by humans
and non-ruminant animals, and hence may affect food/feed
nutritional value and cause P pollution of groundwater from
animal waste. We previously developed a set of low phytic
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acid (LPA) rice mutant lines with the aim of increasing the
nutritional quality of rice. Two of these lines, Os-Ilpa-XS110-
2 (homozygous non-lethal) Os-lpa-XS110-3 (homozygous
lethal), contain two mutant alleles of a LPA gene (hereafter
XS-Ipa2-1 and XS-Ipa2-2, respectively). In this study, we
mapped the XS-Ipa2-1 gene to a region on chromosome 3
between microsatellite markers RM14360 and RM1332,
where the rice orthologue (OsMRP5) of the maize Ipal gene
is located. Sequence analysis of the OsMRP5 gene revealed a
single base pair change (C/G-T/A transition) in the sixth
exon of XS-Ipa2-1 and a 5-bp deletion in the first exon of XS-
Ipa2-2. OsMRP5 is expressed in both vegetative tissues and
developing seeds, and the two mutations do not change the
level of RNA transcription. A T-DNA insertion line, 4A-
02500, in which OsMRP5 was disrupted, also showed the
same high inorganic phosphorus phenotype as Os-lpa-
XS110-3 and appeared to be homozygous lethal. PA is
significantly reduced in Os-Ilpa-XS110-2 (~20%) and in
4A-02500 (~90%) seeds compared with their wild type
lines, and no PA was detected in Os-Ipa-XS110-3 using
HPLC analysis. This evidence indicates that the OsMRP5
gene plays an important role in PA metabolism in rice seeds.

Introduction

Phytic acid (PA), known as myo-inositol 1,2,3,4,5,6-
hexakisphosphate, is an important constituent in plant seeds
and often exists in the form of a mixed salt (phytate or phy-
tin) of mineral cations, including Zn>* and Fe** (Raboy 1997;
Lott et al. 2000). Phosphorus in PA form and divalent cation
minerals in phytates are almost indigestible for monogastric
animals, hence its abundance in grain food/feed is known to
cause nutritional and environmental problems (Raboy 2001).
Therefore, the development of low phytic acid (LPA) crops,
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in which the PA content is significantly reduced in seeds, has
become an important field in crop breeding, and more than a
dozen LPA mutant lines have been generated during the past
decade in major food crops (see review, Raboy 2007). The
first LPA barley variety, ‘Herald” has been released for com-
mercial use (Bregitzer et al. 2007).

Accumulation of PA in seeds may be affected not only by
genes directly involved in its biosynthesis, but also genes
involved in its transportation and compartmentalization. In
barley, it has been proven that at least six non-allelic muta-
tions could affect PA accumulation, although none of them
has been cloned (see review, Raboy 2007). In maize, two
LPA genes, Lpa 2 gene and Lpa 3 have been identified as
encoding inositol phosphate kinase (IPK) belonging to the
Ins (1,3,4)P3 5/6-kinase gene family (Shi et al. 2003) and a
myo-inositol kinase (MIK) (Shi et al. 2005), respectively.
Another LPA gene, Lpa 1, encodes a multidrug resistance-
associated protein (MRP) ATP-binding cassette (ABC)
transporter (Shi et al. 2007). In rice, several homozygous
lethal or non-lethal LPA mutations have been identified
(Larson et al. 2000; Liu et al. 2007). The first rice LPA gene
was recently identified and contains a region of homology to
the 2-phosphoglycerate kinase (2-PGK) reported in hyper-
thermophilic and thermophilic bacteria (Kim et al. 2008;
Zhao et al. 2008a). This rice LPA gene is different from all
three maize LPA genes cloned to date. It is not yet clear how
it regulates PA metabolism in rice. Several other genes also
were recently identified to be potentially involved in phytic
acid biosynthesis in rice (Josefsen et al. 2007; Suzuki et al.
2007), but it is not yet known whether mutation of these
genes can result in PA reduction in rice seeds like the MIPS1
gene (Kuwano et al. 2006).

We previously developed a set of LPA mutants in rice,
which involve at least four genes (Liu et al. 2007) and pro-
posed a strategy for gene identification in rice by integrat-
ing mutation induction, gene mapping, mutation scanning
and allelic mutation verification (Zhao et al. 2008a). In this
study, two LPA lines, Os-Ipa-XS110-2 (a homozygous
non-lethal mutant) and Os-Ipa-XS110-3 (a homozygous
lethal mutant), were identified to carry two allelic mutations
of the rice orthologue, OsMRPS5, of the maize Lpal gene
(ZmMRP4). The expression of OsMRPS5 in rice and the
effect of OsMRP5 mutations on seed phosphates and myo-
inositol content were investigated.

Materials and methods
Low phytic acid mutants and T-DNA insertion line
Two LPA rice mutant lines, i.e. Os-lpa-XS110-2 and Os-Ipa-

XS110-3, were used in this study. Both were developed
through gamma irradiation followed by NaN; treatment of
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Xiushui 110 (XS110), a commercial japonica rice variety
(Liu et al. 2007). Os-Ipa-XS110-2 has a ~23% reduction in
seed PA (Frank et al. 2007), however, seed viability is com-
parable to wild type (WT) (Zhao etal. 2008b). Os-Ipa-
XS110-3 had the highest increase of inorganic P (Pi) level
according to qualitative test among all LPA mutants we
developed and is a homozygous lethal mutant line (Liu
etal. 2007). However, the LPA mutations of Os-lpa-
XS110-2 and Os-Ipa-XS110-3 are allelic (Liu et al. 2007),
and the mutant alleles are designated as XS-/pa2-1 and XS-
Ipa2-2, respectively. The T-DNA activation tagging line,
4A-02500, and its parental variety ‘Dongjin’ were also
used. The 4A-02500 line was identified using RiceGE data-
base (http://signal.salk.edu/cgi-bin/RiceGE). It contains a
T-DNA fragment of vector pGA 2715 (Jenong et al. 2006)
inserted into the genic region of the gene locus
LOC_0s03g04920 (TIGR V5).

Since LPA seeds of both Os-Ipa-XS110-3 and 4A-02500
cannot germinate naturally, seedlings were either produced
from immature embryos or the embryo halves of mature
seeds via in vitro culture on half strength MS media
(Murashige and Skoog 1962). Seedlings were transplanted
to paddy field and grown to maturity.

Development of mapping population

In 2005, Os-lpa-XS110-2 was crossed to a conventional
indica rice variety Y0526. The inorganic P (Pi) levels of
eight F, seeds from each F, plant were colorimetrically
assayed as described in the next section. F, seeds from F,;
plants that produced seeds segregating for both high and
normal Pi were used for gene mapping. The non-embryo
halves of F, seeds were used for Pi level assays. The
embryo halves of those seeds with a high Pi level were sur-
face sterilized and cultured on half strength MS media
(Murashige and Skoog 1962). The F, plants derived from
those embryos were used for mapping. Seeds of those F,
plants were harvested and the Pi levels of eight seeds of
each F, plant were tested.

Determination of seed phosphorus and myo-inositol

The seed Pi level was determined by colorimetric assay
using freshly prepared Chen’s reagent (Chen et al. 1956).
For qualitative analysis, de-hulled seeds were cut into
embryo halves and non-embryo halves, and the non-
embryo halves were transferred to 96-well plates for Pi
level determination according to Larson et al. (2000) with
slight modifications (Liu et al. 2007). Development of a
blue color implies an increased level of Pi typical for LPA
mutants, while colorless samples typified WT levels of
parent varieties (Supplementary Fig. 1S). For quantitative
analysis, brown rice grains were ground into rice flour and
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passed 0.212 mm mesh screen. The Pi level of 1.00 g of
brown rice flour was determined in triplicate according to
Chen et al. (1956). Because no plants were obtained by
embryo culture of homozygous LPA T, seeds of the T-
DNA line 4A-02500, T; seeds harvested from hemizygous
T, plants were used for quantitative Pi determination. The
endosperm halves were qualitatively analysed for Pi level
and their corresponding embryo halves were classified into
either WT (endosperm with a normal Pi level) or mutant
(endosperm with a high Pi level) and used for quantitative
analysis of Pi level and for total P and inositol phosphates
(see the next section).

Whole or embryo halves of brown rice grains were
freeze-dried and stored in a freezer until analysis. The total
P level of 1.00 g of brown rice flour was measured in dupli-
cate by inductively coupled plasma-mass spectrometry
(ICP-MS) (Agilent 7500ce, Agilent Technologies, Tokyo,
Japan) according to Bohn et al. (2007). Analysis of inositol
phosphates was performed by high performance liquid
chromatography (HPLC) using 0.50 g brown rice flour as
described previously by Frank et al. (2007). Quantification
of phytic acid was based on external calibration using stan-
dard solutions of phytic acid dodecasodium salt in the
mobile phase. Technical solutions with standards of phytic
acid and lower inositol phytates (InsP;, InsP,, and InsPs)
were analyzed.

Quantification of myo-inositol was performed by gas
chromatography according to Frank etal. (2007) using
freeze-dried brown rice flour as described above.

DNA and RNA isolation

Genomic DNA was extracted from plant leaves according
to a modified CTAB method as previously described (Liu
et al. 2007). Mapping of the XS-Ipa2-1 mutation was per-
formed using DNA samples extracted from individual F,
plants and a DNA pool prepared by directly extracting
DNA from equally mixed leaf tissues of about 50 homo-
zygous LPA F, plants of Os-Ipa-SX110-2/Y0526. All
DNA samples were quantified using the Unican UV300
(Thermo Electron Corporation, Cambridge, UK) and
adjusted to a final concentration of about 25 ng/ul for
PCR.

Total RNA was isolated using an RNeasy Plant Mini
Kit (Qiagen, Valencia, CA, USA) following the manufac-
turer’s protocol. For vegetative plant tissues, leaf blade,
leaf sheath and roots of 21-day-old seedlings were used for
RNA extraction. For developing seeds, rice grains were
harvested from panicles 7, 14, 21, 28, and 35 days after
anthesis, and were subjected to RNA isolation after
removal of the hulls. Genomic DNA contamination was
eliminated by DNase treatment using RQ1 RNase-Free
DNase (Promega, USA).

Molecular mapping

A total of 348 SSR markers, which covered all 12 rice chro-
mosomes, were used for analysis of the pooled DNA sam-
ple to identify markers potentially linked to the XS-Ipa2-1
mutation. The PCR and detection of SSR markers were as
described previously (Liu etal. 2007). The primer
sequences were originally described by Temnykh et al.
(2000, 2001) and acquired from the Gramene database
(http://www.gramene.org/). After two SSR markers, RM22
and RM523, were identified to be potentially linked to the
mutation, new SSR markers were identified according to
the rice genome maps publicly available from Gramene and
used for detailed analysis. The SSR markers, their genomic
position and primer sequences are provided in the Supple-
mental Table 1S.

DNA sequencing and assembly

The full length of the TIGR locus LOC_0s03g04920 was
sequenced for XS110 and the mutants Os-Ipa-SX110-2 and
Os-Ipa-SX110-3. Seven pairs of primer were designed
using the Primer Premier 5 software based on the genome
sequence of the japonica cultivar ‘Nipponbare’ (http://
www.gramene.org) and used for the amplification of the
entire locus, with 100-200 bp overlaps between adjacent
fragments (Fig. 1). PCRs were performed in 50 pl volumes
with 50 ng genomic DNA, 1’ Taq Plus PCR buffer (20 mM
Tri-HCI pH 8.8, 10 mM KCl, 2 mM MgSO,, 10 mM
(NH4),S0O,, 0.1% Triton X-100, 0.1 mg/ml BSA), 300 nM
each primer, 200 nM each dNTP, and 2.5U Taq Plus
enzyme. Standard PCR conditions with an annealing tem-
perature suitable for each primer pair were used for amplifi-
cation (Information on primer sequences, annealing
temperature, and size of PCR product are provided in
Supplemental Table 2S). The target bands were cut from
agarose gels, purified using DNA Gel Extraction Kit
(AP-GX-250, Axygen, Union City, CA, USA), and directly
sequenced in the sequencing facility of Shanghai Invitrogen
Biotech Co. Ltd. (Shanghai, China). Sequences were
assembled using ContigExpress and aligned using ClustalX
1.83 and BioEdit7.0 program.

Analysis of activation tagging line

Based on the alignment of flanking sequence tags and the
rice genome, the T-DNA activation line 4A-02500 was
identified as carrying a T-DNA insertion in the first exon of
LOC_0s03g04920 (Fig. 1). Two pairs of primer, TIF/T1R
and T2F/T2R, were designed for the detection of the pres-
ence of the T-DNA insertion (Fig. 1). T1F (5'-CGT CATG
CCTCAAGACCG-3') and TIR (5'-CACGAAGGAGAC
CACCCA-3") flank the T-DNA insertion and amplifies a
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Fig.1 Schematic diagram of the OsMRP5 gene and its encoded
protein with the sites of mutations. a Predicted gene structure of the
OsMRP5 gene, exons and introns are to scale and depicted as boxes and
solid lines and filled boxes are predicted to be coding sequences (TIGR
Rice Database, Release V5). The white triangles are sites of LPA
mutations and T-DNA insertion. The position of PCR primers used for
gene sequencing (SelF/R through Se7F/R) and RT-PCR (RT1F/R) is

308 bp fragment of rice genomic DNA. T2F (5'-TTAGC
ACCCCAAGTTAGTCA-3') is part of the left border of the
T-DNA sequence and T2R (5'-CACCAACCAAGCAGA
GGA-3') is part of the rice genomic DNA adjacent to the
left border (Fig. 1). These primers amplify a 355 bp frag-
ment in the presence T-DNA. Standard PCR reactions and
conditions were used as described above, with annealing
temperatures of 61.5 and 55.3°C for TIF/TIR and T2F/
T2R, respectively. Fragments were separated on 1.0% aga-
rose gel in 0.5x TBE buffer and visualized by ethidium
bromide staining.

Reverse transcription PCR (RT-PCR)

First-strand cDNA was transcribed using Oligo (dT) as the
primer and M-MLV (RNase H™) reverse transcriptase
(TaKaRa) according to the manufacturer’s instructions.
Expression of the rice MRP5 gene was monitored using the
primers RTIF (5'-CGTATCCCGACGGTTATT-3') and
RTIR (5'-ATCCTACCTC CCTGTTCCT-3'), which
amplify a 204 bp fragment of the cDNA (Fig. 1). Expres-
sion was normalized using the rice actin gene (forward
primer 5'-TCAGCAACTGGGATG ATATGGAG-3' and
reverse primer 5'-GCCGTTGTGGTGAATGAGTAAC-3’,
385 bp product). PCR reactions and amplification were per-
formed as described above using annealing temperatures of
61.5 and 55.3°C for the MRPS5 and actin genes, respec-
tively. Fragments were separated on 1. 0% agarose gel in
0.5x TBE buffer and visualized by ethidium bromide
staining.

@ Springer

Se5F SedR
Ty e

T2F
—>

Se6F Se5R Se7F Se6R Se7R
—> <— o L

XS-lpaz-1 RTIF  RTIR
(6.67Kb)
T1R T2R
+«—— <+«
ABC_membrane ABC_tran
XS-lpa2-1 (1505 aa)

also presented. b A diagram of the rice genome/T-DNA insertion
region with the position of PCR primers (T1F/R for amplification of
rice genomic DNA and T2F/R for detection of T-DNA), ¢ The pre-
dicted structure of OsMRP5 protein with 1,505 amino acid residues.
The two copies of each ABC membrane and ABC transporter
(ABC_Tran) domain are to scale and depicted as boxes. The position
of two LPA mutations is also indicated

Results

Delimiting the XS-Ipa2-1 locus and candidate
gene identification

Two SSR markers, RM22 (genome position, 1.50 Mb) and
RM523 (1.30 Mb) were identified to be linked to the XS-
Ipa2-1 mutation through bulked segregant analysis of LPA
F, plants. Analysis of individual LPA F, plants showed that
RM22 was more tightly linked to the LPA mutation. There-
fore, new SSR markers, RM6013, 5761, 7072, 5628, 3807,
3392, 4352, 2790, 4492, 6038, in the direction from 1.63 to
4.80 Mb of chromosome 3, were used to analyze 128 LPA
F, plants (the genotype was verified through analyzing the
Pi level of F; seeds). Among them, RM5761 (2.11 Mb)
completely co-segregated with the LPA mutation (Fig. 2).
Additional SSR markers flanking RM5761 (between 1.93
and 2.86 Mb) were used for mapping and the XS-Ipa2-1
was delimited within the 400kb interval between
RM14360 (2.03 Mb, 2 recombinants) and RM1332
(2.43 Mb, 1 recombinant) (Fig. 2).

A BLAST search of rice orthologues of genes involved
in PA metabolism in other plant species was performed.
Four genes, myo-inositol phosphate synthase gene (MIPS),
IPK, MIK, and the multi-drug resistance-associated protein
5 gene (MRP5) were located on chromosome 3 (Fig. 2).
The rice orthologue of the maize Lpal gene (OsMRP5) was
the only one within the delimited region. Therefore, the
locus LOC_0Os03g04920 (OsMRPY5) at the genome position
between 2346960 and 2353626 bp on chromosome 3 was
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Fig. 2 Molecular mapping f the XS-Ipa2-1 mutation on rice chromo-
some 3. The position of other genes and loci known to be potentially
involved in phytic acid biosynthesis is indicated according to the
Nipponbare genome sequence information (TIGR Rice Database,
Release V5). The number of recombinants between a marker and the
mutation locus is indicated in parenthesis right after the SSR marker.
A total of 128 homozygous LPA F, progenies from the Os-Ipa-XS110-
2/Y0526 cross were used for mapping

considered to be a strong candidate gene for the XS-Ipa2-1
gene (Fig. 2).

Mutations in OsMRP5 gene

While homozygous high Pi (mutant) seeds can be obtained
from heterozygous Os-Ipa-XS110-3 plants, they cannot
naturally germinate, thus no homozygous mutant plants can
be obtained. Attempts to produce homozygous mutant
plants through in vitro culture of high Pi seeds resulted in
limited success, since most of the embryos either did not
germinate or were severely contaminated at a later stage
after germination. However, a few plants were rescued
from homozygous mutant seeds and were used to produce
additional plants. Further attempts to recover homozygous
mutant plants through in vitro culture of immature embryos

(14-21 days after anthesis) were successful. About 500
immature embryos were obtained from the above rescued
mutant plants and were cultured on MS media. About 70%
germinated and developed into healthy plants, thus
providing sufficient homozygous mutant seeds for further
characterization including sequencing of the entire
LOC_0s03g04920 locus.

Sequencing results revealed that there is a single base
pair change (C/G-T/A transition) in XS-Ipa2-1 and a 5-bp
(GGTAG) deletion in XS-Ipa2-2 (Fig. 1). According to
TIGR (V5) annotation, the OsMRP5 gene is composed of
11 exons and 10 introns (Fig. 1a). It encodes a multi-drug
resistance-associated protein (MRP) ABC transporter that
has 1,505 amino acid residues. Further analysis showed that
it contains two copies of the modular structure consisting of
an integral transmembrane domain (ABC_tran) and a cyto-
solic ATP-binding domain (ABC_membrane) (Fig. 1c).
The XS-Ipa2-1 point mutation is in the sixth exon and
results in an amino acid change from Pro to Ser at the posi-
tion 1156, which is located within the second ABC_mem-
brane (Fig. 1¢). The XS-Ipa2-2 deletion is in the first exon
and leads to a frame shift starting at aa 452 and resulting in
a premature stop codon at aa 474, thus significantly truncat-
ing the encoded protein (Fig. 1c). Therefore, the XS-Ipa2-2
represents a loss-of-function allele. These results strongly
suggested that Os-lpa-XS110-2 and Os-Ipa-XS110-3
mutants are the result of mutations in OsMRP5.

OsMRP5 gene knockout and mutant phenotype

Confirmation of the involvement of OsMRP5 in rice seed
phytic acid metabolism was obtained by analysis of a
T-DNA activation tagging line, 4A-02500. This line contains
a T-DNA insertion in the first exon of OsMRP5 (Fig. 1a).
High Pi level assay of 10 T, seeds of 4A-02500 showed that
three seeds had a Pi level as high as Os-Ipa-XS110-3, and
the others had a normal Pi level (Supplementary Fig. 1S).
The embryo halves of all ten seeds were cultured in vitro to
recover seedlings. Two of the three mutant seed embryos
and six of the seven wild type seed embryos germinated
and were grown to maturity.

The T, seeds produced by the eight surviving T, plants
were subjected to high Pi level assay. Two plants derived
from seeds of a high Pi level produced T, seeds all exhib-
iting a high Pi level (4A-02500-1, -2), four plants derived
from seeds of normal Pi content produced seeds that
segregated for normal and high Pi levels (4A-02500-3,
-4, -5 and -8), the remaining two plants derived from
normal Pi T, seeds produced seeds all of normal Pi level
(4A-02500-6, -7) (Supplementary Fig. 1S). The 1:2:1
segregation ratio of T, plants showed that the high Pi
level mutation in 4A-02500 is controlled by a single gene
mutation.
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Fig. 3 PCR analysis of T, plants of the T-DNA activation tagging line
4A-02500. Upper amplification using T1F/TIR for detection of rice
genome DNA, bottom amplification using primer T2F/T2R for detec-
tion of T-DNA fragment. M DNA size marker, lane I Dongjin (non-
transgenic parental variety), lane 2-9 T plants of 4A-02500

The surviving T, plants were further subjected to PCR
analysis of the presence of T-DNA fragment. No fragment
was amplified from 4A-02500-1 to 4A-02500-2 plants
using T1F/T1R primers, but one fragment (~355 bp) was
amplified using T2F/T2R primers (Fig. 3), which demon-
strated that both copies of their MRP5 were disrupted by
the T-DNA insertion. On the opposite, one fragment
(305 bp) was amplified from 4A-02500-6 to 4A-0250-7
using T1F/T1R but none using T2F/T2R (Fig. 3), indicat-
ing none of the two copies of MRP5 was disrupted. From
the remaining four plants, both TIF/TIR and T2F/T2R
produced one fragment (4A-02500-3, -4, -5 and -8) (Fig. 3),
indicating only one copy of MRP5 was disrupted.

These results indicate that the high Pi mutant phenotype
co-segregate with T-DNA insertion in the 4A-02500, which
is consistent with the disruption of the OsMRP5 gene
resulting in a high Pi phenotype and our earlier findings
with the Os-Ipa-XS110-2 and Os-Ipa-XS110-3.

Expression of OsMRP5

The spatial and temporal expression of the OsMRP5 gene
was surveyed by RT-PCR on total RNA from various
seedling tissues and seeds at different developmental stages.
As shown in Fig. 4, the OsMRP5 gene appeared to be
expressed in both vegetative tissues and developing seeds;
no significant spatial and temporal changes in expression
were observed after normalizing against the actin gene
(Fig. 4). The two LPA mutations, XS-/pa2-1 and XS-Ipa2-
2, did not seem to affect expression at the mRNA level
(Fig. 4) although no results were available for developing
seeds of Os-Ipa-XS110-3 due to lack of sufficient material.
Analysis of T; seedlings derived from embryo halves of
mutant seeds of 4A-02500 with a high Pi level showed no
expression of the OsMRP5 gene (Supplementary Fig. 2S).
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Fig. 4 Expression analysis of OsMRPS5 gene of wild type parental
variety and LPA mutant plants. RT-PCR was performed using total
RNA isolated from different tissues of 21-day-old seedlings and devel-
oping seeds. The actin gene was used as control

Phosphates and myo-inositol content

Initial qualitative analysis using the colorimetric assay
showed that the Pi levels of homozygous mutant seeds of
both Os-lpa-XS110-3 and 4A-02500 were much higher
than other LPA lines, e.g. Os-Ipa-XS110-1 and Os-lpa-
XS110-2 (Supplementary Fig. 1S). This was confirmed by
quantitative analysis which indicated that the Pi content of
mutant seeds of Os-Ipa-XS110-3 and 4A-02500 was about
10 times higher than their respective wild type lines
(Table 1). HPLC analysis showed that no inositol poly-
phosphate except PA was detected in rice seeds of both
wild type XS110 and mutant seeds (Supplementary
Fig. 3S). The PA-P content was below the limit of quantifi-
cation (<0.20 mg g~!) in homozygous mutant seeds of
Os-Ipa-XS110-3 compared to 2.62 mg g~ in the wild type
XS110 seeds (Table 1). The PA-P content of mutant seeds
of 4A-02500 was only about 10% of the wild type
(Table 1). No significant differences in total P content were
observed between mutant and wild type seeds of both lines
(Table 1).

Analysis of myo-inositol content showed that mutant
seeds of both Os-Ipa-XS110-3 and 4A-02500 were signifi-
cantly higher than their respective wild type progenitors,
with an increase of more than 400% in Os-Ipa-XS110-3
compared to XS110 (Table 1).
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Table 1 Contents of myo-inositol, total phosphorus (P), inorganic P (Pi), and phytic acid P (PA—P) in brown rice grains of low phytic acid (LPA)

and wild type (WT) rice lines

Material myo-inositol (ug g~!) Total P (mg g~ 1) Pi(mgg™) PA-P (mg g~})
I. Xiuhsui 110 (WT) and Os-Ipa-XS110-3(LPA)*

WT 47.7+0.6 4.81+0.24 0.30 £ 0.01 2.62+0.18
LPA 242.0 + 1.7* 4.50 £0.04 3.21 + 0.06* BLQ

II. Dongjin T-DNA insertion line 2A-02500°

WT grains 78.0 £ 3.6 5.77 £ 0.40 0.35 £ 0.00 3.82+0.17
LPA grains 147.5 + 6.4* 5.46 £0.76 4.09 £ 0.06* 0.48 £ 0.00*

Data are shown in mean = standard deviation
BLQ below limit of quantification (<0.20 mg g~')

* Mean of the LPA is significantly different from its WT at P = 0.01 level

# Analysis was based on whole brown rice harvested from plants grown in Lingshui, Hainan, 2008 (Spring)

® Analysis was based on embryo halves of brown grains harvested from hemizygous T, plants grown in Jiaxing, Zhejiang, 2008 (Autumn)

Discussion

Dozens of LPA mutants have been developed in various
crop species and a number of mutant genes have been either
mapped or cloned (see review, Raboy 2007). A number of
LPA mutants have been developed in rice, but only one
gene corresponding to the mutants KBNT Ipal-1 and
Os-Ipa-XQZ-1 has been cloned (Kim et al. 2008; Zhao
et al. 2008a). Using molecular mapping and comparative
genomics analysis, we identified OsMRPS5, the rice ortho-
logue of the maize Lpal gene ZmMRP4, as a candidate
gene underlying two allelic LPA mutations, XS-/pa2-1 and
XS-Ipa2-2. Subsequent sequencing of the OsMRP5 alleles
of Os-Ipa-XS110-2 and Os-Ipa-XS110-3 and analysis of a
line containing a T-DNA insertion in OsMRP5 indicated
that the LPA phenotype is due to mutations in this gene.

Effect of mutations on gene function
and phytic acid content

Although the nucleotide substitution of the XS-Ipa2-1
mutation is predicted to result in an amino acid change
from Pro to Ser, it would appear that the effect on the func-
tion of encoded protein would be limited since the amino
acid change does not significantly change the tertiary struc-
ture of the protein (simulation using CPH models 2.0
Server from http://www.expasy.org/tools/, data not shown).
On the other hand, the 5-bp deletion of the XS-Ipa2-2 muta-
tion causes a frame shift that introduces a premature stop
code after the deletion site in the first ABC-tran domain
(Fig. 1), therefore it is expected that the mutation would
have a dramatic impact on its function. A T-DNA fragment
was inserted into the first exon of the OsMRP5 gene in the
activation line 4A-02500 (Fig. 1). which is likely to have
knocked out the OsMRP5 gene. The predicted effects of
these mutations on gene function match well with the

observed LPA phenotypes of the mutant lines, with PA-P
content reductions of ~23%, >90% and ~90% in mutant
seeds of Os-Ipa-XS110-2, Os-lpa-XS110-3, and 4A-02500,
respectively (Frank etal. 2007; Table 1). Similar cases
where allelic LPA mutations caused different effects on PA
content have been observed in maize. The maize lpa241
mutant (Pilu et al. 2005), mutant line /pa 1-1(Raboy et al.
2000), and the knockout mutant Ipal-muml (Shi et al.
2007), which all carry mutations in ZmMRP4, have PA
reductions of ~90, ~60, and ~90%, respectively. The
Ipal-1 mutation results in a change of a conserved amino
acid (alanine to valine) in the second ATP-binding domain
and the Ipal-muml disrupts ZmMRP4; both mutations
cause a ~90% PA reduction (Shi et al. 2007), which is
comparable to that observed in mutant seeds of Os-lpa-
XS110-3 and 4A-02500 in this study (Table 1). Since the
embryo halves were used in determination of contents of
PA and total P of 4A-02500, and PA and other forms of P
are more concentrated in embryo and aleurone than in
endosperm (O’Dell et al. 1972), therefore it is reasonable
that high contents of total P, Pi and PA—P were observed in
4A-02500 compared to Os-Ipa-XS110-3 (Table 1), although
it could also be attributed to genotypic and environmental
effects.

Effect of mutations on seed composition and seed viability

Different LPA mutations can have different effects on total
P content and accumulation of lower inositol phosphates.
Raboy (2007) summarized two types of LPA mutation:
LPA (without change of total P, most LPA mutants identi-
fied to date belong to this type) and low phytic acid/low
total P (barley Ipal); Another type of LPA mutant having
an increased total P has also been reported in barley—the
Type A Ipa mutants of Pallas-PO1 (Hatzack et al. 2000).
LPA mutations can also result in accumulation of lower
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inositol polyphosphates, e.g. seeds of the Type A mutants
of barley (Hatzack et al. 2000), [pa 3 of maize (Shi et al.
2005), and Gm-Ipa-ZC-2 of soybean (Yuan et al. 2007) all
have increased levels of lower inositol polyphosphates. The
total P contents remain unchanged and no intermediate ino-
sitol phosphates were detected in either 4A-02500, Os-Ipa-
XS110-3 (Table 1), or in Os-lpa-XS110-2 (Frank et al.
2007). These observations are consistent with that of MRP4
mutants in maize (Shi et al. 2007).

Low phytic acid mutations can also result in content
changes of other seed constituents, e.g. myo-inositol,
sucrose and raffinose (Frank etal. 2007). Significantly
higher myo-inositol contents were observed in LPA seeds
of Os-Ipa-XS110-3 (89.2%) and 4A-02500 (409%) com-
pared to wild types (Table 1), which is consistent with the
maize mutant line lpa I-1 (60%; Shi et al. 2007). However,
our previous study showed that Os-Ipa-XS110-2 had sig-
nificantly decreased contents (40-48%) of myo-inositol
compared to the wild type XS110 over four production
environments (Frank et al. 2007). The differences in myo-
inositol content change might be explained by the different
effects of mutant alleles as described above.

Pleiotropic effects of MRP5 mutation

While seeds containing homozygous mutant alleles of XS-
Ipa2-2 or T-DNA insertions cannot germinate naturally, the
effect of XS-Ipa2-1 on seed viability was minor (Zhao et al.
2008b). Similarly in maize, no significant effect on seed
viability was observed for the Ipal-1 mutant (Raboy et al.
2000), while significant negative pleiotropic effects were
detected for the Ipa241 mutation, including reduced seed
germination and seedling growth (Pilu etal. 2005). It
would also be of interest and importance to analyze the
content change of phosphates in vegetative tissues of
mutant lines.

Role of OsMRPS5 in phytic acid metabolism

Phytic acid can be synthesized through two distinct path-
ways in plants, namely, the lipid-dependent pathway and
lipid-independent pathway. While much progress has been
made in the biochemical steps involved in PA synthesis and
breakdown, essentially no progress had been made con-
cerning roles for compartmentalization and associated
transport functions (see review, Raboy 2007). The maize
ABC transporter gene ZmMRP4 is the first gene to be iden-
tified to be potentially involved in process of PA compart-
mentalization and/or associated transport, but this function
has not been confirmed.

There are two possible ways suggested for the ZmMRP4
gene involving in PA biosynthesis (Shi et al. 2007). First, it
might be involved in limiting the phosphate supply to
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myo-insitol and InsP kinase and therefore depriving these
kinases of their substrates. This is supported by the obser-
vation of significant increase (~60%) of myo-inositol con-
tent in the Ipal-1 mutant over its parent (Shi et al. 2007).
Another possibility is that the MRP ABC transporter affects
PA transport and compartmentalization. Presumably, the
ABC transporter regulates synthesis or storage of PA by a
negative feedback mechanism, that is, accumulation of PA
in the cytosol may reduce its biosynthesis (Shi et al. 2007).
Electron microscopy analysis suggested the PA is synthe-
sized in cytosol, transported into the endoplasmic reticulum
lumen, and moved in endoplasmic reticulum-derived vesi-
cles to protein storage vacuoles (PSVs) (Greenwood and
Bewley 1984; Otegui et al. 2002). OsMRP5 has the same
exon-intron structure as ZmMRP4, sharing 83% nucleotide
sequence identity and 90% amino acid identity. Significant
increases in myo-inositol and reductions in PA were
observed in the mutant seeds of Os-Ilpa-XS110-3 and 4A-
02500. Therefore, OsMRP5 may function as the ZmMRP4,
directly or indirectly involved in transporting PA from the
cytosol to PSVs.
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