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Introduction

Several molecular-biological techniques are employed to
characterize transgene expression in transgenic plants and
animals. However, no technique is available to detect ex-
pression of a transgene product in a tissue-specific manner.
Histochemistry is a powerful technique for localization of
trace quantities of substances present in biological tissues
(Pearse 1972, 1988; Krishnamurthy 1998). Histochemical
techniques have been employed to characterize structure and
development, and to study time course of deposition and
distribution of major storage compounds such as protein,
lipid, starch, phytin, and minerals such as calcium, potas-
sium and iron in rice grains (Krishnan et al. 2001; Krishnan
and Dayanandan 2003).

Iron is found in haemoglobin, which transports oxygen
in the blood of vertebrates. When iron levels are low, the
amount of available oxygen declines, causing a common
symptom of iron deficiency called anaemia. Iron deficiency
causes arange of health problemsin humans, including poor
pregnancy-related complications, brain damage in infants,
chronic hypoxia and reduced work performance (Goto and
Yoshihara 2001). Dietary iron deficiency owing to an insuf-
ficient and inappropriate diet is a severe nutritional problem
(Goto et al. 2001) that affects 30% of the world’s population
(WHO 1992).

Plant-based foods are potential sources of all essential
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minerals and organic nutrients that are directly or indirectly
required by humans. Unfortunately, mineral contentsare low
in many of the staple food crops. Hence efforts to increase
the mineral content of food crops are required as a means to
ensure sufficient dietary minerals for all individuals (Grusak
2002). Rice is the most important staple food crop in the
world; nearly half of the world's population depends on rice
as the source of their calories. Therefore, increasing iron
content in riceisaviable option in alleviation of micronutri-
ent malnutrition anaemia (Coffman and Juliano 1987).

Ferritin is an iron storage protein which stores 4500 iron
atomsinitscentral cavity in nontoxic form (Korcz and Twar-
dowski 1992). Iron stored in ferritin is completely bioavail-
able (Goto et al. 2001) and is released when need arises for
metabolic functions (Briat 1996). There are reports of in-
creasing iron content by overexpressingferritin geneintrans-
genic rice (Goto et al. 1999; Vasconcelos et al. 2003) and
wheat (Drakakaki et al. 2000). Since Asian countries, where
most of the world'sriceis grown, have different climatic and
agroecological zones, it isimportant to enhance iron content
in highly adapted local-specific native indica rice varieties
(Krishnan et al. 2003). Our study is aimed at increasing iron
content in a high-economic-valueindica rice variety (Oryza
sativa L. cv. Pusa Basmati) by manipulating ferritin gene ex-
pression. Here, we report expression of soyabean ferritin un-
der the control of rice endosperm-specific glutelin promoter
(GluB-1) (Takaiwaet al. 1991) and iron accumulation in the
endosperm of transgenic rice by iron-specific histochemical
staining reaction.
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Materials and methods

Plant material and transformation

Ferritin cDNAs from Glycine max L. cv. Kitano-shiki (Les-
cure et al. 1991) and Avicennia marina (Jithesh et al. 2006)
were used for transformation. We report our findings on
overexpression of Glycine max ferritin in rice plants. Six
independent integration events of ferritin transgenic lines
were developed by Agrobacterium-mediated transformation
(Rashid et al. 1996) in the indica rice Oryza sativa L. cv.
Pusa Basmati at the M. S. Swaminathan Research Founda-
tion, Chennai, India. Matured nontransgenicand T , homozy-
gous transgenic seeds were used for histochemical and im-
munoblot analysis.

Localization of iron

Perl’s Prussian blue technique was employed for localization
of iron (Pearse 1972). Thisis an extremely reliable and sen-
sitive technique that can detect even small quantities of iron
microscopically (Krishnan et al. 2003). Transgenic and con-
trol rice caryopses were soaked in distilled water for about
2-3 h and sectioned at 15um using a Vibratome series 3000
sectioning system (Intracel, Royston, UK) (Krishnan et al.
2003). Thin transverse sections of transgenic and nontrans-
genic rice grains were treated with a mixture of freshly pre-
pared 2% potassium ferrocyanide and 2% hydrochloric acid
for 20-30min. The treatment with acid was done to release
ferric ions from the tissue, which immediately reacted with
the cation of potassium ferrocyanideto produce ablue insol-
uble compound, ferric ferrocyanide. Observations and pho-
tographs were made using a Nikon E-800 microscope with
bright-field optics.

Protein extraction and immunoblotting

Total protein was extracted from matured nontransgenic and
T, homozygous transgenic seeds. The seeds were homoge-
nized with mortar and pestle with 300 ul of extraction buffer
(80mM Tris-Cl pH 7.0, 2% SDS, 20% glycerol, 2% mer-
captoethanol, 10mM PMSF). The samples were then spun
at 10,0009 for 15 min, and the supernatant was transferred
into a fresh tube. Total protein in these extracts was mea-
sured with Genel protein estimation kit (Bangalore Genei,
Bangalore, India). The protein samples (20 ug each) were
then boiled for 3 min with 2x sample buffer (100 mM Tris.Cl
pH 6.8, 200mM dithiothreitol, 4% SDS, 0.2% bromophenol
blue, 20% glycerol) and el ectrophoresed on 12% (w/v) SDS-
PAGE gel with appropriate protein marker (New England
BioLabs, Ipswich, USA). The gel was transferred to PVDF
membrane (Westran S; Schleicher and Schuell Bioscience,
Dassel, Germany) according to the method described in Sam-
brook et al. (1989).

For Western blot analysis, the membrane was blocked for
2 h to prevent nonspecific binding by incubating in block-
ing solution (3% BSA in 1x Tris HCI buffered saline (TBS)
(10 mM Tris-HCI, 500mM NaCl, pH 7.5) containing 0.1%

Tween-20 (TBST)) at room temperature with gentle agita-
tion, and then washed with 1x TBST thrice. After block-
ing, probe of pea ferritin primary antibody (1/500 dilution
in 1x TBST) was added and the membrane incubated for
2 h with gentle agitation. Unbound antibody was removed
by washing the membrane thrice with 1x TBST. The mem-
brane was then treated with alkaline-phosphatase-conjugated
secondary antibody (goat anti-rabbit 1gG, 1/2000 dilution in
1x TBST; Pierce, Rockford, USA) for 2 h. After preincu-
bation in alkaline phosphatase buffer (100mM NaCl, 5mM
MgCl,, 100mM Tris.Cl pH 9.5) for 10 min the membrane
was stained with substrate for alkaline phosphatase (1-step
NBT/BCIP mix; Pierce, Rockford, USA) to detect protein.
The staining reaction was stopped by adding distilled water.

Results and discussion

Southern blot analysis was carried out with genomic
DNA from nontransgenic and T, homozygous PCR-positive
plants. Genomic DNA digested with EcoRI and probed with
ferritin cDNA showed the expected hybridization signal of
800bp in all the transformed plants (figure 1). This con-
firmed integration of the ferritin cDNA in the rice genome.

9 10 11 12 13 14

03 kb

Figure 1. Southern blot analysis of T, homozygous transgenic
rice plants. Genomic DNA (15 ug) was digested with EcoRI (MBI
Fermentas, Hanover, USA), fractioned on 0.8% agarose gel, trans-
ferred to Hybond N+ membrane (Amersham Biosciences, Piscat-
away, USA), and subjected to hybridization using an 800 bp ferritin
probe. N Nontransformed control; lanes 1-14, transgenic plants;
P, positive control (binary vector pFer 4.0 digested with EcoRI to
release 0.8 kb ferritin cDNA).

Perl’s Prussian blue staining of transgenic rice grain sec-
tions showed distribution of iron accumulation (blue com-
pound of ferric ferrocyanide) throughout the alureone and
subaleurone layers and also in the central region of starchy
endosperm (figure 2,b). However, in nontransgenic grains,
blue colour formation indicating iron accumulation was re-
stricted only to aleurone layer and the intensity of colour
was also very low (figure 2,a). Perl’s Prussian blue staining
method has been recommended for locating Fe(l11) in ani-
mal tissues since it is a highly reproducible and fast method
and the reagent can penetrate into bulky tissues to give a dis-
tinctive blue colour reaction (Baker 1958). This technique
has been used in nontransgenic rice to localize iron in seed
materials (Krishnan et al. 2001).
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Figure 2. Transverse section of matured nontransformed (a, ¢) and
transgenic (b, d) rice grains; blue colour indicates presence of iron.
In control, iron is restricted only to aleurone and embryo, and is not
found in the endosperm. However, in transgenic rice grain, in ad-
dition to aleurone and embryo, iron is also strongly present in the
endosperm cells. Also note the higher accumulation of iron in em-
bryo of transgenic rice, compared to control, as shown by intensity
of colour.

|+ 28 KDa

Figure 3. Immunoblot analysis of ferritin protein in transgenic
seeds. Total protein was extracted from matured seeds of transgenic
and nontransgenic plants. Twenty ug of total protein was loaded
in each lane of 12% SDS-PAGE gel. Seperated protein was trans-
ferred onto a PVDF membrane. N, Nontransformed control; lanes
1-5, transformed seeds; molecular mass of ferritin protein (28 kDa)
isindicated.

Transverse section of mature transgenic rice grains pass-
ing through the embryo region showed high iron accumula:
tionin embryo aswell asin the endosperm (figure 2,d). How-
ever, in nontransgenic rice grains iron was restricted to the
embryo and aleurone layer. Further, compared to transgenic
grains, theintensity of colour development in the embryo re-
gion was very low (figure 2,c). This histochemical analysis
of ironin rice specifically showed temporal and spatial depo-
sition of storageiron.

In all the transgenic Southern-positive plants (seeds), a
28-kDa ferritin protein was detected (figure 3), confirming
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that ferritin protein accumulates in rice seeds. The poly-
clonal antibody raised against peaferritin did not cross-react
with endogenous rice ferritin. Hence, we did not observe
any endogenous ferritin signal in the negative control (un-
transformed seeds). Similar observations have been made
in japonica (Goto et al. 1999; Luccaet al. 2001) and indica
ricevarieties (Drakakaki et al. 2000; Vasconcel oset al. 2003)
as well as in tobacco (Goto et al. 1998). Endogenous fer-
ritin genes are developmentally regulated so that the protein
is nearly undetectable except under stress or iron overload
(Proudhon et al. 1989).

Most of the minerals in rice seeds, including iron, are
completely removed during commercia milling (Krishnan et
al. 2003; Bajaj and Mohanthy 2005). Genetic modification
of quality of rice grains should focus on the subal eurone lay-
ers or endosperm as the major targets for controlling expres-
sion of relevant genesto get higher-quality transgenic plants.
Manipulations of the deeper layers of endosperm to enhance
proteins in rice grains were emphasized in an earlier study
(Krishnan et al. 2001). Here we have shown increase of iron
content in endosperm cells by expression of aforeign ferritin
gene under control of endosperm-specific promoter.

We have shown that histochemical analysis is a power-
ful tool and can be used for preliminary screening of trans-
genic lineswith highiron content (qualitatively) to select the
desired line for further analysis. The method revealed the
tissue-specific nature of expression of transgene ferritin, and
temporal and spatial deposition of iron in the rice grains.
This technique does not require antibody or radiolabelled
probe. Previoudly, iron content of grains was measured only
by chemical analysis. But this method is beset by techni-
cal problems when dealing with a large germplasm screen-
ing and limited amounts of sample materials. It has aso
been reported that iron content could vary widely among rice
genotypes (Prom-u-thai et al. 2003). The histochemical tech-
nigue can easily be used in large germplasm screenings to
select the right background material for genetic engineering
or for breeding programmes. Further studies are in progress
on quantitative estimation of iron content in transgenic rice
seeds using atomic absorption spectroscopy.
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