J Biosci (2021)46:32
DOI: 10.1007/s12038-021-00154-6

Ó Indian Academy of Sciences
(0123456789().,-volV)
(0123456789().,-volV)

RNAi-mediated down-regulation of ITPK-2 enhanced inorganic
phosphorus and minerals in the transgenic rice
SHINJINI SENGUPTA1, SANANDA BHATTACHARYA1, ARITRA KARMAKAR1,
SUBHRAJYOTI GHOSH1, SAILENDRA NATH SARKAR1, GAURAB GANGOPADHYAY2,
KARABI DATTA1 and SWAPAN K. DATTA1*
1

University of Calcutta, Kolkata, India
2

Bose Institute, Kolkata, India

*Corresponding author (Email, swpndatta@yahoo.com)
MS received 13 August 2020; accepted 24 February 2021
Phytic acid or Myo-inositol hexakisphosphate is an essential compound for the rice plants. It remains in the
form of phytate, a mixed salt of different mineral cations, in the seeds. The phytate breaks down during
germination and provides the inorganic phosphorus and mineral ions to the seedlings. However, humans do not
get the beneﬁt of those essential ions from rice consumption due to the absence of phytase in the gut. We
envisaged down-regulating ITPK, the gene behind the phytic acid biosynthesis so that its low amount would
facilitate a greater amount of free mineral ions in the endosperm. Since there are six homologues of rice ITPK,
we studied their expression in seeds. Additionally, we undertook an in-silico analysis of the homologous
proteins. Considering the results, we selected ITPK-2 for its RNAi-mediated embryo-speciﬁc down-regulation
to obtain the low phytate rice. We obtained a 37% reduction of phytic acid content accompanied by a nearly
three-fold enhancement of inorganic phosphorus in the transgenic seeds. Additionally, the iron and zinc content
increased in polished rice grains compared to the wild type. The results also showed that reduced phytic acid
content did not affect the germination potential and seedling growth of the transgenic rice.
Keywords. Phytic acid; myo-inositol-1,3,4 trisphosphate-5/6 kinase; ITPK; in silico analysis; RNAi
silencing; inorganic phosphorus; micronutrients; rice

1. Introduction
In rice, the grain-ﬁlling stage involves an extensive
metabolic reallocation. It requires an increased surge of
Phosphorus, one of the essential elements. The vegetative part of the plants transports Phosphorus to the
maturing seeds during this stage (Iwai et al. 2012). The
Phosphorus assimilates there in the form of Phytic acid
or Myo-inositol 1, 2, 3, 4, 5, 6-hexakisphosphate (IP6),
its chemical name. Phytic acid becomes the primary
phosphorus storage molecule in rice seeds. Phytic acid
has six negatively charged phosphate groups and has
an innate propensity to chelate the positively charged
metal ions (Zn2?, Fe2?, Mn2?, and Ca2?). It eventually
accumulates in the protein storage bodies as mixed

salts (phytate) of different mineral cations (Raboy et al.
2000). The scenario alters during seed germination
when the seedlings demand inorganic phosphorus (Pi)
and mineral ions for their nutrition. The phytate then
undergoes hydrolysis by phytase, and the release of Pi
takes place. The plants perfected this biochemical
process in the course of evolution.
To get the beneﬁt of all the nutrients from rice as the
principal staple food, humans need an efﬁcient phytatebreakdown system. But we lack phytase, the
hydrolyzing enzyme in the gut, unlike the ruminating
animals. It results in the underutilization of phosphorus
and micronutrients in a predominately rice-based diet
(Raboy et al. 2001). The solution to overcome this
problem is to reduce the level of phytic acid in rice for
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better availability of the essential micronutrients from
the phytate. However, it requires a trade-off between
the need of the human and the plants. If we can make a
speciﬁc modiﬁcation in the biosynthesis pathway in rice
seed, it will lead to a decline in phytic acid content (Secco
et al. 2017). Of the two pathways, the lipid-independent
path is prevalent in the grains of cereals and legumes
(Aggarwal et al. 2018; Marathe et al. 2018). Myo-inositol 1, 3, 4-trisphosphate 5/6-kinase (ITPK) performs a
crucial role in this path. Down-regulation of the gene
behind ITPK has the potential to reduce phytic acid
accumulation in rice seeds. However, rice has six
homologues of ITPK genes behind this enzyme. The
homologues are further classiﬁed into three different
subgroups based on the Phylogenetic analysis of the
protein sequences and the study of the exon-intron
structure (Du et al. 2011). Despite the structural similarity, these homologues have a distinct expression pattern in different tissues of the plant indicating functional
variability among them (Suzuki et al. 2007; Perera et al.
2018). We envisage that besides analyzing the expression pattern of each of the gene homologues, in silico
characterization of their predicted proteins would be
helpful for the selection of the ITPK gene homologue for
its precise down-regulation.
Hence, the present study aims to study the (a) relative expression levels of different ITPK gene homologues in rice seeds; (b) in silico structural and
functional prediction of the ITPK homologue proteins;
and (c) embryo-speciﬁc RNAi-mediated down-regulation of the selected ITPK gene homologue in indica
rice (cv. Khitish). The assumption is that the transgenic
rice with down-regulation of candidate ITPK gene
homologue will result in the lower phytic acid content
of rice seeds without hampering their physiology.
2. Materials and methods
2.1 Plant material
Oryza sativa L. subspecies indica cv. Khitish (IET4094) is a high-yielding cultivar of rice, largely cultivated in the southern part of West Bengal. It has high
seed phytic acid content (*11.5 mg/g seeds) and low
inorganic phosphorus content (*0.07 mg/g seeds). In
this study, we used this rice genotype for the development of low-phytate transgenic lines by RNAi-mediated down-regulation of the candidate ITPK gene. We
procured the seeds from the Chinsurah Rice Research
Station, Hooghly, and Bidhan Chandra Krishi Viswavidyalaya, Nadia, West Bengal.

2.2 RNA extraction, cDNA preparation and real
time PCR
We isolated the total RNA from the developing seeds
(25 days after pollination) for the expression analysis
of the six homologues of the ITPK gene. Besides the
entire seeds, we isolated total RNA from the separated
embryo and endosperm for tissue-speciﬁc analysis of
the expression level of the ITPK-2 gene homologue. In
all the cases, RNA was extracted with TRIZOL reagent
(Invitrogen, USA) (Meng and Feldman 2010). The
puriﬁed RNA (1 lg) was reverse transcribed to prepare
cDNA (iScript cDNA Synthesis Kit, Bio-Rad)
following the manufacturer’s protocol. The cDNA was
used as the template for the quantitative real-time PCR.
We used the Syber green reaction mixture (Thermo
Scientiﬁc, USA), and a speciﬁc set of primers
(supplementary table 1) to perform qRT-PCR using the
CFX 96 real-time system (Bio-Rad, Hercules, CA).
The standardized reaction condition was as follows:
95°C for 30 s, Tm for 30 s, 72°C for 30 s, and the
temperature cycle was repeated 40 times. Each reaction
was performed in a triplicate set. The internal control of
the reaction was the b-tubulin gene (b-tub F:
50 -GGAGTCACATGCTGCCTAAGGTT-30 , b-tub R:
50 -TCACTGCCAGCTTACGGAGG-30 ). After normalization of the data, the variation of the data of the
gene expression among different samples was represented as 2-DDCT (Livak and Schmittgen 2001).
2.3 In silico analysis of the ITPK homologues
The nucleotide sequences of six rice ITPKs are
available in the NCBI database (https://www.ncbi.
nlm.nih.gov/) as different accessions (AK106544,
AY323825, AK067068, AK071209, AK059148 and
AK102571 for ITPK-1,-2, -3, -4, -5 and -6 respectively). We retrieved the respective amino acid
sequences in the FASTA format from these nucleotide accessions. The protein sequences were aligned
using the Clustal omega tool (Sievers et al. 2011)
with the parameters provided under default settings.
We performed two separate analyses. In the ﬁrst one,
the homologue ITPK-6 was the reference since it
was the protein with the highest numbers of amino
acid residues. In the second analysis, we excluded
ITPK-6 from the test sequences and set the homologue ITPK-3 as the reference. We also generated a
Phylogenetic tree of six rice ITPK sequences using
the Neighbor-Joining (NJ) method in the Clustal
Omega tool.
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For the structural analysis and homology-based
modeling, we submitted the full-length protein
sequences to the I-Tasser server (http://zhanglab.ccmb.
med.umich.edu/I-Tasser) (Zhang 2008). It predicted the
top ﬁve 3-D structures for each homologue, and we
selected the one with the maximum conﬁdence score.
For the determination of the probable ligands and their
binding sites, we used COACH (Yang et al. 2013a).
The BioLip database predicted the catalytic sites of the
enzymes and their functions (Yang et al. 2013b).
Molecular docking was performed to study the way
of binding of the substrates (AMP-PNP, IP4, and
Mg2?) to the active site of the enzyme. The PDB ﬁle of
the structured protein, obtained from I-Tasser, was
protonated using the UCSF Chimera1.14 software
(www.cgl.ucsf.edu/chimera). The 3-D structures of the
predicted ligands were downloaded as .sdf ﬁles from
the PubChem database (https://pubchem.ncbi.nlm.nih.
gov/). The ligands were subsequently protonated by the
UCSF Chimera1.14 software and saved as MOL2 ﬁles.
The modiﬁed protein structure along with the modiﬁed
ligand was submitted to the SwissDock portal (http://
www.swissdock.ch) for the docking analysis. The result
was visualized by UCSF Chimera1.14 software.
2.4 Cloning and assessment of the tissuespeciﬁcity of the promoter
The Chitinase (Chi26) promoter (NCBI accession
no.L34210) was cloned from the genomic DNA of
barley (Hordeum vulgare) using the following set of
primers (Forward: 50 -GCTCTAGAGCCTTTGTAGT
CACCTCC-30 and Reverse: 50 -GAAGATCTTCC
ATTGTGCGAGCCAAC-30 ). The amplicon was
cloned in the pTZ57R/T (Fermentas) TA cloning vector
and sequenced. The promoter was further cloned
between XbaI and HindIII restriction sites at the multiple cloning sites (MCS) of the pCambia1301 binary
vector at the upstream of the GUS reporter gene. This
Chi26p::GUS construct was transferred to Agrobacterium tumefaciens (EHA105) by calcium chloridemediated transformation method, and used for the rice
transformation for determination of the tissue-speciﬁcity of the promoter.
The T1 seeds of the transgenic plants containing the
Chi26p::GUS construct were harvested and soaked
overnight at 4°C in distilled water. The seeds were
immersed in X-Gluc (Sigma-Aldrich) solution and kept
at 37°C for 24 h (Jefferson 1987). The seeds were
longitudinally sectioned by a sharp razor blade into
half-grain portions having half embryos. The leaf and
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root tissues were treated similarly with the X-Gluc
solution. Chlorophyll was removed from the leaves by
treating with 70% ethanol after X-Gluc treatment.
2.5 Construction of the RNAi vector
Of the six homologues, we selected the ITPK-2 from
the results of the expression analysis and in silico
experiments. Hence, we PCR-ampliﬁed a fragment
(442bp) of ITPK-2 (NCBI Gene Bank AY323825,
609bp-1050bp of CDS) from cDNA of the rice seeds;
the gene-speciﬁc primers were as follows: ITPK2PF:
50 -CACCGAAGATCTTCTGGTCCTCCAGGAATT-30
and
ITPK2PR:
50 -GGAATTCCTCAGCCGCC
0
GCTTAAG-3 ). This amplicon was cloned into the
pENTR-D-TOPO (Invitrogen) entry vector and sequenced.
For the destination vector, we used the pIPKb006
binary RNAi vector (Himmelbach et al. 2007). It
contains an inverted repeat separated by a wheat RGA2
intron to generate the RNA hairpin structure. Moreover, the vector contains a MCS at the upstream of the
RNAi cassette for the cloning of a suitable promoter.
The earlier selected barley Chi26 promoter was cloned
between the SpeI and HindIII restriction sites at the
MCS of this vector, modifying it into pIPKb006-Chi26.
Both the entry and the destination vectors possessed
compatible viral (Bacteriophage k) recombination sites.
The LR clonase (Invitrogen) recombination reaction
was performed between these two vectors following
the manufacturer’s protocol. The end product of the
reaction was the ﬁnal RNAi vector, pIPKb006-Chi26ITPK2 (abbreviated henceforth as 6CI2) (supplementary ﬁgure 1).
The constructed vector was transferred to A. tumefaciens (EHA105), which we used for the rice transformation experiments to generate transgenic plants.

2.6 Genetic transformation of rice
The embryogenic callus (20 days old), obtained from
the embryos of mature rice seeds were used as the
explants for transformation experiments. The calluses
were inﬁltrated with A. tumefaciens (EHA105) harboring the 6CI2 construct. We followed the transformation methods of Datta et al. (2000) for the
experiments. The regenerated putative transformed
plantlets were grown on the MS basal media (Murashige and Skoog 1962) for development of a proper
root system; and ﬁnally transferred to the greenhouse
(temperature regime: 30°C in day/25°C at night;
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humidity: 70–80%) for hardening, and maintained as
the independent lines in separate pots containing
fertilized soil. Non-transgenic plants regenerated
from the same batch of calluses were simultaneously
maintained under similar growth conditions as
described above.
2.7 Molecular analysis of the transgenic plants
2.7.1 PCR: The genomic DNA of the putatively
transformed plants was screened for the presence of the
wheat RGA2 intron (present in the destination vector)
by PCR using a speciﬁc set of primers (RGA2F: 50 GCTGCAGCTTCAGCTTTCTTGTACAAAGTGG-30
and RGA2R: 50 -CGGATCCGTGGGGGATCCTCTAGAAAAG-30 ). The optimized PCR reaction condition
was 95°C for 5min, followed by 35 cycles each of
95°C for 1 min, 62°C (Tm) for 1 min, and 72°C for 1
min. After 35 cycles the product was maintained at
72°C for an additional 10 min prior to storage of product at 4°C.
2.7.2 Southern Blot: For the Southern hybridization
analysis, the genomic DNA of the leaves of positive T2
plants was isolated by the CTAB method (Mei et al.
2004). The genomic DNA (15lg) of each sample was
digested with the restriction enzyme, HindIII (Thermo
Scientiﬁc, USA). The digested DNA was separated in
1% agarose gel and then transferred to a nylon
membrane (Hybond N?, Amersham, GE Healthcare)
by capillary action. The wheat RGA2 intron was used
as a probe and the blot development process was carried out as per the protocol of the manufacture (DIG
DNA Labelling and Detection Kit, Roche).
2.8 Estimation of phytic acid content
The phytic acid content of the non-transgenic and
transgenic seeds was quantiﬁed by HPLC following the
method of Lehrfeld (1989). The sample (20 ll) was
injected in the SAX column (Waters, SpherisorbÒ,
5 lm, 4 9 250 mm Analytical column). By mixing
methanol (560 ml), 0.035M formic acid (440 ml), and
tetrabutylammonium hydroxide (40% w/w in water,
10 ml) the mobile phase was prepared (pH was
adjusted to 4.3). It was pumped (515 HPLC Pump,
Waters) through the column (30°C) at a ﬂow rate of
0.5 ml/min. The Refractive Index detector (Waters)
was used in this analysis and the standard was Sodium
phytate (Sigma-Aldrich).

2.9 Estimation of phosphorus content
The inorganic phosphorus (Pi) was extracted after
crushing the non-transgenic and transgenic (T3) seeds
with trichloroacetic acid (12.5% w/v) containing 25
mM MgCl2 at room temperature. The peroxidisulphate
digestion method (Ali et al. 2013a) was followed to
extract the total phosphorus content of the seeds. The
phosphorus content was estimated using Chen’s
reagent (Chen et al. 1956). The absorbance was measured at 800 nm by a spectrophotometer (Thermo
Scientiﬁc, USA). A Phosphorus standard solution
(Sigma-Aldrich) was used to draw the standard curve.
For each sample, the experiment was performed in a
triplicate set.
2.10 Estimation of metal ion content by atomic
absorption spectroscopy
Mature non-transgenic and transgenic (T3) seeds were
dehulled and milled for 1.5 min with a rice miller
(Satake, Japan). The milled seeds were taken in silica
crucibles with lids and placed in a mufﬂe furnace at
550°C to 600°C for 10 h. The ash content was dissolved in 0.2N HCl and ﬁltered through Whatman ﬁlter
paper (number 42). The volume was made up to 15 ml.
The extract was diluted 5 times of its initial concentration and used for the metal content analysis by
Atomic Absorption Spectroscopy (AAnalyst 200, Perkin Elmer, USA) with respective hollow cathode lamp
(HCLs, Perkin Elmer).
2.11 Estimation of myo-inositol content
Myo-inositol was extracted from the non-transgenic
and transgenic (T3) seeds following the method of
Panzeri et al. (2011). The content of Myo-inositol was
estimated by a GC-MS system (Agilent Technologies,
GC-6860N Network GC System with 5973 inter Mass
Selective Detector). An aqueous solution of Myoinositol (Sigma-Aldrich) was used as the standard.
2.12 Analysis of germination potential of rice
seeds
2.12.1 Seed germination: The surface-sterilized nontransgenic and transgenic (T3) seeds were allowed to
germinate on blotting paper soaked with distilled water
at 37°C in the dark. The germination pattern was

RNAi-mediated down-regulation of ITPK-2 gene in rice

recorded at a 24 h interval for four days. The experiment was repeated thrice.
2.12.2 a-amylase and b-amylase assay: The activity of
a-amylase and b-amylase enzymes were assayed in the
non-transgenic and transgenic (T3) seeds. The germinating seeds were collected at 0, 24, 48, 72, and 96 h.
The seeds were crushed with sodium acetate buffer (pH
4.8) containing 1 mM CaCl2 (Warner et al. 1991), and
sodium acetate buffer (pH 4.8) (Ali et al. 2013b) for aamylase and b-amylase analysis respectively. The protein (1 lg) was reacted with 1% soluble starch solution,
incubated at 27°C for 15 min. The liberated reducing
sugar was estimated after reaction with 3, 5-dinitrosalicylic acid (DNSA) reagent (1% DNSA, 0.4 mol/L
NaOH, 1mol/L sodium potassium tartarate) by measuring the absorbance at 540nm with a spectrophotometer.
2.13 Evaluation of the seed morphology
The morphology of the non-transgenic and transgenic
(T3) mature seeds was evaluated after harvesting. The
length, breadth, and length to breadth ratio of the seeds
were recorded. One-thousand dried seeds were
weighed to determine the seed dry weight. All the
measurements were done in a triplicate set.
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expression level of rice ITPKs in developing seeds of 25
DAP. Among the homologues, ITPK-6 has the maximum expression followed by ITPK-2 and ITPK-4. The
other three homologues ITPK-1, -3, and -5 revealed
weak expressions (ﬁgure 1a). Despite the most signiﬁcant expression of the ITPK-6, we restrained ourselves
from targeting it for down-regulation. Its high expression
probably indicates its vital role behind maintaining the
normal seed physiology. Therefore, tinkering with it
might jeopardize the whole endeavor. Additionally, we
found a circumstantial indication from the report of Kim
and Tai (2014), where they observed that rice seeds
having ITPK-6 splicing mutation exhibited a severe
decline in phytic acid content with poor seed germination. Jiang et al. (2019) have further shown that targeted
mutagenesis of ITPK-6 though resulted in low PA content, yet it impaired the germination and growth of the
rice plants.
ITPK-2 and ITPK-4 were the other two homologues,
which showed differential expression in the developing
rice seeds, but of these two, the expression of ITPK-2
was at a moderate level. Hence, we assumed that if we
could down-regulate it, it would serve the purpose of

2.14 Statistical analysis
All statistical analysis was done by Graph Pad Prism 5
software. The experimental data are represented as the
mean value ± standard error (SE) with three replications.
Means were compared by the one-way analysis of variance (ANOVA). The signiﬁcant differences between
group means were calculated by Bonferroni Post-tests.

3. Results and discussion
3.1 Expression of the ITPK homologues in rice
seed
Before performing the RNAi experiment, it was essential
to identify the most suitable ITPK homologue so that its
down-regulation does not adversely affect the physiology of the rice plant. Prior report by Iwai et al. (2012)
showed that a rapid increase of PA level in the outer
endosperm area (including the embryo and the aleurone
layer) of rice seeds takes place from 10 DAP to 25 DAP.
To keep this information in mind, we examined the

Figure 1. (a) Relative expressions of ITPK homologues
(ITPK-1, -2, -3, -4, -5, -6) as compared to the internal control
(b-tubulin) in developing rice seeds (indica cv. Khitish).
(b) Relative expression of ITPK-2 gene as compared to the
internal control (b-tubulin) in embryo and endosperm of rice
seeds (indica cv. Khitish).
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lowering phytic acid content to a permissive level
without interfering the seed physiology.
In a separate experiment, while studying the speciﬁc
expression of ITPK-2 homologue in excised embryo
and endosperm of the rice grain, we found that the gene
showed a high expression in the embryo. In contrast,
the endosperm revealed low expression (ﬁgure 1b).
Rice endosperm has two components, starchy endosperm at the center and one or more layers of aleurone
surrounding it (An et al. 2020). Moreover, aleurone is
the only living component of the endosperm after 21
DAP (Wu et al. 2016). Hence,the gene expression level
in the endosperm here can be considered as the
expression level in the endosperm and aleurone layer
together.

3.2 In silico analysis of the ITPK homologue
proteins
In addition to the expression analysis, we performed
multiple alignments of the sequences of all the rice
ITPK protein homologues. In the ﬁrst experiment, we
considered the ITPK-6 homologue as the reference

protein since it contained the maximum number of
amino acid residues (547). The results indicated that
ITPK-1, -2, -3, -4, and -5 have low homology
(20–21%) with the 6th homologue (supplementary
table 2a).We also observed when ITPK-6 was excluded
from the calculation, the percent identity among the
remaining homologues increased signiﬁcantly. Hence,
the study was repeated considering ITPK-3, the
homologue with the next highest amino acid residue
(357) as the reference protein. The result of this
experiment revealed that ITPK-3 had 67.6, 65.1, 38.0,
and 43.1% homology with ITPK-1, -2, -4, and -5
respectively (supplementary table 2b). Hence, the
results imply that ITPK-6 is distantly related to the rest
of the homologues.
This observation was supported by the predicted
three-dimensional structures of the ITPK homologue
proteins. ITPK-1, -2, -3, -4, -5 and -6 showed 31,
32, 30, 29, 28, and 37% of amino acids respectively
in the helical form, whereas all of them revealed
19–21% of amino acids in strands (ﬁgure 2a-f). The
C-score mentioned with each model is the conﬁdence
of prediction for that particular structure. A C-score
greater than -1.5 indicates a model with correct

Figure 2. Predicted 3D models (a-f) of the six homologues of ITPK of rice depicting various secondary structures (ahelices, b-sheets and random coils). (a) ITPK-1, (b) ITPK-2, (c) ITPK-3, (d) ITPK-4, (e) ITPK-5, (f) ITPK-6.
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Figure 3. Molecular docking of ITPK-2 with three ligands:
(a-b) IP4 (Myo-inositol (1,3,4,6) tetrakisphosphate), (c-d)
Mg2?, (e-f) AMP-PNP (Analogue of ATP). The ﬁgures (b),
(d) and (f) are the enlarged representations of the marked
portion of the ﬁgures (a), (c) and (e) respectively.

Page 7 of 13

32

global topology (Zhang 2008). The 3-D structure of
ITPK-6 is markedly different from the other homologues those have a highly similar arrangement in a
3-D space.
For proper functioning, the ITPK or myo-inositol
phosphate kinase needs to bind with an ADP/ATP, a
myo-inositol phosphate, and an Mg2? ion. We subsequently studied the probable ligands and their binding
sites for all the six ITPK homologue proteins. The most
probable ligand for all the ITPK homologues except the
sixth one was a high energy phosphate molecule. It was
ADP for ITPK-1, -4, and -5 whereas AMP-PNP, a nonhydrolysable analogue of ATP for ITPK-2 and -3. The
later (AMP-PNP) is also a predicted ligand for ITPK-6,
but with low conﬁdence of the prediction. Myo-inositol
1, 3, 4, 6-tetrakis phosphate (IP4) was another probable
ligand. Of the six homologues, ﬁve (ITPK-1, -2, -3, -4,
and -5) showed high-afﬁnity binding with IP4 (DG
values ranging from –10.3 to –9.5). ITPK-6 did not
show any predicted binding with IP4. The cofactor,
Mg2? was a universal predicted ligand for all the ITPK
homologues except ITPK-4; it showed a binding site
for Mn2? instead.
The results of the docking experiments revealed
that the ligand-binding sites and the predicted
enzyme active site are close for ITPK-1, -2, and -3,
whereas for ITPK-5 these two sites were wide apart
(ﬁgure 3 a-f). ITPK-1, -2, and -3 can bind with all
the three necessary substrates close to the active site
of the enzymes, therefore may function as myoinositol tetrakisphosphate kinase. But, from the
expression analysis, we observed that ITPK-1 and
ITPK-3 did not have detectable transcript levels in
the developing seeds. Hence, considering both gene
expression and in silico protein analysis, we selected
ITPK-2 as our target gene homologue for the downregulation study.

Figure 4. GUS expression analysis of the transgenic rice plants with Chi26p::GUS construct. Activity of Chi26 promoter
was visualized by GUS staining in (a) T1 transgenic and non-transgenic seeds, (b) leaves and (c) roots. X-Gluc solution was
used for the histochemical staining. NT, Non-transgenic; T, Transgenic.
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Figure 5. Analysis of expression level of ITPK-2 gene in transgenic seeds. Relative expression of ITPK-2 gene of (a) entire
seeds, (b) excised embryo and (c) endosperm in three transgenic (T3) lines (6CI2–21, 6CI2–26 and 6CI2–40) and nontransgenic control were determined by RT-PCR (gel photographs). Histograms are showing relative expression of ITPK-2 in
transgenic (T3) and non-transgenic entire seeds by real-time PCR. Normalized fold expressions of the genes were calculated
considering b-tubulin as the internal control. The symbol ** indicates signiﬁcant difference at PB 0.01 (n=3).

3.3 Cloning and tissue-speciﬁcity of the barley
Chi26 promoter
As mentioned earlier that we observed a high expression
of ITPK-2 in the embryo but its expression was negligible in the endosperm. It led us to select an embryospeciﬁc promoter for the RNAi-mediated down-regulation. To serve this purpose we selected the Chi26 promoter of barley to avoid a homologous suppression. The
cloned 881 bp amplicon was 90% similar to the reported
nucleotide sequence of Chi26 promoter of barley. The
promoter manifested a speciﬁc expression of the GUS
gene in the embryos of the transgenic rice seeds having
Chi26p::GUS construct. The embryos of the non-transgenic seeds, the root and the leaf tissues of both the
transgenic and non-transgenic plants did not show GUS
expression (ﬁgure 4). Consequently, the Chi26 promoter
was used to drive the RNAi-mediated down-regulation
of ITPK-2 in rice embryo and we constructed the ﬁnal
vector (6CI2) for the transformation of rice callus.

3.4 Development of the low-phytate transgenic
rice
One-thousand two-hundred and thirty embryogenic rice
calluses were transformed, among which 246 calluses
survived after three successive selections with Hygromycin

B. We obtained 36 regenerated plantlets, which we maintained as 36 independent lines in the greenhouse (supplementary ﬁgure 2a-f). The PCR-mediated screening of these
lines for wheat RGA2 intron, an integral part of the T-DNA,
revealed that twelve plants (T0) were positively transformed (supplementary ﬁgure 3). Among these twelve,
three transgenic lines (6CI2–21, 6CI2–26, and 6CI2-40)
showed a signiﬁcant reduction of phytic acid content in the
T1 seeds compare to the non-transgenic control (supplementary ﬁgure 4). These transgenic lines were used for the
molecular and biochemical analysis.
3.5 Southern hybridization of the transgenic
plants
The Southern hybridization analysis using the wheat
RGA2 intron as a probe conﬁrmed the stable integration of
the RNAi construct in the three selected transgenic lines
with low phytic acid content (supplementary ﬁgure 5).
The lines revealed differential band patterns indicative of
their origin from independent transformation events.
3.6 RT-PCR analysis of the ITPK-2 and other
homologues in transgenic seeds
All the three selected transgenic lines (T3) showed
reduced expression of ITPK-2 in the entire seeds, and
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Figure 6. Expression analysis of Phytic acid biosynthesis pathway genes in transgenic seeds. Relative expression of
(a) MIPS, (b) IMP-1 and (c) IPK-1 genes were assessed in three transgenic (T3) (6CI2–21, 6CI2–26 and 6CI2–40) and nontransgenic control seeds by RT-PCR (gel photographs) and Real Time PCR (histograms). Normalized fold expressions of the
genes were calculated considering b-tubulin as the internal control. The symbol ** indicates signiﬁcant difference at PB 0.01
(n=3). ‘ns’ indicates non-signiﬁcant difference (P[ 0.05, n= 3).

speciﬁcally in the embryos in comparison to the nontransgenic control. There was no detectable expression
of ITPK-2 in the endosperm in either control or transgenic seeds (ﬁgure 5a-c). The extent of down-regulation of ITPK-2 was 6.67-, 5.88-, and 3.45-fold in the
seeds of the transgenic lines viz. 6CI2-21, -26, and -40
respectively as compared to the non-transgenic control
(ﬁgure 5d). Since the embryo and not the endosperm
provide the major contribution to the complete pool of
ITPK-2 transcript in the seeds, down-regulation was
evident in the entire seed. Hence, we can assume that
the down-regulation of the target gene homologue took
place in the embryo.
Besides ITPK-2, the relative expression of the other
ﬁve homologues of ITPK was analyzed in the transgenic seeds, but no signiﬁcant alteration was observed
concerning the non-transgenic seeds (data not shown).
Hence, we can further presume that the down-regulation of ITPK-2 did not impart any signiﬁcant effect on
the expression level of the other ITPKs.

did not alter the expression of the upstream gene MIPS
in the transgenic lines (ﬁgure 6a). IMP-1, another
upstream gene showed a little increase in expression
for the transgenic lines 6CI2-21 and 6CI2-40, though
the increase was not signiﬁcant (P [ 0.05) as compared
to the non-transgenic control (ﬁgure 6b). However, the
expression of IPK-1, which converts myo-inositol
(1,3,4,5,6) P5 to myo-inositol (1,2,3,4,5,6) P6 i.e.,
functions at downstream of the target gene, shows
down-regulation in the transgenic seeds (ﬁgure 6c).
The quantitative expression analysis revealed 9, 4.5,
and 3.6-fold down-regulation of IPK-1respectively in
the transgenic lines viz. 6CI2-21, -26, and -40 in
comparison to the non-transgenic lines. We speculate
that the down-regulation of ITPK-2 has to lead to the
limited production of myo-inositol (1,3,4,5,6) P5,
which in turn acts as a substrate for the IPK-1 enzyme.
Hence, there is a correlation between the low availability of the substrate and the reduction of the
expression of IPK-1.

3.7 Expression analysis of other genes involved
in the phytic acid biosynthesis

3.8 Analysis of phytic acid, inorganic phosphorus
and total phosphorus content

Besides ITPK, we further checked the expression pattern of the other upstream and downstream genes of the
phytic acid biosynthesis pathway in the transgenic
seeds. We found that the down-regulation of ITPK-2

Consequent to the down-regulation of ITPK-2, the
phytic acid content reduced while the content of inorganic phosphate increased in the seeds of all the
transgenic lines as compared to the non-transgenic

4.13±0.004
4.32±0.006
4.12±0.004
4.19±0.088
4.17±0.010
4.34±0.030
4.24±0.004

Figure 7. Estimation of iron and zinc content in polished
rice seeds. (a) Iron and (b) zinc content of T3 transgenic and
non-transgenic seeds were analysed by AAS. The symbol
*** indicates signiﬁcant difference at PB0.001 (n=3). **
indicates signiﬁcant difference at PB0.01 (n=3).

4.17±0.009
4.31±0.005
4.34±0.004

7.65±0.080
8.46±0.138

0.071±0.002 0.231±0.002 0.103±0.002 0.138±0.002 0.255±0.002 0.156±0.002 0.205±0.002 0.107±0.002 0.220±0.002 0.106±0.002

8.50±0.136
9.23±0.173
8.54±0.109
7.57±0.054
11.69±0.076

PA (mg/g
seed)
Pi (mg/g
seed)
TP (mg/g
seed)

P1
P3
NT

8.64±0.272

P2
P3
P2
P2
P1

P1

6CI2–40
6CI2–26

8.36±0.109

8.46±0.254
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6CI2–21

P3
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Table 1. Phytic acid, inorganic phosphorus and total phosphorus content of the seeds of non-transgenic (NT) and transgenic (T3) lines (6CI2–21, 6CI2–26 and
6CI2–40); P1, P2, and P3 indicate three progeny plants (T3) of each transgenic line
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Figure 8. Estimation of myo-inositol content of rice seeds.
Myo-inositol content of non-transgenic and T3 transgenic
seeds were estimated by GC-MS as hexatrimethylsilyl ether
derivative. The symbol * indicates signiﬁcant difference at
PB0.05 (n=3), ‘ns’ indicates no signiﬁcant difference (P[
0.05, n=3).

control. The reduction of phytic acid content in these
three lines ranged between 27 – 37% concerning the
control (table 1). The explanation could be that RNAimediated down-regulation partially blocked the transcription of the target gene, which in turn reduced the
production of phytic acid in the transgenic seeds. It is
well established from the previous works that the
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Figure 9. Analysis of phenotype and enzyme activity of non-transgenic and T3 transgenic rice seeds during germination.
(a) Phenotype of seeds during germination at different time intervals, (b) a-amylase and (c) b-amylase activity in seeds
during the course of germination at different time intervals.

diminution of phytic acid increases Pi level (Ali et al.
2013a, 2013b; Shi et al. 2003; Stevenson-Paulik et al.
2005). The transgenic lines (viz. 6CI2-21, -26, and -40)
showed an increment of 3.25-, 3.59-, and 3.09-fold Pi
content compared to the non-transgenic control seeds.
However, there is no signiﬁcant change in the total
phosphorus content of the transgenic seeds as compared to the control (table 1).
3.9 Analysis of metal ion content
The milled seeds of the transgenic line 6CI2-21 showed
1.35-fold and 1.78-fold increments of Fe2? and Zn2?
content respectively in comparison to the non-transgenic seeds. It was the highest increase among the three
transgenic lines. The seeds of the other two transgenic
lines, 6CI2-26 and 6CI2-40, also showed an enhanced
level of metal ions (1.18-fold and 1.22-fold for Fe2?,
1.17-fold, and 1.38-fold of Zn2? respectively)
(ﬁgure 7).
Being a negatively charged component, phytic acid
chelates different positively charged metal ions available in the rice seeds. The mixed salts (phytate) accumulate in the protein storage vacuoles at the aleurone
layer and embryo. The commercial milling of rice
seeds removes these two phytate deposition sites. It

renders the milled endosperm with less free mineral
ions. However, we can assume that in the transgenic
seeds the endosperm contains more free ions due to the
effective lowering of the phytic acid content, and
consequent low chelation of cations. Hence, even after
milling, the transgenic seeds possessed a greater
number of essential ions comparing to the non-transgenic seeds. A prior report also suggests that lowering
the level of seed phytic acid may be an approach to
enhance the bioavailability of nutritionally essential
mineral ions (Raboy 2009).
3.10 Analysis of myo-inositol content
The seeds of the transgenic line 6CI2-21 showed an
increased myo-inositol content as compared to the nontransgenic seeds, but for the other two transgenic lines
viz. 6CI2–26 and 6CI2–40, there was no signiﬁcant
(P [ 0.05) alteration of myo-inositol content (ﬁgure 8).
The expression pattern of the IMP-1 (ﬁgure 6b), which
is responsible for the conversion of myo-inositol (3) P
to myo-inositol, probably reﬂects in the increased
amount of myo-inositol in the transgenic seeds. Myoinositol is an important signaling molecule and associated with various cellular functions and processes,
hence crucial for the survival of the plant (Kuwano
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et al. 2009). Its biosynthesis is closely related to the
phytic acid production in the seeds. We speculate that
the partial suppression of the lipid-independent pathway gene (ITPK-2) led to the conversion of myoinositol (3) P into myo-inositol. However, in this study,
the production of myo-inositol in transgenic seeds did
not show severe alteration.
3.11 Seed germination analysis
We did not observe any signiﬁcant abnormality of the
germination of seeds and seedling growth in the three
transgenic lines. Their germination pattern at different
time intervals was similar as compared to the nontransgenic control (ﬁgure 9a). Furthermore, the activities of the two starch-degrading enzymes, a-amylase
and b-amylase in the transgenic seeds were identical to
their activity in the non-transgenic seeds (ﬁgure 9b and
9c). It indicates that seed germination potential was not
hampered in the transgenic lines.
3.12 Morphological traits of the transgenic seeds
The low phytate-transgenic seeds in the present study
did not exhibit any signiﬁcant reduction in the dry
weight of seeds. No signiﬁcant differences in seed
length and breadth, as well as length to breadth ratio
were observed as compared to the non-transgenic seeds
(data not shown).
The lowering of the phytic acid level in seeds is
frequently reported with reduced seed dry weight
(Larson et al. 2000; Liu et al. 2007; Rasmussen and
Hatzack, 1998). However, in the present study, a 37%
reduction of the phytic acid level in the transgenic rice
seeds did not impart any signiﬁcant adverse effect on
the morphology of the plant. The agronomic characteristics of the transgenic plants were as regular as that
of the wild type control plants. Hence, we can conclude
that the embryo-speciﬁc down-regulation of ITPK-2 is
an effective strategy for the reduction of phytic acid
level with a concomitant increase of inorganic phosphorous and minerals without hampering the physiological processes of the rice plant.
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