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Embryo-specific silencing of a transporter reduces
phytic acid content of maize and soybean seeds
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Phytic acid in cereal grains and oilseeds is poorly digested by monogastric animals and negatively affects animal nutrition and
the environment. However, breeding programs involving mutants with less phytic acid and more inorganic phosphate (P;) have
been frustrated by undesirable agronomic characteristics associated with the phytic acid-reducing mutations. We show that
maize Ipal mutants are defective in a multidrug resistance-associated protein (MRP) ATP-binding cassette (ABC) transporter
that is expressed most highly in embryos, but also in immature endosperm, germinating seed and vegetative tissues. Silencing

expression of this transporter in an embryo-specific manner produced low-phytic-acid, high-P; transgenic maize seeds

that germinate normally and do not show any significant reduction in seed dry weight. This dominant transgenic approach
obviates the need for incorporating recessive Ipal mutations to create maize hybrids with reduced phytic acid. Suppressing
the homologous soybean MRP gene also generated low-phytic-acid seed, suggesting that the strategy might be feasible for

many crops.

Cereal grains and oilseeds contain large quantities of phytic acid,
which provides myo-inositol and phosphorus required during
seed germination and seedling establishment. Maize seed alone
produces approximately 4.8 million metric tons of phytic acid
annually around the globe!. Phytic acid has a negative impact on
animal nutrition and the environment. The otherwise nutritionally
adequate phosphorus content of cereal grains and oilseeds is bound
in phytic acid and therefore not available to monogastric animals
that lack sufficient phytase in their digestive tract for optimal

ith P; to meet the phosphorus requirement for optimal animal
growth. The undigested phytic acid excreted in animal waste is
considered a leading source of phosphorus pollution from agricul-
ture®*. In addition, phytic acid reduces the bioavailability of essential
mineral cations, such as Fe>*, Zn?* and Ca%*, to animals and humans.
Phytic acid also interacts with basic amino acids, seed proteins and
enzymes in the digestive tract to form complexes that may reduce

amino acid availability, protein digestibility and the activity of
5-7

@i'hosphorus nutrition?. As a result, feed has to be supplemented

digestive enzymes

Laboratory studies have demonstrated that transgenic pigs over-
expressing a bacterial phytase use phytic acid—bound phosphorus
with high efficiency and excrete less phosphorus in manure®. However,
supplementing diets with P; and adding microbial phytases to
plant-based feed remain preferred approaches to managing poor
phosphorus availability, despite the costs associated with producing
the enzyme and the extra handling in feed processing and diet
formulation. Loss of enzyme activity during storage also limits
phytase application.

Another approach to addressing these nutritional and environmen-
tal problems involves reducing phytic acid levels in cereal grains and
oilseeds. Low-phytic-acid (Ipa) mutants, which accumulate P; without
a change in total phosphorus content, have been identified in all major
crops’. Of the three known classes of maize Ipa mutants, [pal mutants
have the lowest phytate levels. Approximately 75% of total phosphorus
in seeds of maize Ipal-1 is available to monogastric animals, compared
with only 25% of that in wild-type seeds”!%!2, Depending on diet
formulation, substitution of normal maize grain with Ipal-1 maize
seed reduces the phosphorus in manure by 10-85% (ref. 12-15).
Nutritional studies with human subjects showed that Ipal-1 maize
improved Fe’, Zn?" and Ca?" bioavailability'®-'®. However, the
failure of seeds of very strong Ipal alleles to germinate®, the reduced
seed weight associated with the Ipal-1 allele'’ and the stunted
vegetative growth and impaired seed development caused by the
Ipa241 mutation®® have limited the value of these maize mutants to
breeders. Maize hybrids carrying Ipal-1 and low-phytate barley
cultivars showed a yield reduction'®?! that is most likely associated
with reduced seed dry weights and retarded vegetative growth, and
soybean lines bred from a low-phytate mutant show poor germination
and seedling establishment under field conditions?2.

We have identified the gene disrupted in maize Ipal mutants and
shown how this opens the way for using transgenesis to specifically
reduce phytic acid levels in phytate-accumulating seeds, while avoid-
ing the undesired agronomic characteristics associated with known
mutations. Tissue-specific downregulation of an MRP ABC transpor-
ter has considerable potential for enhancing the nutritional quality of
maize and soybean seeds.
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Figure 1 Seed inorganic phosphate, phytic acid and myo-inositol in the /pal-1 allele and Ipal-muml
knockout mutant. (a) Inorganic phosphate (P;). (b) Phytic acid. (c) myo-Inositol. P; and phytic acid are
expressed as P; phosphorus (P; P) and phytic acid phosphorus (phytic acid P), respectively. The data
represent the mean (+s.d.) of three segregating ears for each mutant.

Ipal-1 mutant (Fig. 1la,b). The lpal mutant
seed accumulate myo-inositol; the myo-inosi-
tol content in the Ipal-1 mutant seed was
approximately 60% higher than that in wild-type controls (Fig. 1c).

Although initial efforts to clone the Ipal gene from Ipal-muml
using a PCR-based method?® were unsuccessful, they enabled identi-
fication of a Mu insertion in a gene encoding a transcriptional
activator protein (TAP). The gene was located ~1 cM from the
Ipal locus and mapped to the terminal region of a clone named
b167cjlq from a bacterial artificial chromosome (BAC) library
(Fig. 2a). The BAC was a member of a contig consisting of
over 100 BACs derived from chromosome 1. For fine mapping,
additional PCR markers, including pl1, ml and i9, were developed
based on BAC end sequences (Fig. 2a). Genetic analysis showed
that markers ml and i9 flanked the Ipal locus. These markers are
located on the overlapping BAC clones bl56a.ml and b149a.i9,
respectively (Fig. 2a).

Sequencing the BAC clones bl156a.m1 (~188 kb in length) and
b149a.i9 (~140 kb) revealed nine putative open reading frames
(ORFs). Two of the ORFs received particular attention because
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Figure 2 Map-based cloning and genomic structure of the /pal gene.

(a) Genetic and physical map of the /pal locus. The /pal locus maps on
the short arm of chromosome 1. The TAP gene is closely linked with the
Ipal locus. A BAC contig was identified by using the TAP marker. Other
markers were developed based on BAC end sequences. The /pal gene was
identified in the BAC clone b149a.i9. (b) The /pal gene encodes a MRP
ABC transporter. Open arrow, exon; triangle, Mu transposon insertion site
in three knockout mutants; asterisk, site of the mutated nucleotide in the
Ipal-1 mutant.
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multiple expressed sequence tags (ESTs) were found for each in maize
EST databases and some of the ESTs were from seed libraries. One of
these ORFs encoded an ABC transporter and the other, ORF2, a
protein with unknown function (Fig. 2a). Because Ipal-muml,
Ipal-mum2 and Ipal-mum3 were identified from active Mu families,
we expected that a Mu element had been inserted into the Ipal gene in
these mutants. Indeed, Mu insertions were identified at independent
sites in exons of the ABC transporter gene, but not in ORF2, in all
three Ipal alleles, providing strong evidence that the ABC transporter
gene corresponds to the Ipal locus. In addition, interruption of
the transporter gene by a Mu insertion co-segregated perfectly with
the high-P; and low-phytic-acid phenotype in the Ipal-muml map-
ping population of 792 individuals. Moreover, as described below,
suppression of the ABC transporter gene in T} and T, seeds recapit-
ulated the phenotype of phytic acid reduction and P; increase observed
in Ipal mutants.

The maize Ipal gene encodes a MRP ABC transporter

The Ipal gene comprises 11 exons and encodes an MRP ABC
transporter (Fig. 2b). The MRP protein has 1,510 amino acid residues
and contains two copies of the modular structure consisting of an
integral transmembrane domain and a cytosolic ATP-binding domain
(GenBank accession number EF586878). The computer program
TransMem predicted ten transmembrane spans in the first copy and
four in the second copy. The ATP-binding domain contains several
features common to all ABC transporters, such as the Walker A and B
boxes and the ABC signature motif. As three maize MRP proteins have
been reported previously?®, the MRP encoded by the Ipal gene was
designated MRP4.

Maize MRP4 is closely related to the MRP5 gene of Arabidopsis
thaliana®’; they share the same exon-intron structure and 67% amino
acid sequence identity. The rice homolog of maize MRP4 is the
OsMRPI3 gene?8; the two share 83% nucleotide sequence identity
and 91% amino acid identity.

The Ipal-mum]l and Ipal-mum2 mutants have a Mu transposon in
the first exon at nucleotides GCCTGCATG (9-base-pair (bp) host site
duplication) and TGCAGGCGG, respectively. In lpal-mum3, a Mu
element is inserted at nucleotides GTCTGTACC in exon 10 (Fig. 2b).
Insertion of the Mu element interrupts Ipal gene expression; MRP4
transcripts were undetectable in homozygous Mu-insertion mutant
seeds by RT-PCR, but present in wild-type control seeds (Fig. 3a). The
Ipal-1 mutant, which was isolated from an ethyl methanesulfonate—
mutagenized population'®, carries an alanine-to-valine point muta-
tion at amino acid position 1432. This amino acid is conserved in
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MRP proteins and is located in the second ATP-binding domain. As
all other amino acids of the Ipal-1 MRP4 are identical to those of
wild-type MRP4, it is very likely that this amino acid mutation
accounts for the phenotype of the Ipal-1 allele.

Expression of the maize /pal gene

Northern analysis revealed that Ipal transcripts were detectable in the
seeds 7 days after pollination (DAP) (Fig. 3b). Expression of the Ipal
gene in embryos was observed at 15 DAP, peaked at 21 DAP and
declined thereafter. The expression level in endosperm (including
aleurone layer and pericarp) was higher than in embryos at 15 DAP,
but decreased along with endosperm development. Almost no signal

=Ye, Was detectable at 35 DAP (Fig. 3b).

Analysis of ESTs using massively parallel signature sequencing®’
revealed a broad expression pattern for lpal, including roots, leaves,
stalks, tassels, silks and developing seeds (Fig. 3c). The Ipal ESTs were
found in 7 DAP seed and 12 DAP endosperm libraries, confirming
northern blotting analysis (Fig. 3b). The Ipal gene was also expressed
in germinating seeds and young seedlings (Fig. 3¢c). Expression of Ipal
in vegetative tissues was relatively low, but detectable. As references,
the expression levels of the maize 16-kDa oleosin (Ole) and globulin-1
(GIb) genes in 21 DAP embryos were 51,000 and 4,200 tags per
million, respectively.

Impact of Ipal gene mutation on germination and seed weight
Although seeds homozygous for Ipal knockout alleles were indistin-
guishable in morphology and appearance from heterozygous and
wild-type seeds in a segregating ear, they could not germinate under
field conditions and in filter-paper germination tests. In contrast, the
seeds of the point mutant lpal-1 germinated normally.

Seed dry weights of Ipal mutants were less than those of wild-type
controls; the Ipal-1 allele showed an average reduction of 4.9% and
the Ipal-muml knockout mutant 7.6% (see Supplementary Table 1
online). The dry weights of the embryo and the ‘rest-of-seed” fractions
in Ipal-1 seed were reduced to a similar extent and the ratio of the two
fractions was unchanged.
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Figure 3 Expression of the /pal gene. (a) Results of RT-PCR on mRNA of
wild-type (Wt) and homozygous /pal-mum3 seeds. The expected 460-bp
RT-PCR product was amplified with MRP4-specific primers from the wild
type but not from /pal-mum3. As positive controls, a 1,500-bp fragment of
the gene encoding Ins(3)P synthase (M/PS) was amplified from both wild
type and /pal-mum3. (b) RNA gel blot analysis. Total RNA of maize inbred
line B73 was separated on a 1% (wt/vol) agarose gel. After transfer, the blot
was hybridized with the maize MRP4 cDNA probe. The blot probed with
18S rRNA is shown at bottom as a control for loading. Each lane contained
10 pg total RNA. DAP, days after pollination. (c) Signature sequencing
analysis of /pal transcript abundance. Transcript levels are expressed as
tags per million (t.p.m).

Production of transgenic low-phytic-acid, high-P; maize plants
The Ole and GIb promoters were chosen to make gene-silencing
constructs to ensure that the Ipal expression would be suppressed
only in embryos, where phytic acid is synthesized and accumulates in
maize seeds. Twenty-one independent transformants were produced
from the construct Ole::MRP4 (see Supplementary Fig. 1 online) and
41 transformants from Glb::MRP4 (see Supplementary Fig. 2 online).
Approximately 80% of the transformants had the high-P; phenotype.
Reductions in phytic acid levels of 68-87% were associated with
expression of Ole::MRP4 (Fig. 4a—c). This construct was made with
a 5-end fragment of the MRP4 cDNA. Another Ole promoter
construct, in which the 5’-end fragment was replaced with a 3’-end
fragment of the MRP4 ¢DNA, was also associated with very strong
phenotypes (data not shown). Phenotypes of the Glb:MRP4
transformants were weaker than those of Ole:MRP4 transgenics:
reductions in phytic acid levels ranged from 32% to 75%
(Fig. 4b,c). The grain phenotype in progeny was stable in several
independent transformants tested; the levels of phytic acid reduction
and P; increase were comparable among selfed, crossed and back-
crossed seeds in each transgenic line. Like the Ipal mutant, the
transgenic seed did not accumulate inositol phosphate (InsP) inter-
mediates (data not shown).

Dry weights and germination rates of transgenic seeds

Normal germination and dry weight are critical features of low-phytic-
acid lines of commercial value. Using segregating ears for seed dry
weight analyses, we observed significant seed weight reduction in
the Ty seeds of four Ole:MRP4 transformants (Fig. 4d). However,
the dry weight reduction associated with two other transformants
(numbers 1 and 4) showing an ~70% reduction in phytic acid was
not statistically significant (Fig. 4c,d). This was confirmed by analysis
of T,, F; and BC, seed (data not shown). The seed of these two
transgenic lines germinated normally, with a frequency of about 90%
in filter-paper germination tests. Germination of Ole:MRP4-
expressors with >80% reduction in phytic acid content was delayed
1-2 d relative to wild-type seeds and the germination frequency
ranged from 70% to 90%.

None of the GIb::MRP4 transformants had a statistically significant
reduction in T; seed dry weight (Fig. 4d). Similar results were
obtained in the analysis of F; and BC, seeds derived from five
transformation events (Table 1). As an example, seed dry weights of
individual ears from transformant 3 are presented in Supplementary
Figure 3 online. The ratio of embryo to endosperm dry weight was
unchanged in the Glb:MRP4 transgenic seeds.

The germination frequency of homozygous Glb::MRP4 transgenic
seeds was 95-100% in filter-paper germination tests. Under field
conditions, the seeds from segregating ears (hemizygous/null = 1:1)
produced glufosinate-resistant and glufosinate-susceptible seedlings
that segregated 1:1, as expected (see Supplementary Table 2 online).
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Figure 4 Phytic acid and inorganic phosphate contents and seed dry weight of T; transgenic seeds in which MRP4 expression is silenced. (a) Inorganic
phosphate (P;). (b) Phytic acid. (c) Percentage of phytic acid reduction. Ten individual T; seeds from each transformation event were assayed for P; and
phytic acid. The number of transgenic seeds ranged from 3 to 9. The data represent the mean of wild-type (Wt) or transgenic (Trans.) segregants.

The P; and phytic acid are expressed as P; phosphorus (P) and phytic acid P, respectively. The transgenic lines are sorted by increasing phytic acid
reduction. (d) Seed dry weight analysis. Individual T, seeds (120 kernels per transgenic line) were weighed and assayed for P; content to distinguish
transgenic from wild-type seed. The data represent the mean (+s.d.) of dry weight. Student’s t-test was performed to compare the transgenic and wild-type
segregant (*P < 0.05, **P < 0.01). Glb::MRP4 is the construct with the maize globulin-1 promoter and Ole::MRP4 is the construct with the maize 16-kDa

oleosin promoter.

This demonstrates that the Glb:MRP4 transgenic and wild-type
seeds have the same germination frequency. Resistance to the
herbicide glufosinate in transgenic seedlings is conferred by transfor-
mation with the selectable marker moPAT, a maize-optimized phos-
phinothricin acetyltransferase.

To determine the effect of transgene expression on plant vegetative

Yo
@grow‘[h, seeds from segregating ears were planted in the field. The

=" Glb:MRP4 transgenic and wild-type plants had no obvious differences

in seedling vigor, leaf number, plant heights, or tasselling or silking
times. The phenotype of delayed emergence and stunted growth,
which was observed in the Ipa241 allele of the Ipal mutant?’, was
not detected in the Glb:MRP4 transgenics.

Table 1 Seed dry weight analysis of Glb::MRP4 transgenics

Seed dry weight (mg)

No. of Dry weight t-test
Seed ears Wild-type Transgenic reduction (%) P value
Fy 34 219.9+ 346 218.6 + 36.5 -0.60 0.089
BC, 35 274.7 + 35.8 2745+ 38.1 -0.08 0.872

F, seeds were produced by crossing heterozygous T; plants with wild-type inbred lines,
and backcross 2 (BCy) seeds by backcrossing two generations. Five transgenic lines were
analyzed. The transgenic and wild-type seed segregated 1:1 in each ear. Individual
seeds (150-200 kernels per ear) were weighed and assayed for P; content to distinguish
transgenic from wild-type seed. Average seed dry weight of each type within an ear was
calculated to represent the ear. Seed dry weight reported here is the mean (+s.d.) of
indicated number of ears analyzed. Student’s t-test was performed to compare the
transgenic and wild-type segregant.

NATURE BIOTECHNOLOGY VOLUME 25 NUMBER 8 AUGUST 2007

Transgenic low-phytic-acid and high-P; soybean

To determine whether the MRP gene can be used to reduce phytic
acid and increase P; content in other crops, the soybean homolog of
maize MRP4 was identified and its expression was suppressed using
a gene-silencing construct (see Supplementary Fig. 4 online)
controlled by the soybean Kunitz trypsin inhibitor 3 (KTI3) promo-
ter’. Of 23 independent soybean transgenics, 14 showed increased
P; levels. Selected transformants were analyzed quantitatively for
P; and phytic acid content. The transgenic seed typically showed a
15-30-fold increase in P; (Fig. 5a) and a 37-90% reduction in phytic
acid (Fig. 5b,c).

DISCUSSION

Cloning the maize Ipal gene has enabled us to suppress Ipal gene
expression in an organ-specific manner by using a gene-silencing
construct containing a maize embryo-specific Glb promoter’!. The
resulting low-phytic-acid, high-P; transgenic seeds germinate nor-
mally, and have no significant reduction in seed weight. Limiting
suppression of the Ipal gene to the grain is critical because Ipal is also
expressed in vegetative tissues and disrupting its expression in the
mutant decreases vegetative growth?’. That, in turn, could reduce yield
potential. Transgenic plants were indistinguishable from segregating
wild-type plants in the field, supporting our expectation that vegeta-
tive expression of Ipal was unimpaired in the transgenics.

The Ole promoter construct produced the strongest phenotypes,
with phytic acid reduced by ~85%. The seed dry weight was reduced
and germination impaired in some transgenic lines. Apparently, the
Ole:MRP4 construct can reduce MRP4 transcripts to levels low
enough to affect embryo development and reduce germination rate

933



ARTICLES

A g0, OWt b 5.0
M Trans. —
5.0 o
> 4.0
S 4.0 £
=) o 30
E 30 -
o ® 20
o~ 2.0 ©
1.0 E 1.0
0.0 0.0
1 2 3 4 5 6 7 1 2

Event number

Owt C
M Trans.

-
n » D @ o
o o o o o

Percent phytic acid reduction

o

3 4 5 6 7 1 2 3 4 5 6 7
Event number Event number

Figure 5 Phytic acid reduction and inorganic phosphate increase in Ty transgenic seeds of soybean lines with silenced MRP expression. (a) Inorganic
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acid. The number of transgenic seeds ranged from 4 to 7. The data represent the mean of wild-type (Wt) or transgenic (Trans.) segregants. The P; and phytic
acid are expressed as P; phosphorus (P) and phytic acid P, respectively. The soybean transgenic lines are sorted by increasing phytic acid reduction.

and frequency. Reductions in phytic acid levels in Glb:MRP4 trans-
formants were not associated with significant decreases in seed dry
weights. This may be due to reduced activity of the GIb promoter
relative to the Ole promoter (approximately tenfold lower) or to
different temporal and spatial expression patterns®!.

The seed weight reduction in the Ipal mutant is mainly caused by
endosperm loss. The Ipal mutation disrupts phytic acid metabolism in
embryo and aleurone cells®2. It is possible that an impaired embryo
alters the development and filling of endosperm through embryo-
endosperm communications. However, as changes in the phosphorus
profiles associated with the GIb:MRP4 construct resembled those
observed in the [pal-1 mutant, but were not associated with reduced
endosperm weight, the Ipal mutation would seem to have a direct
impact on endosperm. Accordingly, the Ipal gene is expressed in
developing endosperm. Disruption of phytic acid metabolism may
elevate the P; concentration in endosperm cells, as in the embryo.
P; is a known inhibitor of starch biosynthesis enzymes®®, and
the attenuated starch synthesis could lead to endosperm weight
reduction. Another possible explanation is that the endosperm weight
reduction is unrelated to a disruption of phytic acid metabolism and
that the MRP4 gene has other, as yet unknown, functions in

ve, endosperm. The seed weight loss in the Ole:MRP4 transformants
@with the strongest phenotypes likely results from Ipal gene silencing in

= endosperm because the Ole promoter has some activity in developing
endosperm tissues®*.

It is not immediately clear how the maize MRP4 regulates phytic
acid metabolism. The increase in myo-inositol content in Ipal seeds
(Fig. 1c) indicates that the myo-inositol supply for phytic acid
biosynthesis is not affected. The lack of InsP intermediate accumula-
tion suggests that the [pal mutation does not impair InsP kinases!®.
The Ipal mutation may limit the phosphate supply to myo-inositol
and InsP kinases and therefore deprive the kinases of substrate.
Another possibility is that the MRP ABC transporter affects phytic
acid transport and compartmentalization. Accumulation of phytic
acid in the cytosol may reduce its biosynthesis through a negative-
feedback mechanism. Electron microscopy suggests that phytic acid is
synthesized in the cytosol, transported into the endoplasmic reticulum
lumen, and moved in endoplasmic reticullum—derived vesicles to
protein storage vacuoles®»®. The maize MRP4 transporter may
function directly or indirectly in removing phytic acid from the
cytosol or in vesicle trafficking.

In developing seeds, phytic acid is synthesized from glucose-6-
phosphate, which is converted to myo-inositol 3-phosphate (Ins(3)P)
by Ins(3)P synthase (MIPS). Dephosphorylation of Ins(3)P produces
myo-inositol. Stepwise phosphorylation of myo-inositol and Ins(3)P

http://www.nature.com/naturebiotechnology
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leads to phytic acid. Mutation and silencing of genes in this pathway
also can produce low-phytic-acid, high-P; seed. However, suppressing
MIPS expression also depletes #yo-inositol and impairs seed germi-
nation. The 30-35% reductions in phytic acid contents of knockout
mutants of the maize Ins(1,3,4)P5 5/6-kinase gene?* and Arabidopsis
IPK2f gene’” are inadequate to develop commercially viable lines. To
deliver meaningful nutritional and environmental benefits, cereal
grains and oilseeds should have phytic acid reduced by at least 50%
and P; increased commensurately. The Arabidopsis ipkl mutant does
not accumulate P; and most of its phosphorus is still bound in inositol
tetrakisphosphate and pentakisphosphate (InsP; and InsPs) inter-
mediates®”. Although the intermediate InsP content is significantly
reduced in the Arabidopsis ipkl ipk2P double mutant, silencing the
maize homologous genes produced low-phytic-acid maize seed that
still accumulate a fair amount of InsP, and InsPs5 (].S., HW.,, K.S,, J.R.
& K.G., unpublished data). In contrast to the pathway genes, the
Ipal gene allows simple genetic manipulation of a single gene to
generate seeds with phytic acid reduction and commensurate P;
increase high enough to make commercially viable products. The
MRP transgenic seeds have no significant seed weight reduction or
germination problems and the profile of InsP intermediates is not
changed. These features are desirable from both agronomic and
regulatory perspectives.

METHODS

Genetic screen for new maize Ipal mutants. An indexed collection of
transposon-mutagenized F, seeds derived from a variety of Mu-active stocks
was screened for increased P; using a high-throughput P; assay, as described
previously?>?*, The candidate high-P; lines were analyzed for the phytic acid
content, totaling 130 individual lines. Segregating individuals from confirmed
Ipa lines were crossed with the homozygous Ipal-1 mutant and resulting F,
seeds were evaluated for high P; as described?»*%. Allelic mutations were
identified among lines producing high P; in F; test crosses.

Determination of myo-inositol, P; and phytic acid. myo-Inositol, P; and
phytic acid in seeds were quantified as described?>?*. Rapid qualitative
analysis for increased seed P; was carried out according to a procedure
previously described?*.

Map-based cloning. The BAC library was previously constructed with genomic
DNA of maize inbred Mo17, BAC end sequences were determined and a contig
map was constructed as described (K.A. Fengler, M.L. Faller, B.C. Meyers,
M. Dolan, S.V. Tingey and M. Morgante, Plant & Animal Genome VIII
Conference, 9-12 January 2000, San Diego, California, USA; http://www.
intl-pag.org/pag/8/abstracts/pag8265.html). A segregating population consist-
ing of 1,000 F; seeds was produced by crossing the homozygous Ipal-1 mutant
with the heterozygous Ipal-muml knockout plants. The TAP gene, which is
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closely linked to the Ipal locus, has a Mu insertion in the Ipal-mum]I line, and
the Mu insertion was identified using a PCR-based method for cloning Mu-
tagged genes as described?®. The BAC clone that contains the TAP gene was
identified by comparing the TAP DNA sequence with the terminal sequence of
the clones from the BAC library. For genetic mapping, the TAP locus was
genotyped by PCR using the TAP gene-specific primer (5-TGATCACAACAGG
CACCTCCGC-3") and the Mu terminal inverted repeat (TIR) primer (5-AGA
GAAGCCAACGCCA(A/T)CGCCTC(C/T)ATTTCGTC-3").  Other markers
were developed based on BAC end sequences. The deletion-insertion marker
19 was from the BAC clone b149a.19, and different alleles could be recognized by
the sequence of a 450-bp PCR product (primer 5'-GGTGATGATGCAATGCAA
TACGCGC-3" and 5-CCCTTGAGGGAGATCGAATCCAAAAC-3"). The ml
marker was derived from the BAC clone b156a.m1 and had multiple poly-
morphic nucleotides within a region of 450 bp (primer 5-AACTTAGCA
TAATCCTCCATAGCTTGC-3" and 5-GATCATCCTCTGAAAGTCTATTACA
GA-3"). The single nucleotide polymorphism marker p11 was developed from
the BAC clone b160c.pl1. Two BAC clones were sequenced and assembled
according to a published procedure®. A maize-trained version of the program
FGENESH (Softberry) was used for prediction of potential protein-coding
regions. The BAC sequence was also used for BLAST search against publicly
available maize EST databases to determine the expression of putative ORFs. To
identify the Ipal gene, 12 primers specific to the ABC transporter gene and 8
specific to ORF2 were synthesized. The gene-specific primer was matched with
one specific to the Mu TIR for PCR using genomic DNA from Ilpal-mum]l as
template. The Mu insertion sites in Ipal-muml, Ipal-mum2 and Ipal-mum3
mutant were mapped by PCR-amplifying the junction region and then
sequencing the PCR products.

Gene expression. For gene expression analysis by massively parallel signature
sequencing, 17-mer sequence tags of 1-2 million ¢cDNA molecules from a
library were sequenced?®. The frequency of a specific 17-mer sequence reflects
the expression level of the gene in the tissue from which the library was
constructed. The mRNA from a variety of maize tissue samples was isolated
from inbred line B73. Library construction and sequencing of the transcript
signature sequence tag was performed by Lynx Therapeutics as described?.
Each sequence tag contains 17 bp, including and following downstream of the
most 3" Sau3A site (GATC) of a gene transcript. The 17-mer sequence specific
for the Ipal transcript is 5-GATCATCCGCAGTGAAT-3’, located 540 bp
upstream from the 3’ terminus. The EST of the Ipal transcript was quantified
and reported on the basis of tags per million in a library.

For northern blot analysis, total RNA from immature seeds and seed parts

of RNA were resolved on a 1% (wt/vol) agarose/formaldehyde/MOPS gel and
transferred to a nylon membrane. A 558-bp DNA fragment amplified from the
3" end of the MRP4 cDNA (primer 5-ACATTGTTTGAGGGTACTATCA
GAATG-3" and 5-ACATTGTTTGAGGGTACTATCAGAATG-3) was used as
probe. Probe labeling, hybridization and washing were carried out according to
the manufacturer’s instructions.

RT-PCR analysis was performed using total RNA isolated from wild-type
and Ipal-mum3 homozygous seeds. First-strand cDNA was generated with
oligo(dT) as the primer using SuperScript II RNase H™ reverse transcriptase
(Invitrogen Life Technologies) according to the manufacturer’s instructions.
PCR was conducted using the Advantage-GC 2 PCR kit (Clontech). The
primers used were MRP4 forward (5'-ACATTGTTTGAGGGTACTATCAGAA
TG-3’) and reverse (5-GCAAGCATGGCAGATACGGGCTATTTG-3’), generat-
ing a product of 460 bp, and MIPS forward (5-CTCGCTACCTCGCTTCGCAT
TCCATT-3’) and reverse (5-CTCTGCTTGGCCAGAGCGTTCCA-3), produ-
cing a fragment of 1,500 bp.

@were prepared using the Purescript RNA isolation kit (Gentra). Ten micrograms

Maize transformation and transgenic plant analysis. Maize transformation
vectors have the plasmid backbone of super binary vector pSB1 (ref. 39). The
T-DNA region contains the selectable maker moPAT for transgenic plant
selection and a gene-silencing cassette for suppressing the Ipal expression. The
Ubi::moPAT::PinlI expression cassette consists of the maize ubiquitin-1 pro-
moter (Ubi, including the 5’-untranslated region and first intron, nucleotides
7-1988, from ref. 40), the moPAT gene (US patent no. 6,096,947) and potato
PinII terminator (nucleotides 2-310, from ref. 41). The Ipal gene-silencing
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cassette in the construct PHP22836 (Ole::MRP4) contains the maize Ole
promoter (GenBank no. BD235503, including the 81-bp 5"-untranslated region
of oleosin, U13701), a 1,010-bp fragment (reverse direction) from the 5" end of
the MRP4 ¢cDNA (nucleotides 407-1416, EF586878), the maize Adhl intron 1
(nucleotides 35-571, AF050457) as a spacer and a 1,157-bp fragment (forward
direction) of the MRP4 ¢cDNA (nucleotides 403—-1559, EF586878). The MRP
fragments and the spacer form an inverted repeat structure. The MRP4 gene-
silencing cassette has no terminator. Intermediate plasmids (modified pBlue-
script, Stratagene) were used to add cloning restriction sites to each fragment.
The four fragments were ligated into an intermediate plasmid which contains
Gateway (Invitrogen) ATT L1 and ATT L2 recombinational cloning sites.
Gateway technology was then used to move the MRP4 gene-silencing cassette
and the Ubi::moPAT::PinlI selectable marker into a Gateway-modified deriva-
tive of pSB11 (see ref. 39) to form PHP22829. This plasmid was then
transferred by electroporation into Agrobacterium tumefaciens LBA4404 cells
carrying the super binary pSB1 plasmid to generate the final maize transforma-
tion vector PHP22836 (see Supplementary Fig. 1 for T-DNA structure and
sequence). The Glb:MRP4 construct (PHP22894) was created in a similar
manner. The gene-silencing cassette contains the maize GIb promoter (122344,
ref. 42). A 985-bp Sall/Kspl fragment from a partial MRP4 cDNA clone
(nucleotides 3575-4547, EF586878) was ligated into pSPORT (Invitrogen) to
flank the fragment with convenient restriction sites. These sites were used to
create the two arms of the inverted repeat: BamHI/Smal (1,037 bp) and
HindIll/Xmal (1,041 bp). AdhI intron 1 was again used as spacer between the
two arms, this time as a HindII/Xmal 553-bp fragment. These three fragments
were ligated simultaneously into an intermediate vector that contains the GIb
promoter to form the GIb promoter-MRP4 gene-silencing cassette in the final
transformation vector PHP22894. The T-DNA structure and sequence of
PHP22894 is presented in Supplementary Figure 2.

Maize transformants were produced by using Agrobacterium-mediated
transformation as described®’. T, plants were self-pollinated or crossed with
non-transgenic inbred lines to produce Ty seeds. T; plants were self-pollinated
to produce T, seeds or crossed with wild-type inbred lines to produce F; seeds.
Backcrossing was performed to produce BC;, BC, and BC; seeds. For initial
screening, ten individual T seeds per transformant were assayed qualitatively
for P; increase. Quantitative phytic acid and P; analysis were also conducted
with ten individual T seeds per transformant.

Seed dry weight analysis was carried out with segregating ears. Kernels
were dried at 65 °C. Individual seeds were weighed and then assayed for
P; content to distinguish transgenic from wild-type seed. For T seeds,
120 kernels per ear were analyzed; for F; and backcrossed seeds, 150-200
kernels per ear were analyzed.

Germination tests. Homozygous seeds were placed in a row between two layers
of filter paper wetted with distilled water. The filter paper was rolled up with a
piece of waxed paper on the outside, placed in a beaker with 1 inch (2.5 cm) of
distilled water at the bottom and maintained in a growth chamber at 25 °C
constant temperature with 12-h photoperiods. Seed germination was evaluated
5 d after seeding.

The germination test in the field conditions was carried out with backcrossed
ears which segregated 1:1 for transgenic and wild-type seeds. Seeds were planted
in a nursery in Hawaii. The herbicide glufosinate was applied at a rate of 750 g
of active ingredient per acre when the seedlings had 2—4 leaf nodes. Herbicide-
resistant and herbicide-susceptible seedlings were scored 7 d after spraying.

Soybean transformation. Soybean transformation vector contained a hygro-
mycin B phosphotransferase gene under the control of the cauliflower mosaic
virus 35S promoter for plant selection. Bacterial selection is conferred by a
second hygromycin B phosphotransferase gene under the control of the T7
RNA polymerase promoter4. The soybean MRP silencing construct consists of
the soybean KTI3 promoter® and an inverted repeat structure derived from a
556-bp fragment of soybean MRP cDNA with an 890-bp DNA fragment
as a spacer. The MRP gene-silencing construct had no terminator. The
soybean MRP 556-bp fragment was amplified by standard PCR methods
using the primer set 5-ATCGTCGACGCGGCCGCTGAGAGAATTTATCAGTA
CAGGAT-3" and 5-ATGGCGGCCGCCTAGGCGTACGTTACTGCAGCAGAG
CTCGGCCCAG-3". The oligonucleotide primers were designed to add Notl
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and Sall sites at the 5" end and BsiWI and Avrll sites and a stop codon (TAA) at
the 3" end. To make the spacer DNA, a 470-bp DNA fragment of the soybean
FAD2-1 and a 420-bp fragment of FAD2-2 (see ref. 45) were amplified by PCR,
ligated and cloned into the plasmid pGEM-T Easy (Promega). The spacer DNA
fragment was reamplified by PCR to add a BsiWTI site to the 5" end and an AvrIl
site to the 3” end. The soybean transformation plasmid pJMS33 was assembled
as follows. Plasmid pKS126 (containing the KTI3 promoter; see US patent
20,040,172,682 for plasmid construction) was digested with Notl and Sall, and
the 7,350-bp vector DNA fragment was gel purified. The PCR product of the
MRP 556-bp fragment was digested with Notl and BsiW], as well as with Sall
and AvrIl. The spacer DNA was prepared by BsiWI and AvrlI digestion. These
four fragments were ligated together to form pJMS33 (see Supplementary
Fig. 4 for sequence).

Soybean transformants were produced by using particle bombardment of
somatic embryos (cv. Jack) as described®. Transgenic embryos were selected
and propagated to maturity, and plants were regenerated from matured
somatic embryos as described*!. Transgenic soybean plants were grown in
Metromix 360 soil (Sun Grow Horticulture) in a growth chamber at 25 °C
constant temperature with 16-h photoperiods to produce T; seeds.

Accession number. Maize MRP4 cDNA: GenBank accession no. EF586878.
Note: Supplementary information is available on the Nature Biotechnology website.
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