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Abbreviations: IDA, iron deficiency anemia; YSL, yellow stripe like; NT, non-transgenic; DW, dry weight; ZIP, Zrt Irt like
protein; AAS, atomic absorption spectroscopy; IARI, Indian Agricultural Research Institute; ICAR, Indian Council of Agricultural
Research; CTAB, cetryl trimethyl ammonium bromide; MCS, multiple cloning site; DAP, days after pollination

Rice being a staple food, contains little iron in the edible grain. To increase the iron nutrition in rice grains, our present
study highlights the first time development of high iron rice grain by exploring the endosperm specific overexpression
of endogenous ferritin gene. The gene has been cloned from rice and overexpressed under the control of endosperm
specific GlutelinA2 (OsGluA2) promoter. After genetic transformation of aromatic indica rice cultivar, Pusa-sugandhi II,
the milled seeds of resulting T3 transgenics exhibited 7.8-fold of ferritin overexpression, which contributed to 2.09- and
1.37-fold of iron and zinc accumulation respectively. T3 seeds demonstrated endosperm specific localization of iron that
confirms the tissue specific activity of GluA2 promoter. Transgenic and non-transgenic plants showed no difference in
their agronomic traits. Our study suggested that overexpression of rice endogenous ferritin gene is a step ahead toward
cisgenic approach and can act as an effective tool for iron biofortification.

Introduction
Iron is one of the essential nutritional mineral of human diet. It
represents ~45 and 35 mg/kg of body weight of adult men and
women respectively and serves the diverse functions.1 Apart from
its association with different haem (hemoglobin, myoglobin and
cytochrome) and non-haem (ferritin) protein moieties, it also
serves as a co-factor of different metabolic enzymes.1 Most significantly, iron deficiency causes severe nutritional disorder like
IDA, which mainly affects the pregnant woman due to heavy
demand of iron dropping in their serum ferritin level (< 15 μg/l).2
Unfortunately, IDA is more prevalent in the developing countries
like Southeast Asia and Africa. In India, about 14 million men,
28 million pregnant women and 85 million children suffer from
anemia every year which may be due to low amount of bioavailable iron found in their diet, especially in staples.3
Most of the iron is accumulated largely in outer aleurone layer
and embryo of rice grains, which are removed during milling
leaving behind consumable endosperm that contains a very low
amount of iron. Several biotechnological approaches have been
implicated to develop high iron rice grains among which enrichment of sink tissues (seed) through the overexpression of different
transporter proteins like YSLs and phytosiderophores were very
promising attempts.4-10 However, overproduction of intermediate products like nicotianamine in the seeds or other tissues may

lead to reduced seed viability, germination and stunted seedling
growth due to the co-transport of other divalent metals like Mn,
Cd, Ni etc. with some essential minerals.11,12 Besides this, the
development of iron enriched rice grain through overexpression
of ferritin gene, has been proved as a successful strategy for iron
biofortification program.13-15 In combined approaches, iron accumulation significantly improved in rice seeds by using the ferritin
gene along with different transporters or phytosiderophore which
indicates the positive impact of ferritin on iron nutrition.16,17
Plant ferritin (450 kDa), the storehouse of bioavailable iron, can
accumulate up to 4,500 iron within its cavity and maintains cellular iron homeostasis.18 However, accumulation of some other
non-ferrous metals in the leaves of ferritin overexpressing tobacco
plants adds a disadvantage to the usage of exogenous ferritin gene
in transgenic development.19 Moreover, rice plants possess very
little of ferritin proteins (0.04 μg/g of dry seeds) in the grain as
compared with other crops.20 Hence, to overcome the problems,
overexpression of the endogenous ferritin gene instead of an exogenous ferritin (e.g., soybean) may prove to be a novel strategy for
developing high iron rice grain. Two rice ferritin genes viz. Osfer1
and Osfer2 have been reported so far.21 The higher-level expression of Osfer2 was found at different reproductive stages of plant
organs like flag leaves, panicles, etc. Various kind of treatments
(copper, excess iron, etc.) were also able to induce expression of
each one of the two genes.22
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Figure 1. Partial map of overexpression vector construct (pOsGluA2-Osfer2-001) used for biolistic transformation of indica rice cultivar. Recombinant
vector contains 767 bp of Osfer2 gene under 1.76 kb GluA2 promoter. hpt gene as a plant selectable marker.

Figure 2. Semi-quantitative RT-PCR of ferritin gene of T3 transgenic
seeds and shoots showing the overexpression of ferritin gene in seeds
of 1–7 different progenies of 276–1 viz. 276–1-3, 276–1-2, 276–1-6,
276–1-4, 276–1-11, 276–1-7, 276–1-9 respectively as compared with the
NT control. Rice β-tubulin as an internal standard for normalization of
Osfer2 gene expression.

Figure 3. Quantitative RT-PCR of ferritin gene of T3 transgenic seeds
reflecting the maximum level of Osfer2 gene expression in 276–1-2.
All progenies showed higher level of expression as compared with NT
control.

In our present study, we have generated the aromatic transgenic rice plants by overexpressing Osfer2 gene (767 bp) under
the control of endosperm specific 1.76 kb OsGluA2 promoter.
The resulting T3 transgenic seeds exhibited ~2.1 fold higher
accumulation of iron in milled rice grain as compared with
non-transformed milled seeds. Furthermore, a simultaneous
increase in zinc was also observed in transformed seeds. In
addition, overexpression of Osfer2 gene did not show any difference in the agronomic traits of transgenic as compared with
NT control.
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Integration and expression level analysis of Osfer2 gene in T3
transgenics. In order to generate transgenic high iron rice grains,
we developed an overexpression vector construct into which
fragment of rice ferritin gene (Osfer2) was introduced following
Gateway based recombination system.23 The vector (pOsGluA2Osfer2-001) (Fig. 1) was used for subsequent transformation of
immature embryos, producing rice transgenic lines. Integration
of Osfer2 gene was confirmed by genomic DNA PCR of the
plants from ten independent T0- T3 transgenic lines. In T3 transgenic seeds, endosperm specific overexpression of the rice ferritin gene was observed through semi-quantitative RT-PCR. In
comparison to other plant parts (shoots), higher expression of
ferritin transcript was observed in transgenic seeds (Fig. 2). 2761-2 was selected as the highest expressing transgenic line due to
7.8 fold overexpression of ferritin gene over NT rice seeds. The
endosperm specific overexpression of ferritin gene in other six
lines showed a 4.1- to4.5-fold increment over NT control (Fig.
3).
Southern hybridization analysis of transgenic plants. 2761-2, the maximum overexpressor line was selected for Southern
hybridization analysis. The Osfer2 gene was cloned into pIPKb001 vector through Gateway recombination (previously mentioned) and there was no restriction site of frequent cutter in the
two adjacent regions of the cloned ferritin gene to excise it out
from the overexpression construct. Besides this, the restriction
site of some frequent cutters (generally used in restriction enzyme
digestion of genomic DNA) like HindIII, SacI, PstI etc. was present within the Osfer2 coding sequence (767 bp). Due to absence
of any BamHI site within the cloned ferritin gene in recombinant
pGluA2-Osfer2-001 construct the restriction enzyme was used in
Southern blot analysis. BamHI digested genomic DNA of all the
seven T3 progenies of 276-1-2 showed two bands (above 2.0 kb),
which clearly indicates the stable integration of the transformed
Osfer2 gene in T3 plants (Fig. 4). On the contrary, no such band
pattern was observed in NT Pusa Sugandhi II.
Differences in iron and zinc concentration of the ferritin
overexpressor seeds. In spite of being an aromatic cultivar, Pusa
Sugandhi II contains very low amount of iron content(7 μg/g
seed DW) and zinc (20 μg/g seed DW) in the milled seeds.
From AAS data, we found that T3 milled seeds of seven 276-1
progenies displayed 1.47–2.09 and 1.20- to 1.37-fold increases in
concentration of iron and zinc respectively. Although, amount of
iron (11.18 ± 0.10 - 15.9 ± 0.62 μg/g seed DW) and zinc (27.52 ±
0.15 - 30.75 ± 0.24 μg/g seed DW) accumulation varied among
seven progenies (Fig. 5). 276–1-2 and 276–1-11 exhibited 2.07
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Results

Figure 4. Southern hybridization exhibiting the ferritin gene integration
in transgenic T3 progenies of line 276–1. NT = Pusa Sugandhi II and 1–7 =
276–1-2, 276–1-3, 276–1-4, 276–1-6, 276–1-9, 276–1-11.

Discussion
Iron deficiency is a major nutritional disorder in most of the developing countries. The most important cause of iron deficiency is
the low amount of bioavailable iron found in the dietary foods.
Iron bioavailability can be enhanced by consuming numerous
commercially available iron supplementary tablets, but most of
them are expensive enough to be out of the reach of common
people. Moreover, many of them bring about undesirable sensory
changes in the food.24 Therefore, a sustainable strategy to fight
iron deficiency would be strengthening of natural iron source
in the staple food crops. Ferritin, the iron storage protein has
been established as an effective dietary iron source to alleviate
iron deficiency disorders and hence it was used as a powerful biotechnological tool.25 In this perspective, rice plants overexpressing soybean ferritin have been developed that exhibited higher
amount of iron and zinc accumulation in the seeds.13,15
In the present study, Osfer2 gene serves a novel tool for iron
enrichment in rice grain. Transgenic rice plants demonstrating
endosperm specific overexpression of rice ferritin gene (Osfer2)
under OsGluA2 promoter has been generated, which showed
higher iron and zinc accumulation in the milled seeds. Among 30
transformed plants, only 10 T1 lines showed significant overexpression of ferritin gene (data not shown). However, the number
reduced to six in T2 generation. Hence, it can be hypothesized
that during segregation, there occurred a rearrangement in the
pattern of transgene integration resulting in a somewhat similar
ferritin gene expression in transgenics and their respective NT
control. However, around 7.8-fold overexpression of ferritin gene
was recorded in 276-1-2, may be due to site-specific integration
of transgene, which is very critical for differential expression.26
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Figure 5. Amount of iron and zinc present in the milled seeds of different progenies of transgenic 276–1 line. Asterisk indicates the level of
significance (p < 0.05).

Figure 6. Localization of iron by Prussian blue staining of milled rice
seeds.
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and 2.09-fold increment of iron accumulation whereas 1.31 and
1.37-fold enhancement of zinc loading was observed in 276-1-11
and 276-1-2 progenies respectively. All the progenies of the single
line (276-1) significantly differed (p < 0.05) from NT for iron
and zinc concentration. However, minimum range of variation
was established among transgenics.
Localization of iron in seeds. The staining of transgenic
milled seeds by Peals Prussian blue method confirmed the distribution of ferric ion in the endosperm of 276-1-2 seed as indicated
by the insoluble blue coloration of potassium ferric ferrocyanide
complex due to binding of ferric ion (Fe3+) with potassium ferrocyanide. However, lighter color was detected in the non-transgenic milled seeds due to presence of low amount of iron in the
endosperm (Fig. 6).
Transgenics possess similar phenotypic traits. Transgenic
276-1 and NT Pusa Sugandhi II exhibited insignificant differences (p ≥ 0.05) in plant height (122.5 cm and 125 cm), tiller and
panicle numbers (Fig. 7; Table 1). On the other hand, all other
morphological parameters of transgenic seeds were similar to
non-transgenic seeds (p ≥ 0.05) (Fig. 8; Table 2). Furthermore,
all the transgenic progenies showed 99.33 to 100 percent germination rate. No alteration was observed in seed viability and
seedling growth.

From the atomic absorption spectroscopy, it was hypothesized
that endosperm specific overexpression of rice ferritin gene is
directly related with the elevated iron concentration of transgenic
milled rice grain. In 276-1-11 and 276-1-2, increment of iron concentration was almost equivalent to each other (2.07- and 2.09fold) whereas the expression level of Osfer2 gene was distinctly
differentiated by 4.5-fold and 7.8-fold respectively. These findings resembled the prior reports of 5.8–11.4-fold overexpression
of soyferH-1 gene, which was not similar to the level of ~3-fold
iron enhancement in rice seeds and further establishes the unparallel relationship between higher iron level and overexpression of
ferritin gene.27
Overexpression of the rice ferritin gene resulted in increased
iron content along with the enhancement of zinc accumulation. Zinc also serves as an essential nutritive mineral present
in all tissues and body fluids and plays the key role in different physicobiochemical process including cellular and humoral
immune system.28 In the transgenic seeds, about 2-fold of iron
enrichment along with 1.37-fold of concomitant increase of zinc
indicated a positive correlation between iron and zinc, which
was also similar to the 2–3-fold increase of iron and ~1.6-fold
zinc accumulation in soybean ferritin overexpressor rice seeds.15
It is suggested that tissue specific overexpression of ferritin gene
increases the demand of iron in seed. Therefore, to maintain the
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Material and Methods
Plant materials. Rice (Oryza sativa L. subspecies indica) cultivar
Swarna was used for cloning (both ferritin gene and glutelinA2
promoter) and Pusa Sugandhi II was available from IARI, ICAR,
India for genetic transformation purpose.
Growth conditions. Single regenerated plant was grown in
a pot of fertilizer enriched (N: P: K = 80: 40: 40 kg/ha) paddy
field soil. All transgenic plants (T0 –T2 generations) along with
NT were grown in green-house at day/night temperature regime
of 30/25°C under natural illuminating condition and relative
humidity of 70–80%. The mature seeds were harvested and germinated on distilled water soaked filter paper in a growth chamber at 80% relative humidity and 30°C in dark. After 3–4 d, the
germinated seedlings were naturally illuminated with 12h light.
Cloning and vector construction. Genomic DNA was
extracted from Oryza sativa cv Swarna seeds by using the modified CTAB method.31 To clone 1.76 kb OsglutelinA2 (GenBank
accession number EU264103), PCR was performed with 200 ng
genomic DNA by using high fidelity Taq polymerase (Invitrogen)
and promoter specific primers like forward primer GluA2F:
5'-CAC CCT CAA TAT TTG GAA ACA-3' and reverse primer
GluA2R: 5'-GGG GGA TCT AAT GAA CTG AAT-3'. The
purified 1.76 kb fragment was cloned into pCR-4 TOPO vector
(Invitrogen) according to manufacturer’s protocol and sequenced.
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Figure 7. Morphology of transgenic rice ferritin overexpressor T2 plant
and non-transgenic Pusa Sugandhi II.

iron homeostasis, plants acquire large amount of iron from soil
and translocates to different parts of the plants (leaves, flower
and seeds) through diverse transporter proteins like ZIP, YSLs
etc.29,30 Zinc is also transported parallely due to sharing nature of
the transporters for both metals. Hence, to fulfill the increased
demand of iron in ferritin overexpressing seed endosperm, iron
and zinc are simultaneously moved to the seeds, nevertheless, the
transported amount of zinc is not parallel to iron.
Similar morphological traits were observed among non-transgenic, T2 and T3 progenies, indicating that no genetic redundancy or seed-iron overload occurred. Overexpression of ferritin
gene in transgenic seeds did not hamper the iron homeostasis
owing to large iron sequestration properties of ferritin and plants
exhibited normal phenotypic characters.
The approach of iron biofortification in rice grain through the
tissue specific overexpression of endogenous ferritin gene is a preliminary step for development of cisgenic rice plants. Although,
use of endogenous Osfer2 gene establishes only 2.09 times higher
iron accumulation in the milled ferritin overexpressing rice seeds,
it adds nutritive value to the staple food through overexpression
of an endogenous gene as compared with transgene introduction,
which might be advantageous. Effective overexpression of soybean ferritin gene in rice under the control of GlutelinB1 and
Globulin1 promoters have already been reported,22 but overexpression of the endogenous Osfer2 gene is a new approach for
future advancement in cisgenic cereal crops, which might have a
positive impact in iron nutrition. From all the biochemical and
morphological data analysis, it can be concluded that rice ferritin
has appeared to be an additive tool to increase iron nutrition in
rice grains.

Table 1. Different phenotypic characters observed for agronomic evaluation of T2 transgenic plants
No. of Tillers

No of Effective Tillers

Panicle Length (cm.)

Grains/Panicle

Plant DW (g)

NT

125 ± 1.732

12 ± 1.155

11 ± 0.5774

25.67 ± 0.8819

68.33 ± 2.278

81.33 ± 0.6667

276–1

120.7 ± 1.764

11.33 ± 0.667

11 ± 0.5774

25 ± 0.5774

65.67 ± 1.764

80.67 ± 0.6667

276–7

127.3 ± 1.764

10.33 ± 0.8819

9.333 ± 0.3333

25.33 ± 1.453

73.67 ± 2.028

79.67 ± 0.3333

254–8

124.3 ± 2.333

11.67 ± 0.3333

10.67 ± 0.6667

26.0 ± 1.000

70.33 ± 3.712

78.33 ± 0.8819

150–10

123.7 ± 1.856

11.67 ± 1.202

10 ± 1.155

26 ± 0.5774

74.33 ± 5.207

80.33 ± 0.3333

1.76 kb GluA2 was then inserted into the MCS region of pIPKb001destination vector (brought from IPK) through SpeI and
HindIII mediated restriction enzyme digestion (Roche).
Total RNA was isolated from 100 mg of iron treated (500
μM Fe-EDTA, 150 μM trisodium-citrate, 75 μM FeSO4 for
6 hrs) 7 d old Swarna seedlings using RNAeasy Plant mini kit
(Qiagen). 1 μg of purified RNA was used for reverse transcription using superscript III (Invitrogen) following the manufacturer’s recommendation. One hundred nanograms c-DNA was
used in PCR to clone the Osfer2 gene (GenBank accession number AF519571) and amplification was performed by using Pfx
polymerase (Invitrogen) and gene specific primers viz. Osfer2F
(forward primer): 5'-CAC CAT GCT TCC TCC TAG GGT
TGC-3' and Osfer2R (reverse primer): 5'-CCT CAA GCA
GCT TCT GAT CAA-3'. Seven hundred sixty-seven base
pairs amplified PCR product was cloned into an entry vector, pENTR D-TOPO (Invitrogen) and sequenced. The entry
clone was then recombined with OsGluA2 containing pIPKb001 vector using LR Clonase enzyme (Invitrogen).23 Along with
the ferritin expression cassette, T-DNA region of pIPKb-001
vector contain hpt as hygromycin selection of the transformed
plants.
Genetic transformation and screening of transgenics.
Immature embryos (15–18 DAP) of Pusa Sugandhi II were
genetically transformed with ferritin overexpression pIPKb-001
vector through modified biolistic method by using particle delivery system (PDS- 1000/He system, BIO-RAD).32-34 T0, T1 and
T2 putative transformed plants were primarily screened through
PCR by using Osfer2 (767 bp) gene specific primers. Genomic
DNA was extracted from fresh leaves (2–3cm.) of putative transformed and non-transformed plants following rapid DNA isolation protocol35 to screen the presence of cloned gene.
Semiquantitative and qRT-PCR analysis. Total RNA were
extracted from the mature dehusked seeds (100 mg) and 20 d old
seedlings of T3 generation using TRIZOL (Invitrogen) based on
modified RNA extraction protocol36 and RNAeasy Plant mini
kit (Qiagen) respectively. 100 ng cDNA of each material was
used to amplify 500 bp of Osfer2 gene through semiquantitative RT-PCR. The forward and reverse primers used were as follows: Osf 500F: 5'-GCG TGG TCT TCC AGC CAT T-3' and
Osf 500R: 5'-TCG GTC AGC TGT GGA TCA TTG-3' respectively. qRT-PCR (CFX-96, BIO-RAD, USA) was performed
with SYBR Green (BIO-RAD) following the manufacturer’s
protocol with 159 bp of Osfer2 gene specific primers viz. Osf 159F
(forward primer): 5'-TAC GCG TAC CAC TCC CTT TT-3'
and Osf 159R (reverse primer): 5'-CTC TCC TCA TCG CTG
GAT TC-3'. Rice β-tubulin was selected as housekeeping gene
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Figure 8. Morphology of transgenic (T3) and non-transgenic Pusa
Sugandhi II seeds.

for gene expression analysis in both semiquantitative and quantitative RT-PCR.
Southern hybridization analysis. Genomic DNA was
extracted from the leaves of seven independent T3 transgenic
plants using DNAeasy Plant mini kit (Qiagen). Five μg of purified DNA were digested with BamHI (Roche) and DNA gel
was denatured and transferred to a Hybond-N + nylon membrane (Amersham, GE Healthcare) following the manufacture’s
instruction. Hybridization was performed with digoxigenin
labeled (Roche) Osfer2 cDNA probe according to the nonradioactive-based protocol.37
Analysis of iron and zinc concentration in grains. Mature
dehusked seeds of non-transformed and selected T2 progenies
were milled in rice miller (Satake) for 30 sec. Two g of milled
seeds were analyzed to measure the amount of iron and zinc
through AAS (AAnalyst200) at the wavelength of 248.3 nm
and 213.9 nm respectively by using a modified protocol of dry
ashing digestion.38 The seeds were ashed at 600–700°C and dissolved in 0.2N HCl. The acidic ash solution was passed through
Whatman 42 mm filter paper and volume was made up to 25 ml
in total. The clear filtrate solution was used for the analysis.
Histochemical localization of iron in grain tissues. Pearl’s
Prussian blue staining method was employed for iron localization in the milled seeds.39 The transgenic and NT seeds were
milled (endosperm only) in rice miller (Satake) for 30 sec and
stained with potassium ferrocyanide (SRL) in acidic condition to
form an isoluble blue color. The coloration was observed through
bright field microscopy (Carl Zeiss, Axioscope A1).
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Plant Height (cm.)

Table 2. Different seed characters observed for agronomic evaluation of T2 transgenic plants
Length (mm)

Breadth (mm)

Length/Breadth Ratio

100 seeds DW (g)

NT

11.33 ± 0.3333

2.603 ± 0.0088

4.34 ± 0.145

2.733 ± 0.0333

99.67 ± 0.3333

276–1-2

11.83 ± 0.1667

2.6 ± 0.0115

4.55 ± 0.0680

2.667 ± 0.0333

99.33 ± 0.3333

276–1-11

11 ± 0.00

2.637 ± 0.0088

4.167 ± 0.0120

2.7 ± 0.0000

100 ± 0.00

254–8-7

11 ± 0.00

2.613 ± 0.0145

4.333 ± 0.149

2.667 ± 0.0666

100 ± 0.00

150–10–3

11.83 ± 0.1667

2.597 ± 0.0088

4.487 ± 0.1135

2.7 ± 0.0577

98.67 ± 0.6667

9.
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