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Abstract Grain hardness of wheat is determined by the

hardness (Ha)-locus region, which contains three friabilin-

related genes: puroindoline-a (Pina), puroindoline-b (Pinb)

and GSP-1. In our previous study, we produced the trans-

genic rice plants harboring the large genomic fragment of

the Ha-locus region of Aegilops tauschii containing Pina

and GSP-1 genes by Agrobacterium-mediated transforma-

tion. To examine the effects of the transgenes in the rice

endosperms, we firstly confirmed the homozygosity of the

T-DNAs in four independent T2 lines by using fluorescence

in situ hybridization (FISH) and DNA gel blot analyses.

The transgenes, Pina and GSP-1, were stably expressed in

endosperms of the T3 and T4 seeds at RNA and protein

levels, indicating that the promoters and other regulatory

elements on the wheat Ha-locus region function in rice,

and that multigene transformation using a large genomic

fragment is a useful strategy. The functional contribution of

the transgene-derived friabilins to the rice endosperm

structure was considered as an increase of spaces between

compound starch granules, resulting in a high proportion of

white turbidity seeds.

Keywords Compound starch granule � Friabilin � Grain

hardness � Multigene transformation � Oryza sativa

Abbreviations

FISH Fluorescence in situ hybridization

GSP-1 Grain Softness Protein-1

Ha Hardness

Pina Puroindoline-a

Pinb Puroindoline-b

RT-PCR Reverse transcription polymerase chain

reaction

SEM Scanning electron microscope

Introduction

Grain hardness is an important agricultural trait in wheat.

After flour milling, powder particles of soft wheat are finer

than those of hard wheat, influencing differences between

cake flour and baking flour. The grain hardness of wheat is

regulated by the hardness (Ha)-locus region, which is

located on the short arm of chromosome 5D in common

wheat (Triticum aestivum), and contains three linked genes:

puroindoline-a (Pina), puroindoline-b (Pinb) and Grain

Softness Protein-1 (GSP-1). The Pina, Pinb and GSP-1

encode ca. 15-kDa storage protein, termed friabilin (or

GSP), which is present in seeds of soft wheat but absent in

those of hard wheat, suggesting that these friabilin-related
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genes cause grain softness. These friabilins are lipid-

binding proteins, which are considered to associate with

starch granules in seeds, resulting in the soft kernel texture

of wheat, while their original biological functions may be

related to antimicrobial activities (reviewed in Bhave and

Morris 2008). Puroindoline genes are expressed in starchy

endosperm cells, and their products are developmentally

accumulated in the endosperm (Digeon et al. 1999; Turn-

bull et al. 2003a; Wiley et al. 2007). Molecular genetic

studies of the Pina, Pinb and GSP-1 genes in different

types of wheat suggest that PINA is a major contributor of

grain softness (Giroux et al. 2000; Chen et al. 2006) and

functions with PINB (Amoroso et al. 2004). Although

GSP-1 is apparently not a central player in the softness

texture (Giroux and Morris 1998), several recent pieces of

circumstantial evidence show a possible relationship

between GSP-1 and grain hardness (Clarke and Rahman

2005; Ikeda et al. 2005; Morris and Bhave 2008) and

propose the necessity of further experiments on the whole

Ha-locus region including GSP-1 (Bhave and Morris

2008).

Rice (Oryza sativa) with hard grain texture is best used

as a host cereal plant for transgenic experiments with the

friabilin-related genes for the following reasons: (1)

transformation of rice is more efficient than that of wheat;

and (2) puroindoline genes are absent in the rice genome,

while genes at the boundaries of the Ha-locus are con-

served between rice and wheat (Chantret et al. 2005).

Krishnamurthy and Giroux (2001) introduced puroindoline

cDNAs into rice under the control of a ubiquitin promoter

and showed that expression of Pina and/or Pinb in the

transgenic rice seeds reduced grain hardness, demonstrat-

ing that both Pina and Pinb are involved in the soft kernel

texture phenotype. However, it is still important for the

overall understanding of friabilins to characterize trans-

genic rice plants harboring the wheat Ha-locus region

including GSP-1 as a set of genes and their flanking and

promoter regions.

In our previous report, we produced the transgenic rice

plants harboring the large genomic fragments of the wheat

Ha-locus region through Agrobacterium-mediated trans-

formation (Nakano et al. 2005). A BAC 8 binary cosmid

clone (Turnbull et al. 2003b; Fig. 1) contains a 92-kb

Ha-locus region with Pina and GSP-1 genes of the D

genome donor of wheat, Aegilops tauschii, which is an

evolutionally important species as a provider of softness

texture in wheat (Chantret et al. 2005). We introduced the

BAC 8 clone into rice (Oryza sativa L. cv. Yamahoushi),

and characterized the genomic organization of the inte-

grated T-DNAs in four independent transgenic lines by

Southern blot and fiber FISH analyses, showing that

T-DNA was integrated as 1, 1, 1 and 2 copies for lines S, N,

11 and 12, respectively (Nakano et al. 2005). The existence

of Pina and GSP-1 genes in the transformants was con-

firmed by PCR, although rearranged T-DNAs were

observed in the four transgenic lines, which could have

been due to instability of the large T-DNA integration. In

the present study, we further analyzed gene expression,

protein accumulation and functional contribution of Pina

and GSP-1 by using the transgenic rice plants.

Materials and methods

Plant materials

Four lines (S, N, 11 and 12) of transgenic rice (Nakano

et al. 2005) harboring a 92-kb wheat Ha-locus region (the

Pinb Pina GSP-1 

ca. 100 kb 

92 kb 

HindIII HindIII 

nptII cos 

LB RB 

6.3 kb 

BAC 8 insert 
pCLD 
04541 

Hardness (Ha) locus region Fig. 1 Genomic organization

of the hardness (Ha) locus

region and the BAC 8 construct

used in this study. Three

friabilin-related genes are linked

in the Ha-locus of Aegilops
tauschii. The 92-kb genomic

fragment containing Pina and

GSP-1 genes cloned in a binary

cosmid vector, pCLD04541,

was used for the

Agrobacterium-mediated

transformation of rice
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BAC 8 construct, Turnbull et al. 2003b; Fig. 1) were used

in this study. A cultivar of japonica rice, Oryza sativa L.

Yamahoushi was used as an untransformant control.

Southern blot analysis

Total DNA was extracted from young leaf tissue by the

procedure of Murray and Thompson (1980). Total DNA

(about 1 lg) was digested with HindIII and separated on

0.8% agarose gel. After electrophoresis, DNA was trans-

ferred to nylon membranes (Roche Diagnostics). Hybrid-

ization was carried out in 59 SSC, 0.5% blocking reagent

(Roche Diagnostics), 0.1% sodium N-lauroyl sarcosinate

and 0.02% SDS at 65�C. The membrane was washed twice in

0.19 SSC, 0.1% SDS at 65�C for 20 min each. The digox-

igenin-labeled nptII was prepared by PCR reaction using

PCR DIG Labeling Mix (Roche Diagnostics). The detection

of the hybridized probe was carried out according to the

instructions of the hybridized manual of the DIG Lumines-

cent Detection Kit (Roche Diagnostics) with CSPD as the

substrate. Detected band(s) indicated the copy number of

nptII in transgenic plants as described in Nakano et al. (2005)

and Imazawa et al. (2009). Homozygosity of the T-DNA

locus was estimated from signal intensity of the band(s).

FISH analysis

After pretreatment with 2 mM 8-hydroxyquinoline for 4 h

at room temperature, the root tips were fixed with Farmer’s

fixative (1:3 glacial acetic acid and ethanol) for several

days. The FISH slides with squashed root-tip cells were

prepared as described by Mukai et al. (1990). For a probe

for FISH analysis, the whole BAC 8 DNA was purified by

QIAGEN Plasmid Midi kit (QIAGEN) and labeled with

dig-11-dUTP using a Dig-Nick Translation Mix kit (Roche

Diagnostics). FISH hybridization and detection of the BAC

probe were performed according to standard protocol as

described in Suzuki et al. (2001) by using rhodamine-

conjugated anti-dig (Roche Diagnostics).

Reverse transcription (RT)-PCR

Poly(A)? RNA was isolated from the developing endo-

sperm of the transgenic rice by using the FastTrack mRNA

isolation kit (Invitrogen). The RNA samples were reverse-

transcribed to synthesize first-strand cDNA by using the

First-Strand cDNA synthesis kit (GE Healthcare). The

cDNA was then used as a template for PCR amplification

with specific primers; PA-F (50-ATGAAGGCCCTCTTC

CTCATAGG-30) and PA-R (50-TCACCAGTAATAGGC

AATAGTGCC-30) were used to amplify the Pina

sequence, and GSP-F (50-GCGATCTAAGTGGCTTCA

AG-30) and GSP-R (50-GCTAGTGATGGGGATGTTGC-30)

were used to amplify the GSP-1 sequence. PCR was per-

formed with ExTaq polymerase (Takara) for 35 cycles of

denaturation for 30 s at 94�C, annealing for 30 s at 60�C,

and extension for 1 min at 72�C followed by a final

extension for 5 min, by using DNA thermal cycler PER-

SONAL (Takara). The rice alpha-tubulin gene was used as

a control.

Western blot analysis

Two to five seeds were crushed and homogenized with

50 mM Tris–HCl (pH7.5). After vortex mixing and leaving

at room temperature for 15 min, the sample was centri-

fuged at 8,000g for 10 min and any supernatant liquid was

removed. After the pellet was washed once more with

50 mM Tris–HCl, and once with 0.1 M NaCl and 50 mM

Tris–HCl, the protein was extracted with 1% TritonX-114,

50 mM Tris–HCl by vortex mixing and leaving for 15 min,

followed by centrifugation at 8,000g for 10 min. Subse-

quently, ca. 10 lg of the protein extract was subjected to

SDS polyacrylamide-gel electrophoresis (SDS-PAGE) in

the usual manner using the 15% PAGE gel (e-PAGEL,

ATTO). The fractionated protein in the PAGE gel was

electroblotted and Western blot detection was conducted

by using ECL Western Blotting Analysis System (GE

Healthcare). The anti-friabilin polyclonal antibody (Jolly

et al. 1993) and the HRP-labeled anti-rabbit antibody (GE

Healthcare) were used as primary and secondary antibod-

ies, respectively.

Scanning electron microscope (SEM) analysis

Dried seeds were cut by a blade, coated with gold and

subjected to a scanning electron microscope (JXA-840A,

JEOL) as described in Turnbull et al. (2003a).

Results

Confirmation of homozygous plants for T-DNAs

In the four transgenic rice lines with the BAC 8 construct,

both Pina and GSP-1 were expected to be expressed in the

endosperm of the seed (having genotype of the next gen-

eration). Therefore, the progenies possessing homozygous

T-DNAs, which could produce seeds with the same geno-

type, were useful for analysis of expression and function of

the transgenes using a number of seeds. The T0 plants

(S, N, 11, and 12) were all hemizygous, and T1 seeds (e.g.,

S-18, N-3, 11-6, and 12-21) were segregated. Our previous

study showed that one-copy large T-DNA was integrated in

the lines S, N and 11, and two copies in the lines 12

(Nakano et al. 2005). Because rearrangements that
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occurred in the T-DNA locus of the line 11 have resulted in

the two-linked nptII genes, HindIII-digestion produced two

unsegregated fragments in Southern blot analysis with the

nptII probe. On the other hand, each or both the two

unlinked nptII fragments were detected in progenies of the

line 12. It was difficult to discriminate heterozygotes and

homozygotes in the segregated progenies and identify

homozygous T1 plants only by the Southern blot analysis

with an nptII probe. Additionally, in the case of line 12, no

homozygous plant for both the independent T-DNA loci

was found in the T1 generation, owing to a small number of

the T1 seeds. Therefore, we determined the homozygosity

of the T-DNA loci in the T2 population by using both

Southern blot and FISH analyses (Fig. 2); candidates of

homozygous plants estimated by Southern blot analysis

with the nptII probe (Fig. 2a) were confirmed by FISH

analysis with the whole BAC 8 probe (Fig. 2b).

Figure 2b shows FISH detection of homozygous

T-DNA loci in the four lines of T2 plants (S-18-2, N-3-1,

11-6-1 and 12-21-5). Since lines S, N and 11 contained a

single T-DNA locus, two distinct FISH signals were

observed in each nucleus or prophase chromosome set.

Such homozygosity was also observed in three other T2

plants of the line S (S-4-1, S-15-1 and S-18-1) and three

other T2 plants of the line 11 (11-20-6, 11-20-8 and 11-22-

10). In the case of line 12, four distinct FISH signals (2

strong and 2 weak) were observed in a 12-21-5 T2 plant

(Fig. 2b), indicating that this plant was obviously homo-

zygous against two independent T-DNA loci. We also

obtained three T2 plants (12-19-2, 12-19-6 and 12-19-9),

which were homozygous only for the single T-DNA locus.

The progenies of these T2 plants, whose homozygosity of

T-DNA was efficiently determined by a combination of

Southern blot and FISH analyses, were then subjected to

the expression analysis for transgenes.

Gene expression and protein accumulation of PINA

and GSP-1 in transgenic rice

To determine the expression of the transgenes at an RNA

level in the BAC 8-introduced rice, RT-PCR was con-

ducted using T3 seeds obtained from the homozygous T2

plants (S-18-2, N-3-1, 11-6-1 and 12-21-5). All four of the

lines showed expression of Pina and GSP-1 in developing

endosperms at 1, 2 and 3 weeks after flowering (Fig. 3).

Absence of Pina and GSP-1 genes in untransformed rice

was confirmed by PCR with genomic DNA templates

(Fig. 3), and no or low RT-PCR product of Pina and GSP-1

was obtained in leaves (data not shown). Successful

detection of transcription of Pina and GSP-1 indicated that

wheat friabilin promoters are also active in rice endo-

sperms, although these RT-PCR results did not show the

quantity of the expression.

Subsequently, Western blot analysis was performed to

analyze protein-level expression of PINA and GSP-1 in the

T3 and T4 seeds. Powder of the rice endosperm was washed

by 50 mM Tris and 0.1 M NaCl, and then starch-binding

proteins were extracted with 1% TritonX-114, 50 mM Tris

from the remaining precipitation. The extracted starch-

binding proteins were subjected to SDS-PAGE followed by

Western blot analysis with the anti-friabilin polyclonal

antibody (Jolly et al. 1993). As a result, two bands around

15 kDa were detected in mature T3 seeds of the seven

homozygous transgenic plants (S-4-1, S-18-2, N-3-1, 11-6-

Fig. 2 Confirmation of homozygosity of the T-DNAs by Southern

blot and FISH analyses. a Genomic DNA of the T2 plants and an

untransformant was digested with HindIII, and applied to Southern

blot analysis with the nptII probe. As the DNA amount control,

separated total DNAs stained with ethidium bromide before blotting

are indicated in Online Resource 1. Homozygosity of the T-DNA

locus was estimated from signal intensity of the band(s). Note that the

two bands obtained in the line 11 (11-6-1, 11-20-6, 11-20-8, and

11-22-10) are linked in the large T-DNA locus. b Representative

FISH results of mitotic chromosomes of the four independent T2 lines

detected with the BAC 8 probe (signals are indicated by arrows).

Homozygosity was confirmed by two signals obtained for one-locus

T-DNA insertion (S-18-2, N-3-1, 11-6-1), and four signals for two-

loci T-DNA insertion (12-21-5). The bar represents 10 lm
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1, 11-20-6, 12-19-6 and 12-21-5), which were absent in the

untransformed rice (Fig. 4a). Molecular weight values

estimated from deduced amino acids sequences of PINA

and GSP-1 of Ae. tauschii were 14.9 and 16.6 kDa,

respectively (information from nucleotide DATA of

CR626926, Chantret et al. 2005). Therefore, in the two ca.

15-kDa bands in our Western blot analysis, a band with a

greater molecular weight might be GSP-1, and that with a

lesser weight might correspond to PINA. Thus, exogenous

friabilins were successfully accumulated in endosperms of

the transgenic rice plants, although their amount was less

than those of soft wheat (Fig. 4a). These two bands were

detected from samples extracted with the TritonX-114

buffer and not with the Tris and NaCl buffers (data not

shown), indicating that PINA and GSP-1 might be asso-

ciated with starch granules in endosperms of the transgenic

rice, just as in the case of the starch-binding friabilins in the

soft wheat. No significant difference was observed in the

amount of accumulated PINA and GSP-1 between seeds of

12-21-5 with two T-DNA copies and those of other plants

with one T-DNA copy. Western blot analysis was also

conducted with developing T4 seeds and it showed that

PINA and GSP-1 proteins were accumulated in endo-

sperms from 1 week after flowering (Fig. 4b).

Structural characterization of seeds in transgenic rice

We further characterized homozygous T4 rice seeds by

structural comparison with untransformed rice seeds to

understand the functional contribution of the wheat fria-

bilins in the Pina/GSP-1-introduced transgenic rice plants.

There was no difference in appearance of rice seeds with

palea and lemma between the transgenic plants and un-

transformants (Fig. 5a). However, a high rate (ca. 75–95%)

of white turbidity seeds was observed in brown rice seeds

obtained from the progenies of S-4-1, S-18-2, 11-20-6,

11-6-1 and 12-21-5 plants (Fig. 5a, b). Although the lines

N-3-1 showed only 10–20% proportions of the white turbidity

seeds, the presence of such white seeds is a characteristic

structural alternation of the Pina/GSP-1-introduced trans-

genic rice plants, because no white turbidity seeds were

observed in the untransformant controls (Fig. 5b). All the

T3 plants and untransformants were simultaneously and

normally grown in a closed glasshouse under the same

Fig. 3 Reverse transcription (RT)-PCR analysis of T3 homozygous

seeds. RT-PCR was performed with transgene-specific primers by

using endosperm cDNA (1–3 weeks after flowering) of the four

transgenic lines as templates. Plus and minus symbols represent

existence and absence of reverse transcriptase, respectively. No band

in the absence of reverse transcriptase indicates the samples to be free

of genomic DNA contamination. a-tubulin was used as positive

control. PCR results using the wheat and rice genomic DNA

(untransformants) are also shown as a size standard for the amplified

RT-PCR bands, which also demonstrate that Pina and GSP-1 are in

wheat but not in rice

Fig. 4 Western blot analysis of T3 and T4 homozygous seeds.

a Accumulation of friabilin in the T3 seeds of seven transgenic rice

lines analyzed by Western blot analysis. Seeds of the untransformant

rice and soft wheat were also used as negative and positive controls,

respectively. Crushed mature endosperms were washed by Tris and

NaCl and extracted with TritonX-114. Extracted starch-binding

proteins were subjected to SDS-PAGE (the CBB-stained gel is

indicated in Online Resource 2), electroblotted and detected with anti-

friabilin antibody (Jolly et al. 1993). Two bands (ca. 15 kDa) were

obtained in the transgenic plants. Asterisk indicates a putative GSP-1

protein estimated from the size. b Developmental regulation of

protein expression of friabilin. Proteins extracted from immature

endosperms (1–3 weeks after flowering) of T4 plants were used to

perform Western blot analysis to detect the friabilin. Asterisk

indicates the putative GSP-1 protein estimated from the size. The

CBB-stained gel is indicated in Online Resource 2
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conditions, and the appearance of the white turbidity seeds

was different from that of the milky white rice seeds, the

occurrence of which was due to environmental stress

during development. A similar occurrence of the turbidity

seeds was also observed in the T3 seeds, which were

obtained from T2 plants grown in a different year.

Fig. 5 The T4 seeds contain

white turbidity seeds. a Rice

seeds with and without palea/

lemma. Representative T4 seeds

(11-20-6-1) and untransformant

seeds are indicated. The bars
represent 5 mm. b Ratio (%) of

white turbidity seeds was

calculated in the T4 and

untransformant seeds. Two to

four independent T3 plants for

each homozygous line were

used for analysis. All the T3

plants and untransformants were

simultaneously grown in a

closed glasshouse under the

same conditions
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We characterized endosperms of these rice grains in

detail by using scanning electron microscopy (SEM).

Because Turnbull et al. (2003a) examined the cut surface

of the endosperms of wheat seeds using SEM and distin-

guished clearly between soft and hard lines (cellular

components of the hard line are more tightly compacted

together than those of the soft line), we applied this method

to rice seeds to better understand the effects of the PINA

and/or GSP-1 on the structural property of the endosperm

(Fig. 6). On whole views of the cut surface, radial

orientations of endosperm cells were observed in the nor-

mal perfect rice seed of the untransformant (Fig. 6a),

whereas these normal orientations were lost in the trans-

genic plants (Fig. 6d). In the high magnification views,

compound starch granules were tightly packed with each

other on the smooth cut surface of the untransformant

control (Fig. 6b, c), while individual compound starch

granules were easy to recognize as scale-like organizations

in the transgenic lines (Fig. 6e–i), indicating more spaces

between the compound starch granules. In some views of

Fig. 6 Cut surface of the rice

endosperms observed by

scanning electron microscope

(SEM). Dried mature seeds of

untransformant (a–c) and

transgenic plants (d–i) were cut

by blade, and the surfaces were

analyzed by SEM. b, e Close-up

pictures of white square frame

regions in a and d, respectively.

c, f Close up pictures of black
square frame regions in a and d,

respectively. Bars in a and

d represent 1 mm. Bars in b, c,

e–i represent 20 lm
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the cut surface, independent starch granules, which were

normal in appearance, were exposed in the transgenic seeds

(data not shown).

Discussion

Introduction of the Ha-locus region as multigene

transformation

In the present study, we introduced a large genomic frag-

ment including two wheat genes into rice. The approach of

introducing a set of linked genes as a genomic region is

useful for multigene engineering (Naqvi et al. 2010) if

exogenous promoters are normally active in a recipient.

The wheat Ha-locus region encompassing approximately a

100-kb region contains three endosperm-expressing genes

(Pina, Pinb, and GSP-1) related to friabilin (Chantret et al.

2005); this size of the genomic region is nearly a limitation

of the introducible size via an Agrobacterium-mediated

transformation. Genes for friabilins are small, and the

artificially fused construct including both Pina and Pinb

genes with endosperm-specific promoters was successfully

used for maize transformation (Zhang et al. 2009). How-

ever, multigene transformation with a large genomic

fragment still has an advantage, such as co-transformation

of the original regulatory sequences intricately embedded

within flanking regions of the genes, from the view of

stability of transgenes for generations and avoidance of

gene silencing. Our transgenic plants harboring the Ha-

locus region with the Pina and GSP-1 genes demonstrated

that the wheat regulatory sequences in the Ha-locus region

were functional in rice. Rearrangements observed in the

integrated large T-DNAs (Nakano et al. 2005) might have

no negative effects for transgene expression. Furthermore,

Western blot analysis of the transgenic plants showed that

the exogenous PINA and GSP-1 proteins were successfully

accumulated in the rice endosperm and might be associated

with starches as expected. Thus, the multigene transfor-

mation of a large genomic DNA has potential to be a

powerful tool for plant engineering.

Functional contribution of friabilins in transgenic rice

The structure of the rice endosperm is fundamentally dif-

ferent from that of wheat. In the rice endosperm cell,

dozens of starch granules with a polyhedral shape are

tightly packed in the amyloplast to form an ellipsoidal

compound starch granule, while starch granules with a

spherical shape occur within the protein matrix in the

wheat endosperm cell. As for localization of friabilins in

the wheat endosperm, PINA and PINB are co-localized to

the starch granule surface, possibly due to the association

of positively charged friabilins with polar lipids on the

surface of starch (Feiz et al. 2009). The friabilins on the

starch granule surface might eventually prevent tight

interaction between the starch and protein matrix, leading

to grain softness in wheat. On the other hand, there are no

friabilin-related genes in rice (Chantret et al. 2005).

Krishnamurthy and Giroux (2001) reported significant

reduction of grain hardness in transgenic rice plants har-

boring the Pina and/or Pinb cDNA, although its precise

mechanism is unclear. Unlike the previous report, we

introduced the genomic fragment including Pina and

GSP-1 genes into rice. Although we were not able to find

additive effects of GSP-1 to grain texture, GSP-1 was

apparently accumulated in our transgenic rice seeds as well

as PINA. Both Krishnamurthy and Giroux (2001) and this

study showed significant modification of rice grain texture,

indicating that friabilins actually have a potential to alter-

nate the endosperm structure in rice. To compare the

effects of friabilins in these transgenic rice plants, the same

experimental evaluation of grain hardness under the same

condition would be indispensable.

Considering the results of Western blot and SEM anal-

yses in the present study, transgenes-derived PINA and

GSP-1 might be localized between compound starch

granules and make more spaces between them. A similar

observation of the spaces surrounding the compound starch

granules was recently reported in Wada et al. (2010),

although differences of endosperm structure between the

transgenic and non-transgenic rice plants were less obvious

than those reported between hard and soft wheat plants

(Turnbull et al. 2003a). The membrane surface of the

amyloplast might be negatively charged as a common

feature of the biomembrane structure and could associate

with positively charged friabilin proteins. The possible

hypothesis explaining frequent observation of the white

turbidity seeds in our transgenic plants is as follows: during

the drying process of the Pina/GSP-1-introduced trans-

genic rice seeds, air might enter into the spaces between the

compound starch granules, resulting in the white turbidity

seeds. A lower ratio of the white turbidity seeds in the N-3-1

lines might be due to lower expression of Pina and GSP-1

genes than in the other transgenic lines, although further

detailed analysis of their expression (e.g., quantitative

RT-PCR analysis) is necessary to demonstrate it in future.

This study suggests the possibility of engineering the

glutinous rice-like new cultivar by introducing the fria-

bilin-related genes from wheat. Additional introduction of

the Pinb gene to the transgenic line S-4-1, S-18-2, 11-20-

6, 11-6-1 or 12-21-5 would lead to a more stable pro-

duction of the white turbidity seeds. Determination of the

precise physicochemical properties of these transgenic

rice seeds, combined with the detailed molecular analysis

of the exogenous friabilins, will more accurately dissect

2300 Plant Cell Rep (2011) 30:2293–2301
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the molecular functions of puroindolines in grain

hardness.
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